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ARTICLE INFO ABSTRACT

Keywords: Graphene nanoribbons (GNRs) are lengthened one-dimensional monolayer strips of graphene and have a hex-
B?osensor agonal honeycomb lattice structure. The captivating properties like electrical conductivity, emerging band gap,
Biomarker optical property, thermal conductivity, high mechanical strength, and ultrahigh surface area make them a better
Graphene nanoribbons . . . C o . s .

Nanomaterial candidate for biomedical applications. The properties can be significantly reformed and controlled by altering
Nanobiosensor the edge functionalities and geometry. The exhibition of a wide potential window coupled with an ultra-high

surface area to host sensing element makes GNR an excellent biosensing platform. Consequently, biosensing is
one of the most explored applications of GNR. This review presents an overview of the characteristics, methods of
synthesis, and biosensing applications of GNR. Overall, GNR is considered a promising platform for efficient
signal transduction compared to conventional biosensing platforms. Further, it offers high electrical conduc-
tivity, large surface area, high adsorption, synergistic effects with combined materials, fast response, sensitivity,

and selectivity.

1. Introduction

The exploration of carbon-based nanomaterials began in the 1980s
with the invention of fullerenes. After introducing graphene in 2004, the
research on carbon-based nanomaterial got much attention (Geim and
Novoselov, 2007; Yang et al., 2018). Graphene is a two-dimensional
sheet of one-atom-thick, hexagonally organized sp? hybridized carbon
atoms and can be easily modified to its single, a few, or multilayer de-
rivatives (Bianco et al., 2013; Meyer et al., 2007). Graphene attracted
significant technological and scientific attention due to its unique
physicochemical characteristics. It has shown boundless potential in
fields such as energy storage (Bhushan et al., 2020; Thiruppathi et al.,
2020), engineering (Si et al., 2020; Wang et al., 2020), electronics (He
et al., 2020; Liu et al., 2020), sensing (Haridas et al., 2020; Kudr et al.,
2020), and biomedical applications (Arsenin et al., 2018; Lacatus, 2020;
Menazea and Ahmed, 2020; Pathmanapan et al., 2020; Shahabi and
Raissi, 2020; Su et al., 2020)

Extensive research on graphene delivered its various derivatives,
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such as nanoribbons, carbon nanotubes, nanohorns, nanoplatelets,
graphene quantum dots (GQDs), etc. (Elmarakbi et al., 2020; Liao et al.,
2018; Seekaew et al., 2018). Among these, graphene nanoribbon (GNR)
recently attained more attraction due to the uniqueness in nature. GNRs
are one-dimensional lengthened graphene strips with a high aspect ratio
(length to width ratio) (Bu et al., 2009). The oxygenated derivatives of
GNRs (GONRs) are very useful in biomedical applications due to their
amphiphilic nature and good biocompatibility. Compared to other
graphene-family nanomaterials, the most attractive feature of GNR is its
ultrahigh surface area and open-ended structure. Different reduction
reactions can convert GONRs to reduced GONRs (rGONRs) (Chowdhury
et al., 2015; Rajaji et al., 2018). The fascinating and favorable charac-
teristics like high electron transport, high mechanical strength, optical
properties, and thermal characteristics opened their possibilities in the
biomedical field (Johnson et al., 2020). The biomedical applications of
GNRs are depicted in Fig. 1. Among all other biomedical applications,
biosensing is one of the most explored areas of application.

The development and implementation of highly sensitive biosensors
need new approaches for effectual point-of-care detection with great
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Abbreviations

2,4-DCP 2, 4 dichlorophenol
2-AP 2- aminophenol
4-AP 4-aminophenol
4-NP 4-Nonyl phenol

A Adenine

AsA Ascorbic acid

AA Amino acids

Ab Antibody

AChE Acetylcholinesterase

AFP Alpha-fetoprotein

AGNRs  Armchair Graphene nanoribbons
AuNPs  Gold nanoparticles

BPA Bisphenol-A

BSA Bovine serum albumin

BTX-2 Brevetoxin-B

C Cytosine

CD Cyclodextrin

ChOx Cholesterol oxidase

CNS Central nervous system

CoPc Cobalt phthalocyanine
COVID-19 Corona virus disease- 2019

CS Chitosan

cv Cyclic voltammetry

CVD Chemical vapor deposition

CySH Cysteine

DA Dopamine

DM Diabetes mellitus

DNA Deoxy nucleic acid

DPV Differential pulse voltammetry

ECL Electrochemiluminescence

EIS electrochemical impedance spectroscopy
EPPG Edge plane pyrolytic graphite

FAD Flavine adenine nucleotide

FET Field effect transistors

FRET Fluorescence resonance energy transfer
G guanine

Gal-3 Galectin-3

GCE Glassy carbon electrode

GERS Graphene enhanced raman scattering
GNR Graphene nanoribbon

GO Graphene oxide

GONR  Graphene oxide nanoribbons

GOx Glucose oxidase

GQDs Graphene quantum dots

GS graphene sheet

GSH Glutathione

HChA  Hydrodynamic chronoamperometry
HS-CD  Thiol-p-cyclodextrin

HSPCE Heated Screen-printed carbon electrode
IL Ionic liquid

IL-6 Interleukin-6

ISFET Ion-sensitive field-effect transistor
L-Arg L-arginine

LSV Linear sweep voltammetry

MB Methylene blue

MCPE  Magnetic carbon paste electrode
MMP-9 Matrix metallopeptidase-9

MOF Metal organic framework

MOF metal-organic framework

MoS; Molybdenum disulfide

MrGO  Multilayer reduced graphene oxide

MWCNT Multi-walled carbon nanotube

NADH  Nicotinamide adenine dinucleotide
Nf Nafion

NPs Nanoparticles

NSAID  Nonsteroidal anti-inflammatory drug
NT Norepinephrine tartrate

NV-ZGNRs nitrogen-doped vacancy ZGNRs

PANI Polyaniline

PCSK9  Proprotein convertase subtilisin/kexin type 9
PDA Polydopamine

PDDA  Polydiallyldimethylammonium chloride
PdPt Palladium platinum

PGNR  Porous Graphene nanoribbon
PPO Polyphenol oxidase

PS Polystyrene

PSA Prostate-specific antigen

QDs Quantum dots

Rf Radiofrequency

rGO Reduced graphene oxide
rGONRs Reduced Graphene oxide nanoribbons

rGOS Reduced graphene oxide sheets
SERS Surface enhanced raman scattering
SPCE Screen-printed carbon electrode
ssDNA  single-stranded deoxy nucleic acid
STM Scanning tunneling microscopy
SWCNT Single-walled carbon nanotube
SWv Square wave voltammetry

T Thiamine

TNOS  Terminator nopaline synthase

UA Uric acid

ZGNRs Zig-zag graphene nanoribbons

accuracy and low cost is an all-time need in health care (Park et al.,
2020). The biosensors should exhibit a large detection range, small
detection limit, and high level of sensitivity, selectivity, and specificity
to the analyte molecule. Colorimetric, potentiometric, fluorescent,
electrochemical, and Raman spectroscopy-based biosensors are there.
Among all these, electrochemical sensing is more facile, less expensive,
and highly sensitive(Azeredo et al., 2020). This allows the detection of a
broad range of analytes with rapid response-recovery times and a very
low detection limit. Graphene-based electrode materials have shown
superior performance in electrocatalysis (Pumera, 2011; Terse-Thakoor
et al., 2019)

GNRs exhibit an open reactive edge and might even possess step
edges that improve the adsorption and electrocatalytic activity of ana-
lyte molecules (Li et al., 2015). GNRs have high thermal conductivity,
superior mechanical properties, an ultrahigh surface area for chemical

modification, and electronic transport properties. Besides, they exhibit
specific properties like straight edges, high aspect ratio, tunable elec-
tronic properties, high electron transfer rate, and defect sites. Therefore,
GNR is considered a promising platform for efficient signal transduction.
GNR-based hybrid nanomaterials and GNR-based nanocomposites
enhance signal transduction by promoting electron transfer and cata-
lytic activity towards the analyte (Feng et al., 2018; Jothi et al., 2020).
Therefore, GNR-based biosensors are significant not only in health care
diagnostics but also in environmental and industrial monitoring.

This review is mainly based on the biosensing applications of GNR
and summarizes the GNR types, properties, various synthetic ap-
proaches, fabrication of sensing platforms, and its application in bio-
sensing. It also provides a critical comparison of various GNR based
sensors by pointing out the significant characteristics and outcomes. In
addition, this review attempts to provide novel conceptual insights that
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can stimulate the generation of new research questions related to the use
of GNRs in biosensors and bioelectronics.

2. Types of GNRs

The quasi-one-dimensional ribbon-like structures with two diverse
possible edge geometries have resulted from the finite termination of
graphene. Generally, GNRs are categorized into two types depending on
the basic shape of graphite edges; armchair GNRs (AGNRs) and Zig-zag
GNRs (ZGNRs) (Fig. 2a & b)(Marmolejo-Tejada and Velasco-Medina,
2016; Nakada et al., 1996).Chiral GNRs are a combination of AGNR
and ZGNR. Interestingly, the biosensing application of GNRs can be
influenced by the type of GNR used.

2.1. Armchair GNRs

AGNRs are either metallic or semiconducting direct gap semi-
conductors, where the bandgap is proportional to the inverse of the
width (Hod and Scuseria, 2006). AGNR does not have any localized
states, and the bonds are constituted by the atoms from two distinct
sublattices. Moreover, AGNR with smaller energy bandgaps augments
the sensing signal carrier densities (Lyu et al., 2018). Depending upon
the value of the number of atoms (m), AGNRs can be classified into three
categories, m = 3p, 3p + 1, and 3p + 2 (where, p is a positive integer)
with varying electronic properties where the number of atoms along
their width is m. Among these, metallic behavior is m = 3p+2, and the
other two show semiconducting behavior (Dutta and Pati, 2010). The
edge state and transmission of AGNR facilitates their use as spectrograph
sensor device (Chowdhury et al., 2012).
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2.2. Zig-zag GNRs

ZGNRs are metallic middle gap semiconductors and form a localized
edge state at the Fermi level, which means that the electrical movement
can be spin-polarized and atoms come from the same sublattice(Her-
nandez et al., 2012). The edge state is defined as the localized electronic
state at the edges, which dwindle exponentially towards the ribbon
center (Shen-Lin Chang, Bi-Ru Wu, Po-Hua Yang, 2016). ZGNRs impart
appropriate interfaces to frame junctions at the atomic level, which
helps them to directly connect to the circuit in biosensors(Rashid et al.,
2020).

Cove GNRs are a subclass of ZGNR with intermittent carbon atom
vacancies on both edges (Fig. 2a) (Lee et al., 2018b). In addition, GNR
can be an open edge or closed edge based on the presence of dangling
bonds in the long axial direction. GNRs having dangling bonds mainly in
the long axial direction can be open edge GNRs. In contrast, GNRs
without the presence of dangling bonds in the long axial direction can be
closed edge GNRs (He et al., 2019). Modifications on the edges of cove
type GNR can smoothly reduce the energy band gaps making them po-
tential material for optoelectronic application (de Sousa Aratijo Cassiano
et al., 2020).

2.3. Chiral GNRs

Chiral GNR exhibits alternating zig-zag and armchair segments along
their edges. As the chiral angle decreases, the length of zig-zag segments
increases. The low bandgap in chiral GNR is explained by the high de-
gree of aromaticity and electron delocalization (Corso et al., 2018).
Chiral GNRs can fine-tune the sensing signal and offer a promising
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Fig. 1. Biomedical applications of GNRs.
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Fig. 2. a) Different edge states of GNRs b) HRTEM image of GNR. “Reprinted with permission from (Campos-Delgado et al., 2008) Copyright (2008) American
Chemical Society. ¢) Stress-strain curve of AGNRs with different width d) Stress-strain curve of ZGNRs with different width. “Reprinted with permission from

(Tabarraei et al., 2015) Copyright (2014) Elsevier.
approach towards the field of biosensing(Lyu et al., 2018).

3. Properties of GNRs
3.1. Physico-chemical properties

GNRs are extended strips of single-layered graphene with definite
width or graphitic quasi-one-dimensional nanostructure and have sp?
hybridized carbon (Prezzi et al., 2008). GNRs possess a crystalline
structure and have an ultra-high surface area (Mousavi et al., 2019; Zhu
et al., 2009). The non-functionalized GNRs show high solubility in
chlorosulfonic acid, but are insoluble in most other solvents. GNRs are
water-insoluble and significantly reduce their ability to interact with
water molecules by trying to form a closely packed self-assembled layer
of stacked nanoribbons(Mehdi Pour et al., 2017).

GNR surfaces often seem to be chemically inert, and these surfaces
normally interact with other molecules via physical adsorption (in-
teractions) similar to graphene. The properties of GNRs rely on edge
type and the nature of edge substituents. Intrinsically, nanoribbons
possess dangling bonds at the edges to provide active sites for chemical
modification. Modifications can be done in several ways: by s-type, p-
type, and d-type elements functionalization or by functional groups (Kan
et al., 2008; Lee et al., 2010; M. Wu et al., 2010a). Various functional
groups such as carbonyl (-CO), carboxyl (-COOH), amines (-NHj), and
hydrogenated (-CH) could be positioned at the chemically more reactive
edges of GNRs (Terrones et al., 2010). Based on the nature of carbon
termination, the chemical reactivity of the edge could be changed

(Terrones et al., 2010).

GONR is perfect for the biosensing of molecules having high oxida-
tion potential, while rGONR show an excellent response to aromatic
molecules in which n- 7 interactions are dominant. rGONR can restore
the sp? structure that reduces during the oxygenation, which results in
high electrical conductivity of tGONRs. The presence of high sp? content
increases the interaction of rGONR with aromatic molecules. Hence
rGONRs are a better candidate for the sensing of aromatic molecules in
which n- & interactions were dominant. Also, the presence of remaining
oxygen functionalities and high sp? content of rGONR results in a better
electrochemical performance towards analytes (Martin et al., 2014,
2015b). The high oxygen functionalities on the GONR surface provide
an opportunity for the analytes to interact through hydrogen bonding
interactions and trigger an electrochemical response at the electrode.
The high surface area, wide bandgap, and presence of high oxygen
functionalities make GONRs an ideal platform for the detection of
molecules having high oxidation potentials (Martin et al., 2014).

3.2. Electronic properties

Bandgap engineering of graphene is a crucial move towards elec-
tronic and sensing applications. The fact implies that GNR can act as a
semiconductor switch (Abbas et al., 2014). Electron confinement, edge
structure, strain, width, elastic strain, and doping are the key factors
affecting the emergence of the bandgap (Corso et al., 2018).

The modification of electronic properties can be done by electric
fields, magnetic quantization, and lateral confinement. The energy
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dispersions are collapsed with zero energy spacing for a strong electric
field. Various characteristic features like large electron mobility and
improved sensitivity to electronic perturbations resulting from the
binding of molecules make them attractive for fabricating biosensor
devices (Mao and Chen, 2017). Replacement of one or more carbons by
adding impurities into the framework is another successful means of
controlling the electronic properties of GNR. Impurities intrinsically
associated with boron (B) and nitrogen (N) play the role of n-type and
p-type doping in carbon-based materials. Moreover, the doping mech-
anism is exquisitely sensitive to the position and density of dopants
along with the type and width of the nanoribbon (Gorjizadeh and
Kawazoe, 2010; Lherbier et al., 2008; Yu et al., 2008). When B(N)
substitution happens in the center of the AGNRs, a semiconductor to
metal transition takes place (Cervantes-Sodi et al., 2008). Meanwhile,
the substitution at the edge position does not change the electronic
properties of the ribbon. In the case of Z-GNRs, the B and N substitution
at the ribbon edges induce semiconductor to metal transition have
shown rendering them semiconducting, half-metallic, or metallic by
regulating the distance of the N or B impurity atoms to the edge (Cer-
vantes-Sodi et al., 2008; Zheng et al., 2010). The replacement of one
edge carbon with B atoms and the other edge carbon with N atoms make
the ribbons half-metallic. Half-metallicity can also be attained by
substituting the carbons in the middle of zig-zag nanoribbon by B-N
chains (Dutta et al., 2009). Theoretically, the bandgap can be minimized
up to 0.27 eV by the steric repulsion between the aromatic protons and
the inserted alkyl chains through the structural distortion. These sys-
tematic and uniform deviations from planarity can influence the elec-
tronic and optical properties of GNRs (Hu et al., 2018).

Interestingly, the electronic properties of both AGNR and ZGNR are
different. For ZGNR, the energy subbands are parabolic dispersions with
the exception of two partial flat subbands at the Fermi level. Moreover,
the energy spacing is almost consistent and will shrivel as the ribbon
width increases. The two partial subbands are intensely attached to the
ribbon edges, and the charge density decomposes in proportion to the
distance from the edges. In contrast, AGNR has many parabolic sub-
bands, and energy spacing is non-uniform. Besides, the energy gap
varies inversely to ribbon width (Chung et al., 2016).

A nonlinear current-voltage relationship was observed for ZGNRs
because overlapping of = and n* bands around the Fermi level. Within a
certain limit, the current increases linearly with applied bias voltage. As
the width of ZGNR increases, the overlapping of the bands increases.
Thus, the linear relationship of the current-voltage response gets nar-
rower. On the other hand, the bandgap decreases with an increase in
ribbon width for AGNRs, resulting in semiconductor properties (Hou
and Yee, 2007).

3.3. Mechanical properties

Graphene is suitable for the fabrication of robust biomedical devices
due to its high strength. The Young’s modulus is directly proportional to
the nanoribbon width for both armchair and zig-zag directions (Orlov
and Ovid’ko, 2015). The fracture stress and strain are inversely pro-
portional to nanoribbon width. However, this effect is less sensitive for
armchair direction. The maximum fracture stress for tension in the
zig-zag and armchair directions is around 130 and 98 GPa, respectively.
Meanwhile, the maximum fracture strain for nanoribbons deformed in
the zig-zag and armchair directions is around 0.2 and 0.12, respectively
(Fig. 2¢ & d) (Orlov and Ovid’ko, 2015). The zig-zag edge energy is
lower than the armchair edge energy, which indicates that the fracture
surface is mostly the zig-zag type (Xu et al., 2012). Poisson’s ratio of
nanoribbon can be calculated by uniaxial loading. Poisson’s ratio of
AGNR is size-dependent(Tabarraei et al., 2015). The inherent tensile and
field strengths of GNR serve as a gold standard for high-stress mechan-
ical tuning of an electrochemical sensing system (Mazilova et al., 2019).
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3.4. Optical properties

A wide range of photons can be absorbed by GNRs from terahertz,
infrared, and visible regions. A lot of absorption peaks are observed for
the low energy optical spectra of GNR (Balarastaghi et al., 2016).
Although AGNRs and ZGNRs have entirely different optical selection
rules, the edge structures and finite width play a major role in the se-
lection rule (Hsu and Reichl, 2007). The photoluminescence character of
GNR arises from the reduction of the © electron network (Goenka et al.,
2014).

The effects of an electrical field, lateral confinement, and magnetic
quantization can alter the optical spectra of GNRs. With an increase in
the electric field, the eminent peaks are lowered, and subpeaks emerge.
The intensities of the two peaks can be compared when they coexist.
Extra optical transitions take place in the presence of an electric field
resulting from the mixing of adjacent standing waves in the distorted
wave function (Chung et al., 2016). GNR’s ability to absorb the wide
range of photons from terahertz to infrared and visible makes them a
strong choice for biosensing as photodetectors (Balarastaghi et al.,
2016). The tunable and broadband absorption and strong
polarization-dependent effects are the basis for the construction of
GNR-based biosensors (Li et al., 2019).

3.5. Thermal properties

The thermal properties are important from the perspective of the
device performance of the electronic industry. Identifying material with
large thermal conductivity, which can be integrated with Si comple-
mentary metal-oxide-semiconductor (CMOS) technology, is a probable
way of resolving the thermal dilemma (Semenov et al., 2006). Carbon
and diamond nanotubes were considered for such applications (Biercuk
et al.,, 2002; Jin and Mavoori, 1998). Because of the large thermal
contact resistance they are not suited for integration with CMOS.
Whereas, the diamond and CNTs, GNRs can be coupled directly to heat
sinks and hence mitigate the concern of thermal contact resistance
(Ghosh et al., 2008). It indicates that GNRs can be an ideal element in
the CMOS systems and circuits for thermal control. Investigations reveal
that GNRs exhibit long phonons represent free paths and strong thermal
conductivities. It is susceptible to the GNRs edge shapes, length, width,
and strain, and it varies depending on the length, width, and strain (Guo
et al., 2009). These do not unite to a fixed value with the increase of
GNRs length up to 60 nm. Also, it is susceptible to the width of GNRs (i.
e., no. of atoms N). The thermal conductivity of ZGNRs upsurges first
and then decreases with the increase in N, while, for AGNRs, it increases
with N (Guo et al., 2009). Combined with their specific electronic
properties, the thermal properties of the GNRs render them ideal can-
didates for potential CMOS nanodevices.

The thermal conductivity of GNR increases with the length along
with the entire temperature range. The heat transport anisotropy of GNR
at room temperature indicates that the thermal conductivity of ZGNR is
higher in comparison with AGNR. However, the anisotropy disappears
when the width is higher than 100 nm indicating that the thermal
conductivity can be regulated by adjusting edge orientation (Johnson
et al., 2020). Also, the compressive uniaxial strain can decrease the
thermal conductivity of GNR (Guo et al., 2009). Moreover, as the dis-
tance decreases or the temperature rises, the thermal conductivity de-
creases considerably due to declining relaxation times (Ye et al., 2015).
Interestingly, the thermal conductivity can decrease by inserting pores
into them to increase their thermo-electrical efficiency in devices
(Sharafat Hossain et al., 2015).

The presence of bandgap yields a great thermosensitivity to GNRs
and is useful in the fabrication of temperature sensors. The thermally
activated electrons and hole pairs of GNRs produce temperature re-
sponses. The nanoscale effects like bandgap, local traps, and oxygen
doping increase the thermosensitivity of GNR-based sensors. The GNR-
based temperature sensor can operate directly without any reduction
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process due to the good conductivity of GNR with relatively low-defect
density. Hence GNRs are well suited for fabricating disposable temper-
ature sensors (Gong et al., 2020).

4. Synthesis of GNRs

The top-down and bottom-up approaches are the two methods for
the synthesis of GNRs (Fig. 3). The top-down approaches consist of
patterning a graphene sheet (GS) until a required shape and size is
reached (Marmolejo-Tejada and Velasco-Medina, 2016). The bottom-up
approaches consist of assembling the building blocks into a composite
structure (Curri et al., 2010). Both methods have advantages and dis-
advantages. The notable advantage of top-down approaches is the
ability to produce GNR with micrometer length. However, their de-
merits include poorly defined chiralities, complicated procedures, and
lack of reproducibility. On the other hand, bottom-up methods produce
GNRs with discrete geometrical and structural properties with a low
polydispersity (Pefkianakis et al., 2015). The bottom-up approaches
result in GNRs with exceptional optical, electrical, and magnetic prop-
erties (Niu et al., 2019).

4.1. Top-down synthesis

4.1.1. Lithographic patterning

The lithographic method eludes the complications of gathering
nanoscale components and allows the realization of complete integrated
circuits in biosensing. GNRs with a minimum width of 10 nm are
fabricated by E-beam lithography (Fig. 4a)(Celis et al., 2016). The
method has the advantage of forming a large number of arrays of aligned
single layer GNR. However, there is no precise control over the edge
smoothness and ribbon width since the etching process causes damage.
Also, the large-scale production of GNR by lithographic patterning is
challenging because of its high vacuum and tedious nature (Han et al.,
2007). Meanwhile, the helium ion beam lithography offer a high reso-
lution than E-beam lithography (Xu et al., 2016). Ultranarrow-aligned
GNR arrays down to 5 nm with superior chemical sensing property
can be achieved with this method (Abbas et al., 2014).

Dip pen nanolithography can draw nanowires and nanorods directly

Bulk material

= Chemical vapor deposition

= Conversion of precursors
inside nanotubes

- Surface assisted
polymerization

BOTTOM UP SYNTHESIS
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with precise control (Demers et al., 2002). Here, the unprotected areas
of the graphene sheets (GS) are removed on exposure to oxygen plasma
after thermal drying under a vacuum. The dry etching process results in
graphene removal, and subsequent sonication with an organic solvent
and distilled water results in the removal of nanorods. Dip pen nano-
lithography creates patterns directly on the substrate using a tip. The
GNRs produced by dip-pen nanolithography have a width down to 25
nm (Xu et al., 2016). Scanning tunneling microscopy (STM) lithography
helps to learn the unique properties of GNR with atomic level precision
(Tapaszto et al., 2008).

In order to overcome the challenges inherent with the conventional
approaches, many advanced lithographic techniques are available for
the large scale fabrication of GNRs. Block-copolymer lithography, gra-
phene edge lithography based on selective atomic layer deposition,
meniscus-mask lithography, and nanowire lithography are among them.
In block co-polymer lithography, block co-polymers are used as tem-
plates to synthesize GNR arrays (Liu et al., 2012; Son et al., 2013).
Graphene edge lithography and meniscus-mask lithography are used to
protect graphene etches during dry etching (Abramova et al., 2013; Xie
et al., 2012). Nanowire lithography can be either inorganic nanowire
lithography, where inorganic nanowires are used as a physical etching
mask during lithographic fabrication of GNR, or which prints organic
nanowire with digitally controlled precision of alignment (Holmes et al.,
2000; Min et al., 2013).

4.1.2. Sonochemical method

Long and narrow layer GNRs with a smooth edge can be synthesized
by sonochemical cutting of chemically derived GS (Fig. 4b)(Wu et al.,
2010b). This method is a mechanochemical approach that involves two
steps. The initial step involves the chemical exfoliation of graphite to
chemically derived GS (Xu and Suslick, 2011). The second step is the
sonochemical cutting of GS into GNR. GSs are produced from artificial
graphite by methods like oxidation, dispersion, thermal exfoliation, Hy
reduction, and centrifugation (Wu et al., 2008). GSs line faults formation
and distribution play a pivotal role in GNR design and structure. The
advantages of the method include high yield and narrow GNR, but with
a specific disadvantage of lacking edge orientation (Z.-S. Wu et al.,
2010b).

+ Lithographic patterning
* Sonochemical method

* Metal Catalyzed cutting
* Unzipping of nanotubes

:
§
;
(7]

Atoms/Molecules

Fig. 3. Different approaches for the synthesis of GNRs.
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4.1.3. Metal catalyzed cutting

The deposition of catalytic metal on graphene flake in the presence of
the hydrogen atmosphere results in catalyzed cutting (Fig. 4c). This
interaction results in the etching of graphene. Catalytic reaction favors
the dissociation of carbon-carbon bonds. GNRs of smooth edges are
formed when the cutting paths of the particle run parallel to each other
(Campos et al., 2009). The various metals used for catalyst-dependent
cutting behavior are iron, nickel, cobalt, platinum, and silver (Elias
et al., 2010). The method results in the formation of long straight GNR
with smooth edges. The synthesis of highly conductive straight narrow
GNRs from ridges and wrinkles of graphene flakes is possible by this
method (Park et al., 2016). However, a deep understanding of the cut-
ting direction and catalyst-dependent cutting behavior is still not known
(Ma et al., 2014).

4.1.4. Ungzipping of carbon nanotubes

Unzipping of carbon nanotube (CNT) is the widely used method for
the fabrication of GNR for sensing applications. This method creates
many structural defects that are truly favorable for electrocatalytic
sensing applications (Rajaji et al., 2018). The chemical reaction can
result in the production of GNR with definite size distribution. Graphite

precursors can undergo a series of chemical reactions in proper solvents,
which results in the synthesis of GNRs. Among them, the use of
single-walled carbon nanotube (SWCNT) or multi-walled carbon nano-
tube (MWCNT) as graphite precursors is most common (Fig. 4d)(Celis
et al., 2016). Dispersion of precursors in solution with specific chemical
reagents results in the unzipping of the walls. Narrow GNR can be
fabricated from an array of SWCNT by polymer-protected Ar plasma
etching methods(Jiao et al., 2010). A hydrothermal approach using
counter ions results in longitudinal unzipping of MWCNT to GNRs with
selective intercalation and exfoliation. This method offers advantages
like economical scale-up, one-pot, total unzipping, and large output.
However, the intercalation of cations results in a change in electronic
properties that can affect sensing properties (Shinde et al., 2014).
Meanwhile, longitudinal unzipping of CNT using a mixture of strong
acid and oxidant also results in the formation of GNR (Li et al., 2016b).
This oxidative unzipping of MWCNT involves three steps; intercalation
unzipping, oxidation, and exfoliation (Dimiev et al., 2018).

Plasma etching of nanotube, partly embedded in a polymer film, is
another unzipping method of MWCNT to produce GNRs. This method
results in the production of GNR with controllable structure and quality
(Jiao et al., 2009). Irradiation of MWCNT with excimer results in the
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production of GNRs. This method is time-saving and yields pure GNR
samples (Kumar et al., 2011).

Another simple and effective method for producing GNR with
smooth edges from MWCNT is a microexplosion method. In this method,
MWCNTs are filled with potassium vapor and exploded with water,
where potassium causes intercalation and exfoliation of graphite. The
reaction of potassium with water releases gas and heat and cause exfo-
liation (Viculis et al., 2005). The high temperature during reaction will
cause quick expansion, resulting in the splitting of MWCNT to form
GNR. It is a simple and effective technique for the production of GNR
with smooth edges. Meanwhile, high production cost and partial
unzipping is the disadvantage associated with this method (Fan et al.,
2010). Another chemical route for the synthesis of GNR is the longitu-
dinally unzipping of MWCNT. This route involves the exposure of pris-
tine CNTs to hot potassium vapor, followed by protonation. This step is
followed by bath sonication in chlorosulfonic acid to affect the highly
stacked GNR exfoliation. The resultant low-defect and highly conductive
GNRs are well fit for various biosensing applications(Kosynkin et al.,
2011).

Moreover, unwrapping of MWCNT by electric current and nano-
manipulation creates GNR of definite length. The formation of GNR by
this approach involves three steps. Firstly, the electric current induced
rupture of the walls of MWCNT occurs. After this, intershell sliding be-
tween GNR and inner core results in the production of GNRs with high
current carrying capacity. Finally, the partial outer wall rupture of
MWCNT leads to the generation of a precursor GNR in the inner core of
MWCNT (Kim et al., 2010). The structural defects and edge irregularities
are beneficial in electrochemical sensing by facilitating easy and effi-
cient linking of co-transducers and biosensing elements such as en-
zymes, DNA, RNA, etc.

4.2. Bottom-up synthesis

Various bottom-up approaches for the synthesis of GNRs include
chemical vapor deposition (CVD), conversion of precursor inside the
nanotube, and surface-assisted polymerization. Necklace-like GNR can
be prepared by a bottom-up method based on oxidative cyclo-
dehydrogenation of tailor-made polyphenylene precursors (Schwab
et al., 2015).

4.2.1. Chemical vapor deposition

CVD is a process of GNR generation where the substrate is exposed to
one or more volatile precursors that decay on the surface of the sub-
strate. In this method, a metal template acts as a catalyst for the decay of
hydrocarbon at higher temperatures. The size of the GNR is entirely
dependent on the catalytic template(Celis et al., 2016). It is easy to
prepare GNR with tunable width and length (Genorio and Znidarsic,
2014).

Metal-organic CVD, plasma-enhanced CVD, low-pressure CVD, laser-
assisted CVD, and aerosol-assisted CVD are various modifications of the
CVD method (Benelmekki and Erbe, 2019). Facile and large area
transfer of GNRs into the insulating substrate and subsequent devices by
the CVD method shows their potential application in biosensors. They
generate a high current on and off ratio results in high sensitivity than
other types of transistors (Chen et al., 2016)

4.2.2. Conversion of precursor inside the nanotube

GNR can be prepared by the encapsulation of small carbon-based
molecules inside SWCNT (Talyzin et al., 2011). Interestingly, GNR
produced by such a method has exciting properties of both materials.
This method offers narrow GNR with well-defined edges. However, the
diameter of GNR depends on the precursor. A bottom-up approach was
tried recently using boron nitride nanotubes with excellent chemical and
thermal stability. The first step involves encapsulation and polymeri-
zation of coronene molecules on the exposure of boron nitride nanotubes
to vapor of coronene in a vacuum atmosphere (Fujihara et al., 2012).
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The resultant GNR can be removed by oxidation at temperatures above
500 °C from the inner cavity of boron nitride nanotubes (Barzegar et al.,
2016). The electronic properties of GNRs obtained by this method finds
potential in photonics and nanoelectronics applications because of their
unique properties (Talyzin et al., 2011).

4.2.3. Surface-assisted polymerization

The surface assisted polymerization and cyclodehydrogenation of
organic precursors is another approach towards the synthesis of GNRs.
The various stages of on-surface synthesis include the design of building
blocks, dehalogenation, polymerization, and cyclodehydrogenation
(Narita et al., 2019; Talirz et al., 2016). GNRs are prepared from
monomeric precursors that react on the catalyst surface. Initially, the
polymeric chains are produced by the sublimation of monomers or their
derivative on a hot metallic surface. The former step is followed by
dehydrogenation of polymers by annealing at higher temperatures
resulting in GNRs. Oxidative cyclodehydrogenation is one of the effec-
tive methods for the synthesis of GNRs in solution. The surface assisted
oxidative cyclodehydrogenation is carried out in two thermal activation
steps. The first step involves the coupling of surface adsorbed monomers
to linear chain followed by planarization into GNRs by intramolecular
cyclodehydrogenation (Hernandez et al., 2012). The atomic structure
and dimension can be achieved by this method. However, large scale
production is difficult.

4.2.4. Suzuki-Miyaura coupling reactions

Small GNRs can be prepared by synthetic routes through linking
tetra- and hexa-phenyl benzenes via Suzuki-Miyaura reaction (Yang
et al, 2008). The -cyclodehydrogenation of the formed
poly-phenylenewith FeCl; as the oxidant results in the ribbon formation
with 6-12 aromatic polycyclic repeating units. This is a real bottom-up
strategy for short and thin AGNRs.

4.2.5. Diel’s alder polymerization

Diels-Alder (D-A) polymerization route can be used for preparing
tailor-made polyphenylenes, which can serve as precursors in the
preparation of structurally well-defined GNRs having long lengths,
different widths (up to 4600 nm), and tunable electronic bandgaps.
Structurally well-defined poly phenylenes begin with D —~A polymeri-
zation of tailor-made monomers in the case of solution method GNRs
synthesis. Such polyphenylenes are transformed straight to GNRs by
intramolecular oxidative cyclodehydrogenation(Hou et al., 2018).

4.2.5.1. ABa-type D-A polymerization. Amethodwas developed to syn-
thesize GNRs using AyBa type D-A polymerization (Wu et al., 2003)
(Fig. 5a). They reacted 1,4-diethynyl-2,5-di(4'-tert-butylphenyl)ben-
zene (1) with 4,4’-(1,4-phenylene)bis(2,3,5-triphenylcyclopenta-2,
4-dien-1-one) (2) inorder to get desiredD-A polymerization (A2B3 type),
giving the tert-butyl-substituted polyphenylene (3). On the planariza-
tion of this polymer through oxidative treatment with FeCls in nitro-
methane, armchair GNR (4) is formed. However, because of the
difficulties of precisely monitoring the stoichiometry of these two
distinct monomers used in the polymerization, the lengths of such GNRs
are limited. This drawback is undesirable for the production of
single-GNR-based devices.

4.2.5.2. AB-type D-A polymerization. The difficulty in controlling the
stoichiometry can be reduced to get longer GNRs by adopting an AB-type
D-A polymerization approach rather than following the AjBs-type
approach(Hou et al., 2018). This approach was reported by the above
group to produce ‘cove’-type GNRs (Fig. 5b). The monomers having a
cyclopentadienones (5),were conjugated diene and an ethynyl group as
the dienophile are subjected to D-A polymerization to produce the
alkylated polyphenylene precursor (6), which on intramolecular
oxidative cyclodehydrogenation using FeCls as oxidant produce GNRs
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Fig. 5. a) Synthesis of GNRs through A;B,-type Diel’s Alder polymerization (Hou et al.,

(Hou et al., 2018).

(7). The alkylated polyphenylenes synthesized by the AB-type D-A
polymerization protocol provide extraordinary lengths of up to 600 nm
(Narita et al., 2014)generated from their alkylated polyphenylene pre-
cursors. The degree of polymerization (GNR length) was markedly
higher than that of polyphenylene precursors formed by AyBa-type D-A
polymerization and other metal-catalyzed coupling reactions like the
Suzuki and Yamamoto polymerizations (Hou et al., 2018).

Finally, D-A polymerization generates an appositive strategy toward
high-degree polymerized polyphenylenes for bottom-up GNR synthesis.
In particular, AB-type D-A polymerization equips GNRs with an
extraordinary length of over 600 nm. This length exceeds that of GNRs
constructed by other reactions like the aryl-aryl coupling catalyzed by
metal, which results up to 100 nm only. Optoelectronic properties can be
tuned by expanding the monomer structure and the width of the GNRs.
However, effective synthesis of GNR via the AB-type D-A reaction has so
far been restricted to monomers dependent on ethynyl-substituted
cyclopentadienones. The next task, thus, will be the creation of new
AB-type monomers armed with various dienes and dienophiles to syn-
thesize a wider variety of GNRs with inimitable structures, heteroatom
doping, and/or additional functional groups, thus maintaining the
length of more than 100 nm. Synthesizing low bandgap GNRs with
infrared absorption without stretching the ribbons is particularly
desirable.

5. Modified GNRs

The construction of a GNR-based biosensor generally needs the
surface modification of GNRs. To expand the sensitivity, stability, and

2018) b)Synthesis of GNRs through AB-type Diel’s Alder polymerization

electrocatalytic activity, modification of the GNR is needed. Both co-
valent and non-covalent modifications are possible with GNRs (Genorio
and Znidarsic, 2014). Covalent functionalization of the GNRs is achieved
with the chemical conjugation of the molecules with the
oxygen-containing functionalities of GONRs or by cycloaddition re-
actions (Reina et al., 2017). Non-covalent modification of GNRs is
possible with Van der Waals force and n-r interactions (Liu and Sper-
anza, 2019). GNR-based biosensors work by the non-covalent in-
teractions of bioreceptors on the GNR surface. Nowadays, GNR-modified
metal nanoparticles-based electrochemical sensors are more popular
because of the enhanced electrocatalytic activity and surface area of the
GNR. Metals such as palladium, nickel, gold, silver, cadmium, molyb-
denum, and ruthenium are useful for modifying GNRs. Besides,
graphene-based hybrid nanomaterials enhance the efficiency of detec-
tion (Pham et al., 2019). Similarly, hybrid materials of GNR with pris-
tine graphene and other graphene derivatives such as GSs, MWCNTs,
SWCNTs, and GQDs are also popular for the enhanced surface area
(Lavanya et al., 2017; Yagqi Li et al., 2017; Zakaria and Leszczynska,
2019). Doping with suitable atoms and drilled nanopore on the GNRs
offers wide application in sensing and sequencing of nucleobases
(Rastgoo and Fathipour, 2019; Wasfi et al., 2019). GNR modification
with polymers, molecularly imprinted polymers, and metal-organic
frameworks are also used in the fabrication of GNR-based biosensors
(Hossain and Park, 2017; Pan et al., 2015; Tang et al., 2017). Various
modifications of GNR for biosensing applications are illustrated in
Fig. 6a and the different modifications and their effects on sensing are
provided in Table 1.
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6. GNRs in biosensing

A biosensor is an analytical device used for the detection of a
chemical substance that combines a biological component with a
physical transducer. Generally, biosensors consist of two main parts, a
receptor (biological recognition element), and a transducer. The re-
ceptor interacts with the analyte, and the transducer converts the in-
formation regarding the interaction to a measurable signal. The target
molecule can be organic, inorganic, or even a cell. The parts of a
biosensor are illustrated in Fig. 6b. Graphene-family nanomaterials are
used extensively as a transducer of biosensing devices, which are
involved in the conversion of interactions between analyte and receptor
to an easy-to-use format. GNR and its derivatives offer extensive possi-
bilities in biosensing and electrochemical sensing owing to its unique
electrical conductivity, ultrahigh surface area, good adsorption capac-
ity, high mechanical strength, optical properties, and ease of function-
alization. Further, as described earlier, the modification of GNR
enhances its prospects of biosensing. Based on the transduction ele-
ments, GNR biosensors can be classified into electrochemical, optical,
and field-effect transistors (FETs).

6.1. GNR-based electrochemical biosensors

An electrochemical sensor is a device that is functioning with an
electrochemical transducer that can transform biochemical information
such as analyte concentration into an analytically useful signal: current
or voltage (Anusha et al., 2019). The main component of an electro-
chemical biosensor is the working electrode. The electrode used should
be an electronic conductor, and hence, the electrodes are of conducting
and semiconducting materials. Hence GNRs are better electrodes for
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electrochemical sensing (Anusha et al., 2019; Cesewski and Johnson,
2020). Electrochemical biosensors with different electrochemical ap-
proaches are potentiometric, amperometric, impedimetric, and vol-
tammetric methods. Biocatalytic or biocomplexing like biorecognition
elements are used in electrochemical sensing. The most commonly used
biorecognition elements are tissues, whole cells, enzymes, antibodies,
aptamers, and molecularly imprinted polymers. In biocatalytic type
recognition elements, the response is based on the catalytic reaction by
macromolecules. But the biosensor response of biocomplexing type is by
the interaction of macromolecules with analytes or organized molecular
assemblies (Cesewski and Johnson, 2020).

The working of GNR-based devices is based on the principle of
changing conductance due to the action of adsorbed chemical or bio-
logical species as donors or acceptors. The electrochemical reactions of
analyte molecules on the GNR-based electrode are affected due to the
excellent electron transport properties and high electrocatalytic activity.
Amperometry and voltammetry are the most accepted transducing ap-
proaches in the development of GNR-based sensing techniques due to
their low cost, simplicity, and significant sensitivity. These belong to the
potentiostat techniques in which controlled and applied electrode po-
tential drives the electron transfer reaction, resulting in a measured
current. Amperometric biosensors constantly measure the current
formed during the oxidative and reductive reactions of electroactive
species during the biochemical reactions. Here, the current is linearly
dependent upon the analyte concentration. This method exploits the
oxidation or reduction property of certain electroactive species in GNR-
based electrodes working at a constant applied potential. During the
redox reactions, the electrons are transported to the working electrode
from the analyte or vice versa (Parkash and Shueb, 2015). Chro-
noamperometry is an advanced amperometric technique, where the
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Table 1

Modification of GNRs and its effects on sensing.

Materials/process
used for modification
of GNR based sensors

Effect of modification

References

Silver nanoparticles

Manganese dioxide
nanoparticles
Gold nanoparticles

Gold nanocages

Carbon nanotubes

Ruthenium oxide
nanoparticles

Graphene
nanosheets

Graphene quantum
dots
CdTe quantum dots

Molybdenum
disulfide
AuPt-methylene blue

Palladium-platinum
alloy nanoparticles

Palladium-nickel
alloy nanoparticles

Palladium-silver
alloy nanoparticles

Amino
functionalized
fullerenes

Silver particles

Nickel nanoparticles
Platinum
nanoparticles

Metal organic
frameworks

B-cyclodextrins

Thiol- B-
cyclodextrins
Ionic liquids

Chitosan

Molecularly
imprinted polymer
Cobalt
phthalocyanine
Nitrogen-argon radio
frequency plasma
Nitrogen doping

Nitrogen doped
vacancy
Guanines

High catalytic activity and
facilitated electron transfer

As a colorimetric sensing probe
Improved electrocatalytic
performance and surface area
Improved conductivity,
electrocatalytic activity and
surface area

Enhanced surface area and
conductivity

Prevent aggregation tendency of
GNRs, facilitates electron transfer,
Improved fluorescence quenching
ability, superior oxidation currents
Enhanced electron transfer

Enhanced surface area and
enhanced electrochemical activity
and stability.

Reduction of restacking

Good conductivity

Improved stability and
biocompatibility

Strong fluorescence

Amplified
electrochemiluminescence with
graphene nanomaterials

Strong catalytic property

Outstanding electrochemical
activity

Signal generation and
amplification

High catalytic performances

High catalytic performances

Improved electrochemical
performances

Introduced as a carrier to increase
the loading capacity

Excellent electrocatalytic activity

Good electrocatalytic activity
Conductivity enhancement and
reduction of charge transfer
resistance

Large surface area and more active
sites

High host-guest recognition and
enrichment ability
Good enrichment ability

Improved conductivity
Film formation ability

Improves the electrochemical
properties
Improved selectivity

High electrocatalytic property

Improved electrocatalytic
performance

Enhanced chemical activity and
adsorption

Enhanced conductivity
Enhanced sensitivity

Improved electrochemical signals

Kumar and Goyal
(2018)

Rostami et al. (2020)
Vukojevic et al.
(2018b)

(Tang et al., 2017)(
Ismail et al., 2014)

Feng et al. (2018)

(Yi et al.,, 2016)(Yaqi
Li et al., 2017)(Liu
et al., 2015)

Vukojevi¢ et al.
(2018a)

(Jothi et al., 2018)(
Lavanya and
Gomathi, 2015)(
Lavanya et al., 2017)

Zhao et al. (2019)
Yagqi Li et al. (2017)
Huan et al. (2015)
Zhao et al. (2019)

Tang et al. (2017)

Yan Li et al. (2017)
Li et al. (2015)
Shang et al. (2015)

Yan Li et al. (2017)

Govindasamy et al.
(2017a)

Lavanya et al. (2017)
(M. Lee et al., 2018a)

(Tang et al., 2017)(
Rezvani Jalal et al.,
2020)

Yi et al. (2016)

Zhao et al. (2019)

(Kalcher and
Samphao, 2019)(Pan
et al., 2015)

Xin et al. (2015)

Pan et al. (2015)

Kalcher and
Samphao (2019)
Jothi et al. (2018)

(Tang et al., 2017)(
Yan Li et al., 2017)(
Li et al., 2015)

(K. Li et al., 2016a)

Tang et al. (2012)

11

Biosensors and Bioelectronics 184 (2021) 113245

Table 1 (continued)

Materials/process Effect of modification References

used for modification

of GNR based sensors

L-arginine Excellent electrocatalytic activity Yi et al. (2016)

Porosity High electroactive surface area Jothi et al. (2020)
and electron transfer

Nanopore Translocated nucleobases helps for (Wasfi et al., 2019)(

Paulechka et al.,
2016)

sequencing by changing the
conductivity

steady current is detected as the function of time after applying a
square-wave potential to the working electrode (Xu et al., 2020b). Here,
GNRs can provide high electron transfer ability and surface area. In
addition, doping of GNR with nitrogen atoms can also supply catalyti-
cally active sites for sensitive chronoamperometric biosensing (Shi et al.,
2015). Voltammetric techniques are controlled potential techniques
based on the current measurement in response to an applied potential
that drives redox reactions. (Bard and Faulkner, 2001). The current
measured indicates the electron transfer within the analyte and elec-
trode surface. In voltammetry, the benefits of GNRs are fast electron
transport and large surface area. Besides, GNR could also decrease the
overpotential in voltammetry usually observed with standard elec-
trodes. Further, GNR composites formed with metal oxide nanoparticles
would provide favorable electrochemical properties for voltammetric
biosensing (Apath et al., 2020). GNR-based biosensors can provide
extraordinarily high oxidation peak currents. Meanwhile, rGNR has
enhanced conductivity for voltammetric applications due to a large
number of sp2 carbons (Martin et al., 2014). Cyclic voltammetry (CV) is
one of the common linear sweep voltammetric methods, in which
electrical potential is swept in both forward and backward directions in
full, partial, or series of cycles. In cyclic voltammetry-based biosensors,
GNR or its derivatives can improve the electron-transfer reaction of the
electroactive species such as ferricyanide by increasing the conductivity
of the electrode. Also, GNR favors a fast electron transfer rate (Pajoo-
heshpour et al., 2018). Besides CV, other voltammetric methods have
been introduced to enhance the detection limit in quantitative mea-
surements. These methods are based on pulse technologies, in which a
potential pulse is applied before the measurement of current. Normal
pulse voltammetry (NPV), Differential pulse voltammetry, square-wave
voltammetry are often applied depending on the excitation waveform
(Ambrosi et al., 2014; Bard and Faulkner, 2001; Cesewski and Johnson,
2020). Amperometric methods, together with these methods, are
commonly used in GNR-based biosensing for environmental and clinical
applications.

Electrochemical impedance spectroscopy (EIS) is another sensitive
transducing technique and can be valuably utilized for the biosensing
protocols of graphene-based platforms. Impedimetric biosensors allow
the direct recognition of biomolecules without any enzyme labels and
are usually measured by applying an AC potential to an electrochemical
cell, followed by the measurement of current through the cell. It is a non-
destructive technique, can be operated with or without the presence of a
redox couple (Anusha et al., 2019; Bahadir and Sezgintiirk, 2016). This
method has been adopted with graphene-based materials for the
detection of protein, DNA, and cell. In biosensors of EIS type, the use of
GNRs ensures high current intensities and low potential values leading
to superior electrochemical output. These benefits emerge from
enhanced charge electron transfer and the effective surface area by
GNRs (Sainz et al., 2020). Potentiometric biosensors detect the charge
potential of an electrochemical reaction at the working electrode
compared to the reference electrode. Polymeric membrane-based ion--
selective electrode (ISE) is an established and commonly used technol-
ogy in potentiometric sensing; it consists of an ion-selective membrane
that prevents interferences by allowing the exchange of only one target
ion between sample solution and inner solution. High electrocatalytic
activity and electrical conductivity are possible advantages of GNRs in
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their use in ISEs (Yan et al., 2016). A new generation ISE was developed
to overcome the disadvantages of conventional ISE, based on a P
solid-contact that integrates solid transducers between the selective c B i N
membrane and conductive electrode surface. Highly conductive gra- % 8 § g
phene and other carbon nanostructures show excellent performances as = ‘: 8 ;
solid transducers, which helps achieve flexibility and miniaturization in 3 3 4 E %
sensing (Ambrosi et al., 2014; Xu et al., 2020a). Therefore, GNR has a % g g £ 5 5
potential future in ISE based potentiometric sensing. < g 2 £g &
< = 5> N9 3
6.1.1. Electrochemical biosensors for the detection of biomarkers
6.1.1.1. Biosensing of glucose. Diabetes mellitus (DM) is a condition =
characterized by an increased level of glucose. Determination of glucose P
level is important to manage the complications related to DM. Glucose %
sensors are not only used in the management of DM but also used in food § @
industries and bioprocessing. Glucose biosensors are mainly categorized g g g
into enzymatic and non-enzymatic. Enzymatic biosensors are most 89| g S‘ Y g
studied due to their high selectivity towards glucose. Unfortunately, § % § § é g
difficulty in immobilization, poor reproducibility, poor stability, and
critical operating situations are their disadvantages. These problems T I
lead to the advancement of non-enzymatic biosensors. Tremendous ef- @ e 5 8
forts in fabricating non-enzymatic sensors utilized metal and transition g E; 2 Z
metal oxide nanoparticles for the electrochemical identification of 8 § § §
glucose (Lavanya et al., 2017; Palanisamy et al., 2012). Similarly, z" é g § E o
GNR-based glucose biosensors are also studied, and their features are £ 5 5 & 2 &
provided in Table 2. = & E < E < E E
6.1.1.1.1. Engymatic glucose biosensors. Enzymatic glucose bio- @ © ornSns oS
sensors utilize some glucose oxidizing enzymes as receptors for glucose
detection. Glucose oxidase (GOx) catalyzes the conversion of glucose to S = s 3
D-glucono-1,5 lactone and hydrogen peroxide (HO,) via oxidation z g E £ E
(Krishnan et al., 2019). E 3 E =
A third-generation reagentless electrochemical glucose biosensor E | g”g ‘ §“5 5‘“5 E”g
was designed by connecting GOxon GNRs. GNRs produced from oxida-
tive unzipping of MWCNTs were immobilized by adsorption. Flavine <
adenine nucleotide (FAD) was covalently connected to GONR adsorbed a £ g z % s =
on a screen-printed carbon electrode (SPCE), and the apoenzyme sepa- S & 3 % 3 & 58
rated from its co-enzyme was attached to FAD bound to holoenzyme. It -
creates a direct transfer of electrons from cofactor FAD to an electrode, N 2 = é =
and the whole biolayer was stabilized with a Nafion membrane (Meh- 2 |8 é f] % &8
meti et al., 2017) (Fig. 7a). A disposable enzymatic sensor was fabricated g % S ; I Sf
in another study with MnO, nanoparticles decorated on GNRs. GOx % é 2 é g = § §
attached MnO,/GNR nanocomposite confined on an SPCE showed
excellent stability, reproducibility, and satisfactory accuracy and pre- >
cision (Vukojevic¢ et al., 2018b). pi
6.1.1.1.2. Non-enzymatic glucose biosensors. A non-enzymatic elec- 3 § E > = > o g
trochemical hybrid glucose sensor fabricated provides extreme sensi- 2813 3 8 3 S
tivity and selectivity towards glucose. The unique electrochemical il I
properties of GNRs are conducive to fabricate sensitive non-enzymatic >
glucose biosensors. Additionally, the conjugation of supporting inor- b E» [
ganic nanoparticles can enhance the electrocatalytic performance of the 2 &8 8
GNRs. Thus, noble metal nanoparticles modified GNRs improve the E g % %
catalytic performance towards the sensitive detection of glucose g 5 5 & & é E
molecules.
GONRs can be used as a substrate electrode for making a sensitive Py =
platform for glucose and hydrogen peroxide. Here, GONRs allows the S g >
formation of a stable film of MnO; nanoparticles because of its high § 2 %N 5 "
surface area. These GONRs functionalized with MnO, nanoparticles can Q g @ g §
be supported on a glassy carbon electrode (GCE). Interestingly, on § ° 2 E g 2 %
comparing with the MnO,-SWCNTs-GCE design, MnO,-GONR-GCE 30 2 S - E - < % 2
provided greater linear range and sensitivity in the detection of 2 % § é § é E @ E
hydrogen peroxide. Glucose detection with this hybrid material is in- 2
direct by measuring the HoOsformed during the addition of analyte g o o o
(glucose) to glucose oxidase solution (Zakaria and Leszczynska, 2019). 3| 5 g g é ks ‘é
In another system, graphene sheet/graphene nanoribbon/nickel nano- Q 4 § E E : 5 . S . 5
particles (GS/GNR/Ni) were attached to a GCE to detect the level of % % ';% E E sve®g®
=4
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Fig. 7. Fabrication of glucose biosensors. a) Fabrication of enzymatic apo-GOx/FAD/GNR/Nf/SPCE sensor and glucose detection. b) Fabrication of non-enzymatic

GS/GNR/Ni/GCE sensor and glucose detection.

glucose. The GS/GNR hybrid material reduced the aggregation and
stacking of graphene and offered four times higher surface area than
rGO. The Ni nanoparticles on hybrid nanomaterial increased the elec-
trocatalytic property. High electrochemical activity exhibited a wide
linear amperometric response, low limit of detection, and enhanced
sensitivity towards glucose. In real sample analysis, common interfering
molecules like dopamine, uric acid, sucrose, and chlorine were insen-
sitive to this modified sensor. Further, the results were consistent with a
glucose meter, and the recovery rate was found to be > 95% (Lavanya
et al., 2017) (Fig. 7b).

In another study of glucose detection, a non-enzymatic electro-
chemical sensor was created with the deposition of AuNPs/GONR
nanocomposite on a carbon sheet followed by thermal activation.
Thermal treatment not only increases the activity of AuNPs but also
improves the active surface area. GONR acts as a three-dimensional
backbone, and it noncovalently binds with the AuNPs. To improve the
selectivity, the sensor was protected with a membrane made up of
Nafion and polypyrrole. The study results also showed that the protec-
tion with the membrane is crucial for recovering the catalytic activity of
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AuNPs from the poisoning with electroactive species (Ismail et al.,
2014).

6.1.1.2. Biosensing of DNA. GNR-nanocomposites, wherein GNR sur-
face or edges are decorated with nanoparticles, not only give the indi-
vidual characteristics of the nanoparticles, but also enhance the effect of
GNR by the combined actions. The inherent characteristics of GNRs like
ultra-high surface area, electron transfer, optical properties, etc., are
enhanced by the conjugated nanoparticles. In the construction of elec-
trochemical biosensors, nanoparticles can improve the catalytic prop-
erty of the sensing system (Feng et al., 2018; Krishnan et al., 2019).

A target driven stochastic DNA walking electrochemical biosensor
was recently developed for the ultrasensitive sensing of target DNA.
Here, the gold nanocages attached to the GNRs benefitted from the
combined effect of their high surface area and good conductivity. The
designed sensing platform not only improved the electron transfer ki-
netics but also improved the loading capacity of stem-loop structural
DNA. The stochastic DNA walker can transport DNA from one location
to another location on the surface of the electrode, which will give
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detectable signal amplification. Further, a combination of gold nanoc-
ages with porous structure and large surface area of GNRs offers
improved electron communication capacity and additional active sites
for immobilizing DNA strands. The stochastic DNA walker system
showed good performance for the recognition of DNA from complex
mediums such as serum (Feng et al., 2018).

Recently, a study explored the potential of boron, sulfur, and
nitrogen-doped GNRs in the sensing of DNA nucleobases. The doping
enhanced the properties of transmission curves as well as the electron
transport properties. Doping of 8-AGNR with boron and nitrogen leads
to the formation of p and n-type semiconductors based on the dopant
position. The numerical study reports showed that the position of dopant
could strongly affect the density of states and modify the GNR sensitivity
to DNA bases (Rastgoo and Fathipour, 2019).

6.1.1.3. Biosensing of amino acids (AA) and proteins. By exploiting the
electroactivity of clinically relevant AA, such as methionine and tyro-
sine, disposable GONR screen printed electrodes are fabricated for the
in-situ measurement of L- and D-AA. Tyrosine and methionine are the
relevant biomarkers in Bacillus subtilis and Vibrio cholerae infections,
respectively. The scheme of sensing includes simultaneous enantiomeric
resolution and detection of L- and D-AA. Detection is based on the
simultaneous biosensing of D-AA using a class enzyme (D-amino acid
oxidase) that reacts selectively with D-enantiomer to form Hy0, and
direct electrochemical sensing of the L-enantiomer by GONR trans-
ducers. The biosensor exhibited fast, selective, and reproducible sensing
from the urine sample (Martin et al., 2015a). In a study, a combination
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histamine. This combination is drop-casted on the surface of the edge
plane pyrolytic graphite (EPPG). GONR-AgNPs-EPPG showed greater
catalytic activity to the oxidation of histamine and higher selectivity,
even in the presence of interfering agents in blood plasma(Kumar and
Goyal, 2018). Cysteine (CySH), another AA, can be detected by the
GONR, and Nafion-modified GCE (GONR-Nafion/GCE). The unusual
level of CySH in the body can be correlated to many diseases such as
liver disease, weakness, and growth retardation. The presence of
oxygen-containing functionalities, especially the unsaturated aldehyde
group on the oxygenated GNR with Nafion, is used for the sensitive and
electrochemical detection of CySH. Interaction of CySH on electrode
develops a cyclic addition between aldehyde on GONRs and the N-ter-
minal group of CySH. This leads to the formation of the thiazolidine
transition, followed by deprotonation and electrooxidation of CySH.
This sensor is also applicable for homocysteine and glutathione (Wu
et al., 2012).

Recently, an electrochemical immunosensor was designed for the
ultrasensitive detection of matrix metallopeptidase-9 (MMP-9) and
interleukin-6 (IL-6). MMP levels in serum samples are used to assess the
ischemic stroke index. IL plays a significant role in biological processes
such as immune responses, hematopoietic regulation, and acute phase
reactions. The sensor used polystyrene (PS)@polydopamine (PDA)
metal composite material and rGONR-modified heated SPCE (HSPCE).
The rGONR was used for antibody (Ab) immobilization and signal
amplification. A sandwich-type design was developed with rGONR/
HSPCE, Ab, and PS@PDA-metal composite. The PS@PDA-metal com-
posite was used to label the Ab and to create a strong electrochemical

of GONR and metallic nanoparticle was used in the detection of signal (Fig. 8a)(Shi et al, 2014). Another sandwich-type
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Fig. 8. (a) Mechanism of electrochemical immunosensor for the detection of MMP-9 and IL-6. Reprinted with permission from (Shi et al.,

Elsevier, (b) DPV responses of the different concentrations (a-h) (0.0001-50 n;

2014) Copyright (2014)
g/mL) of galectin-3 in 0.1 M PBS, Schematic representation of the fabrication of

electrochemical immunosensor Ab-AuNP- Fe-MOF- N-GNRs/GCE (c) for detection of galectin-3, and (d) AuPt-MB-Ab2. Reprinted with permission from (Tang et al.,

2017) Copyright (2017) Elsevier.
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electrochemical immunosensor was fabricated for the identification of
Galectin-3 (Gal-3) (a biomarker of heart failure). Ab against Gal-3
immobilized AuNPs deposited Fe-based-metal organic framework
(Fe-MOF) was attached to an N-doped GNRs (N-GNRs), and it was used
to modify the GCE. A novel redox-active species AuPt-methylene blue
(AuPt-MB) was used as a label for the amplification of the analytical
signal. MB acted as an electron transfer mediator in an amperometric
sensor for the enhancement of signals. Rod-like AuPt-MB, showed good
electrochemical activity and combined with Ab-AuNP- Fe-MOF-
N-GNRs/GCE to form sandwich-type electrochemical immunosensor
(Fig. 8b and ¢, and d) (Tang et al., 2017). A dual-type responsive elec-
trochemical immunosensor was fabricated in a study for the sensitive
detection of proprotein convertase subtilisin/kexin type 9 (PCSK9), a
significant biomarker for cardiovascular diseases. The sensing matrix
was fabricated by palladium platinum alloy (PdPt) reduced on to an
amino-functionalized fullerene (n-C60), followed by deposition on
N-doped-GNR attached on GCE (n-C60-PdPt-N-GNR/GCE). This matrix
can generate electrochemical signals through H,O5 reduction, and it also
acts as a carrier for protein immobilization. Then the matrix was func-
tionalized with Staphylococcus protein-A (SPA) with Ab orientation
function to enhance the immunoreaction for label-free immunosensor.
Pt-poly (methylene blue) nanocomposite was used as a label to enhance
the sensitivity for sandwich-type immunosensor. The resultant sensor
showed a wide range of detection, low LOD, and satisfactory stability for
PCSK9 detection (Yan Li et al., 2017).

Cancer is one of the prominent reasons for mortality worldwide.
Primary detection of this condition is most important for effective
monitoring, therapy, and ultimately for the survival of the patient
(Krishnan et al., 2019). Accurate estimation of cancer biomarkers pro-
vides authentic information for the early finding of cancer. Recently, a
label-free electrochemical immunosensor was fabricated for the sensing
of alpha-fetoprotein (AFP), a significant clinical biomarker for the
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detection of hepatocellular carcinoma. Here, the hybrid nanomaterial
consisting of porous GNR (PGNR), and AuNPs immobilized with
anti-AFP deposited on GCE (anti-AFP-AuNPs-PGNR-GCE) exhibited high
electrocatalytic activity towards the AFP molecule. Porous GNR pro-
vides a large surface area and enhanced electron transfer between the
electrode and redox probe while AuNPs attached to porous GNR helps to
immobilize anti-AFP protein, and it also facilitates the electron transfer.
Differential pulse voltammetric (DPV) studies of
anti-AFP-AuNPs-PGNR-GCE exhibited a wide linear range and low LOD
in physiological pH (Jothi et al., 2020). In another study, a
sandwich-type electrochemical immunosensor was fabricated for the
sensing of AFP. The sensing matrix was fabricated by the immobilization
of functionalized anti-AFP on B-cyclodextrin conjugated graphene sheets
(B-CD-GS), and it could enhance the electron transfer. Whereas
palladium-nickel alloy nanoparticles conjugated N-doped GNRs
(Pd/Ni/N-GNRs) were used as the secondary anti-AFP labels. Pd/Ni
nanoparticles demonstrated a great catalytic performance towards the
reduction of H205. Under optimum conditions, the proposed sensor
exhibited high stability, good reproducibility, high specificity, a wide
linear range, and a low LOD (Li et al., 2015). The features of GNR-based
sensors for the detection of amino acids and protein are provided in
Table 3.

6.1.1.4. Biosensing of dopamine, ascorbic acid, and uric acid. Many
studies are reported to separate the signal potential of dopamine (DA),
ascorbic acid (AsA), and uric acid (UA) with significant sensitivity and
selectivity; because these three analytes exhibited electrooxidation
peaks almost at similar potentials (Krishnan et al., 2019; Zhang et al.,
2001). Imbalance of dopamine neurotransmitters leads to various dis-
orders such as Parkinson’s disease (PD), attention deficit hyperactivity
disorder, restless leg syndrome, etc. (Jothi et al., 2018). AsA is avital
vitamin that plays a major role in developing immunity, prevention of

Table 3
Features of GNR based sensors for the detection of amino acid and protein biomarkers.
Electrode Method Analyte Linear range LOD Sensitivity Stability (days) and ~ Real sample Supporting Reference
percentage Analysis and electrolyte
reduction of recovery rate (%)
activity
GONR-AgNPs- SwWv Histamine 1-50 yM 0.049 0.158 pA/ 24, Plasma PBSpH 7.2 Kumar and
EPPG 60-500 pM uM uM 5.8% >99% Goyal
0.083 pA/ (2018)
M
GONR/SPCE DPV D-tyrosine - 60 pM - - urine 10 mM Martin et al.
L-tyrosine 100 pM Phosphate (2015a)
buffer pH 7
GONR-Nafion/ DPV Cysteine 25 nM —-500 100 uM - - Serum 0.1 MPBSpH7 Wu et al.
GCE Glutathione pM 100 uM 93.3-117% (2012)
Homocysteine 300 pM-1.0 100 pM
mM
300 pM-2.0
mM
Ab- rGONR/ SWV IL-6 10 to 103 0.1 pg/ - 14, serum HAc/NaAc Shi et al.
HSPCE MMP-9 ng/mL mL No significant buffer, pH 4.6 (2014)
10° to 103 5fg/ change
ng/mL mL
Ab-AuNP- Fe- DPV Galectin-3 100 fg/mL - 33.33 - 21, Serum 0.1MPBSpH7  Tangetal
MOF- N- 50 ng/mL fg/mL 4.83 % 98-104% (2017)
GNRs/GCE
n-C60- PdPt- N- DPV PCSK9 0.0001-100 0.033 - 28, 11.4% Serum 0.1 M PBS pH Yan Li et al.
GNR/GCE ng/mL ng/mL 28,11.8% 96.2-103.37% 7.4 (2017)
sandwich type 0.01-100 ng/ 3.33 97.89 %-104.24
label free type mL ng/mL %
GNR-ISFET FET PSA - 0.4 pg/ - - - - Zhang and
mL Cui (2013)
anti-AFP- DPV AFP 5-60 ng/mL 1ng/ - 30, 9.4% Serum pH7.4 Jothi et al.
AuNPs-PGNR- mL 99.9%-102 % (2020)
GCE
B-CD-GS and Amperometry ~ AFP 0.0001-16 0.03 - 20, 10% Serum pH7 Li et al.
Pd/Ni/N- ng/mL pg/mL 99.6 to 103% (2015)

GNRs
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cancers, and repair of the body. AsA deficiency leads to a condition
called scurvy (Arrigoni and De Tullio, 2002). The metabolism of purine
nucleotide releases uric acid as its end product; abnormal concentration
can cause gout, renal failure, etc. (Liu et al., 2014).

GONRs are excellent nanomaterials for the detection of AsA, UA, and
DA due to their high anodic oxidation currents towards these bio-
molecules on cyclic voltammetry measurements. Short GONRs were
used for the modification of GCE for the electrochemical sensing in a
study for the improved detection of these biomarkers in PD.The short
GONRs were prepared by microwave-assisted synthesis from MWCNTSs
showed low LOD for the sensing AsA, UA, and DA (Sun et al., 2015).
Similarly, for the real-time and reagentless detection of AsA, DA, and
UA, a hybrid material of GS/GONR functionalized with nitrogen/argon
radiofrequency plasma (N2/Ar/RF/GS/GONR) supported on a GCE was
used. The combination of GS and GNR enhances the electrical conduc-
tivity and surface area of the sensing system. Various nitrogen groups on
the hybrid nanomaterial act as an electroactive center for the electro-
oxidation of the three analytes (Jothi et al., 2018). Biosensing potential
of the oxidized and reduced GONRs were investigated for the fabrication
of SPCE based disposable electrochemical sensors of GNRs. Compared to
other related carbon nanomaterials, tGONRs exhibited high sensing
potential. AsA, UA, and levodopa can be detected accurately and
selectively within 100 s with this sensor (Martin et al., 2015b).

Through the simultaneous chemical reduction of GS and GONRs, a
hybrid electrode material (GS/GONR) was developed and attached to a
GCE for the detection of AsA. GNRs improve the surface area and
dispersion of the hybrid material by acting as a carbon spacer between
GS. The EIS studies reveal that the charge transfer resistance of GS/
GONR/GCE was less than that of chemically reduced graphene oxide
sheets (rGOS) modified GCE (rGOS/GCE) and bare GCE. The proposed
electrochemical sensor showed a significant electrocatalytic activity
towards the AsA with increased peak current and less over potential in
comparison to rGOS/GCE, GS/CNT/GCE, and bare electrode. GS/GNR
exhibited high sensitivity and low LOD towards the analyte, even with
interfering substances like DA, UA, and citric acid(Lavanya and Goma-
thi, 2015). A study described the interaction of fully characterized GNR
with a set of relevant target molecules (DA,AsA,UA,L-tyrosine, benzene
diols, hydroquinone, catechol, and resorcinol). GNRs showed excellent
electrochemical responses compared to MWCNTs and bare GCE. The
chemistry of the few layers of graphene exhibited a great influence on
their electrochemical properties. It was found that oxidized form of
GNRs are excellent material for the sensing of molecules having high
oxidation potential, whereas reduced GNRs showed high sensitivity to
aromatic molecules dominating n-n interactions or conjugated 1,2 diols
(Martin et al., 2014).

6.1.1.5. Biosensing of other biomarkers. In a study, GNRs were used for
the detection of oxidative or reductive analytes in combination with
PtNPs. This nanocomposite exhibited abundant functional groups and
effectually reduced charge transfer resistance of the electrode. This
nanocomposite offered a significant catalytic activity towards HyO, and
B-nicotinamide adenine dinucleotide (NADH). Amperometric study re-
sults of PtNPs/GONRs showed good selectivity (in the presence of
interfering molecules), towards HyO, and NADH (Lee et al., 2018a).
GNR and ruthenium dioxide (RuO;) deposited SPCE was designed for
the electrocatalytic detection of NADH. RuO2/GNR/SPCE with immo-
bilized alcohol dehydrogenase also showed a good response towards
ethanol (Vukojevic et al., 2018a).

6.1.2. Electrochemical biosensors for the detection of plant-derived
molecules

The antioxidant property of the quercetin flavonoid is good for
health. But it is necessary to detect excess quercetin because it leads to
serious complications like kidney cancer. An electrochemical sensor for
quercetin was constructed by modification of GCE with molybdenum
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disulfide (MoS2-CNT@GONRs) and thiol-B-cyclodextrin (HS-CD)/ami-
nated GQDs (N-GQDs). This nanocomposite showed outstanding per-
formance towards the detection of quercetin due to the synergistic
effects of strong catalytic activity of MoS,, good electrochemical activity
of CNT@GONRSs, improved performance of HS-CD, and high stability
and biocompatibility of N-GQDs (Zhao et al., 2019). An enzymatic
electrochemical sensor for the quantitative detection of tea catechin was
designed in a study with immobilized polyphenol oxidase (PPO) enzyme
to a graphite electrode modified with GONRs combined with AgNPs
(PPO-Gr/GONR-AgNPs). The GONR-AgNPs combination made the ma-
trix more biocompatible and provided more area for electrochemical
activity. Analysis of catechol levels in different green tea samples with
the PPO-Gr/GONR-AgNPs sensor and HPLC showed 99% agreement in
the results (Sandeep et al., 2018). The features of GNR-based sensors for
the detection of UA, AsA, DA, plant-based molecules, and other bio-
markers are shown in Table 4.

6.1.3. Electrochemical biosensors for the detection of drugs

Determination of drug content in the human body is important when
administering drugs like potent drugs, drugs causing serious side effects,
and toxicity. This is extremely important in therapeutic drug monitoring
of narrow therapeutic index drugs. The drug content can be detected
from blood, plasma, serum, and urine using appropriate biosensors
(Garzon et al., 2019). A GONR-modified GCE electrode was studied for
the detection of norepinephrine tartrate (NT), which is used in the
treatment of various disorders. GONRs on GCE enhanced the electro-
chemical redox of NT by significantly increase the rate of electron
transfer. The peak current obtained for NT with GONRs/GCE was higher
than MWCNTSs/GCE due to the improved electron transfer owing to the
presence of functional groups and electrochemical intermediates
(Fig. 9a) (Song et al., 2016).

Nimesulide is an NSAID having analgesic and antipyretic properties.
However, the over usage of this NSAID causes acute side effects related
to gastric, CNS, and genitourinary systems. Hence, the detection of
nimesulide content will help to avoid these side effects. Electrochemi-
cally reduced GONRs-modified SPCE based electrochemical sensor was
fabricated for the determination of nimesulide from biological samples.
rGONRs is a potential material for sensing application since it possesses
edge defects, functional groups, chemically active sites, high surface
area compared to MWCNTs (Fig. 9b)(Govindasamy et al., 2017b). A new
sensing platform was designed with a narrow rGONRs composite film
polymerized with aniline. The proposed rGONRs/polyaniline (rGONR-
s/PANI) composite film modified GCE sensing platform showed a
remarkable performance in the electrochemical sensing of dobutamine.
In comparison to bare GCE, rGONRs/PANI/GCE showed 10 times higher
peak current; due to the high specific surface area of GNRs and the
electrocatalytic effect of polyaniline towards the oxidation of dobut-
amine. Serum sample analysis also showed reasonable results (Fig. 9c)
(Asadian et al., 2014).

Nifedipine, a calcium channel blocker widely used in cardiovascular
therapy, require an accurate and sensitive method for its determination
since it overdose causes various side effects. A hybrid material consists
of ionic liquid (IL) functionalized GNRs and hollow PdAg NPs (hPdAg
NPs) showed excellent electrochemical response towards nifedipine.
AgNPs can reduce the nifedipine; however, the combination of Pd and
Ag metals exhibited better electrochemical behavior than Ag alone. The
use of hollow metals is also advantageous over their solid parts. The
sensor showed a 97.6 % to 101 % recovery rate when applied to the
detection of nifedipine from the real sample (Fig. 9d)(Shang et al.,
2015). Recently an electrochemical sensor was fabricated for the
detection of anticancer drug imatinib by the in situ growth of
metal-organic framework (MOF) HKUST-1 on GONRs modified GCE
(HKUST-1/GONRs/GCE). MOF exhibited a large surface area. But the
MOF does not have good conductivity. The conductivity of the MOF
enhances in combination with GONRs. The cyclic voltammetric response
towards imatinib was higher due to the synergistic activity of GONRs
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Table 4
Features of GNR-based sensors for the detection of UA, AsA, DA, plant-based molecules, and other biomarkers.
Electrode Method Analyte Linear LOD Sensitivity Response Stability and Real sample Supporting Reference
range time percentage Analysis and electrolyte
reduction of recovery rate
activity
No/Ar/RF/GS/ cv AsA 0.1-1400 5.3nM 501 pA/ Ss 30 days Human serum 0.1M PBS, Jothi et al.
GONR DPV UA pM 2.5nM },lM/cm2 2.7%, 94-104% pH7.4 (2018)
DA 0.02-350 5.7 nM 576 pA/ 2.8%.
uM HM/cm? 3.6%
0.01-400 652 pA/
pM pM/cm?
GONR/GCE Amperometry AsA 0.1-8.5 pM 26 nM - - - - 0.1 M PBS, Sun et al.
DPV UA 0.1-8.5 pM 98 nM 24.2 pH7 (2015)
DA 0.1-8.5 yM 24 nM pA/pM/
cm?
40.9 pA/
pM/cm2
rGONR/SPCE DPV AA 1-5mM 4 mM 22pA/mM 100 s 15 days Urine 0.10 M PBS Martin et al.
LD 10-50 pM 0.05 145.6 pA/ 7 + 3% 97-101% pH7.4 (2015b)
UA 10-50 pM mM mM
0.05 256.9 pA/
mM mM
GS/GONR/GCE cv AA 10-360 uM 230 nM 22nA/pM/ - 50 min Vit C tablets PBS pH 7 Lavanya and
amperometry cm? Gomathi
(2015)
GONR/AgNPs colorimetry DA 0.25-10pM  0.04 pM - 15 min 7 days Human serum pH5 Rostami
GSH 1-75 yM 0.23 ypM 20 min 92-107.5% et al. (2020)
92-102.5%

ChOx -CdTeQDs- ECL cholesterol ~ 1pM-1 0.33puM - - 7 days Human serum 0.10 M PBS Huan et al.
MWCNTs- mM 8.4 % Milk pH 9.0 (2015)
rGONRs 93.4-104.9%

rGONRs-FET FET ATP 5-150 pM 5 mM - - - - PBS, pH 7.2 Dong et al.

(2011)

PtNPs/GONRs Ccv H>0, 250-2500 37.78 378.5 pA/ - 21 days - PBS, pH 7 (M. Lee

NADH uM uM mM/cm-2 10 % etal.,
25-325 M 0.22 M 724.3 pA/ 2018a)
mM/cm-2

RuO,/GNR/SPCE cv NADH 1-1300 pM 1.9 pM 4.5 pA/ - - - PBS pH 7.5 Vukojevié¢

EIS Ethanol mM.cm? etal.
(2018a)

MoS- DPV quercetin 2.0x10° - 8.2x10° 89 pA/pM - 5 weeks Orange juice 0.1 M PBS Zhao et al.
CNT@GONRs/ 1.6x10°M  °Mm 12.9% 99.8-103.2% pH 6.5 (2019)
HS-CD/N- Lemon jouice
GQDs/GCE 95.8-98.8%

Grape juice
99.1-106.3%
Pomegranite
juice 98.2
95.4%
Honey
104.2-101.5

PPO-Gr/GONR- Ccv Catechol 2-2300 pM 0.03pM  6.28 - 15 days Green tea PBS pH 7 Sandeep
AgNPs EIS pA/mM/ 6.7 % samples et al. (2018)

cm? 99.5-10.6%

and HKUST-1(Rezvani Jalal et al., 2020). The features of some
GNR-based electrochemical sensors for drug detection are provided in
Table 5.

6.1.4. Electrochemical biosensors for the detection of chemicals
Bisphenol-A (BPA) is a widely used chemical in the polymer industry,
dental fillings, and food cans fabrication. But BPA is considered an
endocrine disruptor that causes reproductive problems and cancer. An
electrochemical BPA sensor based on MWCNT/GONR hybrid material
exhibited electron transfer ability, electrocatalytic property, and high
adsorption capacity in the BPA sensing. Meanwhile, chitosan (CS)
modification improved electrochemical behavior by forming a film over
MWCNTs/GONR (Xin et al., 2015). 4-Nonyl-phenol (4-NP) is another
endocrine disruptor, having the activity of 17-estradiol. An electro-
chemical sensor was fabricated with molecularly imprinted polymer
(MIP), nitrogen-doped GNRs (N-GNR), and ionic liquid (MIP/N-GNR/IL)
drop casted on a GCE. The MIP/N-GNR/IL/GCE showed a good response
towards NP with a linear concentration range of 0.04 to 6 mM(Pan et al.,
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2015). 2- aminophenol (2-AP) and 4-aminophenol (4-AP) are important
industrial chemicals but can seriously affect animals and plants because
of their penetration through skin and cell membranes. The simultaneous
determination of these two chemicals is a great challenge owing to their
structural similarity. p-cyclodextrin (-CD) and L-arginine (L-Arg) elec-
tropolymerized on the surface of CNTs@GNRs hybrid material-modified
electrode exhibited a sensitive and simultaneous detection of 2 and
4-AP. Synergistic effects of host-guest interaction of p-CD, electro-
catalytic ability of L-Arg, electrochemical properties and high surface
area of CNTs@GNR:s facilitated excellent responses towards 2, and 4-AP
(Yi et al., 2016).

2, 4 dichlorophenol (2,4-DCP) and methylene blue (MB) are other
two chemicals for which GNR-based sensors are developed. Effective
detection of 2,4-DCP is important due to health concerns as it is a
drinking water pollutant. An electrochemical sensor was designed with
nitrogen-doped vacancy ZGNRs (NV-ZGNRs) for the 2,4-DCP detection.
Compared to pristine ZGNRs, NV-ZGNRs showed enhanced sensitivity to
2,4 DCP, because of the adsorption to the nitrogen-vacancy in ZGNRs.
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Fig. 9. Fabrication and detection of drug sensors. a) detection of norepinephrine tartarate, b) detection of nimesulide, ¢) detection of dobutamine, and d) detection

of nifedipine.

Table 5
Features of some GNR based electrochemical sensors for drug detection.
Electrode Method Analyte Linear range LOD Sensitivity Stability and Real sample Supporting References
percentage of analysis and electrolyte and
reduction of recovery rate recovery rate
activity
GONRs/ Ccv Norepinephrine 6.0x10° 2.1x10° 24751 pA/ - - 0.1 M PBS pH Song et al.
GCE tartrate -1.5x10*M  8Mm mM 7.3 (2016)
rGONRs/ Amperometry ~ Nimesulide 1.0x10® to 3.50 nM 1.20 14 days, Urine PBS pH 7 Govindasamy
SPCE 1.50x1073 pA/pM/ 7.9% 98.6% et al. (2017b)
cm? Tablets
96.8%
rGONRs/ cv Dobutamine 1.0x107 to - - - Serum PBS pH 7 Asadian et al.
PANI/ 1.50x10° (2014)
GCE
IL-GNR/ DPV Nifedipine 10 to 4000 4 nM - 21 days, Tablets 0.1 MPBSpH 7 Shang et al.
hPdAg nM 6.7 % 97.6-101% (2015)
NPs
HKUST-1/ Ccv Imatinib 0.04-1.0 0.006 45.33 pAL 9 days, Urine BRB solution pH  Rezvani Jalal
GONRs/ pM/Land PM/L pM! 5% Serum 7 et al. (2020)
GCE 1.0-80 pM/L 96.5-102.7%

The enhanced sensitivity induced by nitrogen-vacancy opens wide
possibilities in health and environmental monitoring (Li et al., 2016a).

6.1.5. Electrochemical biosensors for the detection of insecticides,
pesticides, and toxins

Pesticides and insecticides, even at trace concentrations, can
generate long-term toxicity to human health and affect the environment
(Liu et al., 2015). Hence the determination of their level in food, water,
and air has gained more consideration in recent years. Fenubocarb is a
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carbamate-family pesticide producing serious health complications and
environmental problems. rGONR-ionic liquid-cobalt phthalocyanine
modified SPCE (rGONR-IL-CoPc/SPCE) was fabricated for the sensitive
determination of fenubocarb. Amperometric current response towards
the oxidation of alkaline hydrolysis product of fenubocarb (2-sec-bu-
tyl-phenol) was obtained. This sensor showed a good response to the
detection of fenubocarb in vegetable samples(Kalcher and Samphao,
2019). A sensitive electrochemical biosensor was designed by immobi-
lizing acetylcholinesterase (AChE) on MWCNTs/GONRs hybrid material
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for the sensing of carbaryl pesticide. The resulting biosensor showed
superior sensitivity based on the change in electrochemical response of
enzymatic activity induced by carbaryl pesticide. The sensor exhibited
significant reproducibility, acceptable stability, and sensitivity (Liu
et al., 2015). An electrochemical sensor was fabricated in a study with
silver nanoparticles (AgNPs) decorated rGONRs on SPCE for the detec-
tion of organophosphorus pesticide methyl parathion. The resulted
sensor showed excellent electrochemical activity towards the reduction
of methyl parathion. The synergistic effects of AgNPs and rGONRs
provide enhanced sensitivity to methyl parathion. Methyl parathion
detection in vegetables and fruits achieved low LOD, good reproduc-
ibility, and stability (Govindasamy et al., 2017a). Acetamiprid is a
neonicotinoid insecticide, causing acute mammalian toxicity. A
label-free impedimetric aptasensor was fabricated by decorating AuNPs
on MWCNT/rGONR hybrid material for the sensitive detection of acet-
amiprid. The Au-MWCNT/rGONR composite is used as a support for the
immobilization of aptamer. The resultant sensor (Aptamer-
Au-MWCNT/rGONR) showed high sensitivity in comparison to pure
AuNPs and MWCNT/rGONR hybrid materials. The detection mechanism
is based on the change in electron transfer resistance due to the
acetamiprid-aptamer binding (Fei et al., 2015).

Brevetoxin-B (BTX-2) is a marine neurotoxin created by algae Pty-
chodiscus brevis Davis or Gymnodinium breve Davis. Consumption of BTX-
2-contained shellfish can cause serious intoxication and even death.
Therefore, to detect the presence of BTX-2 in seafood, researchers
developed a magneto controlled electrochemical immunosensor consist
of guanine functionalized GNRs (GGNRs) conjugated with bovine serum
albumin-BTX-2 conjugates (BSA-BTX-2) as molecular tags and anti-BTX-
2 antibody-conjugated magnetic beads as immunosensing probes on a
magnetic carbon paste electrode (MCPE). Based on competitive immu-
noassay the BTX-2 competes with the BSA-BTX-2 for the anti-BTX-2
antibody on the magnetic beads. The guanine coupling to GNRs am-
plifies the signals of electrochemical immunoassay. The experimental
results reported that GNRs lowered the overpotential of guanines and
improved sensitivity. Linear range and LOD have enhanced greatly with
the GNR molecular tags in comparison to the pure guanine labeled
molecular tags (Tang et al., 2012).

The features of GNR-based biosensors for the detection of chemicals,
insecticides, and pesticides are provided in Table 6.
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6.2. GNR-based optical biosensors

An optical biosensor is a device consisting of a biorecognition
element incorporated with an optical transducer. They offer many ad-
vantages over conventional sensing techniques. Optical sensors allow
the real-time identification of various substances with high sensitivity
and specificity(Yet al., 2016). An optical sensor can create signals that
are proportionate to the analyte concentration. Optical biosensors
monitor the analyte binding induced alterations in the inherent optical
properties of a surface like absorbance, fluorescence quenching, chem-
iluminescence, Fluorescence resonance energy transfer (FRET), reflec-
tance, light scattering, or any differences in refractive index (Chauhan
et al., 2017). Fluorescent and chemiluminescent biosensors are the most
developed biosensors in the field of optical sensors. Fluorescence is an
attractive method for biosensing due to its incredible advantages like
high sensitivity, selectivity, fast response time, portability, and low LOD.
Optical biosensors require a very short time for the detection of analytes
compared to electrochemical detectors. GNR based transducers were
employed in different optical sensors due to their unique optical and
other physicochemical characteristics. It can absorb photons from ter-
ahertz to visible and IR (Goenka et al., 2014). Integration of QDs and
graphene nanomaterial is an efficient approach to enhance the electro-
chemiluminescence intensity and reduction of overpotential of ECL
systems (Huan et al., 2015).In optical biosensors, colorimetric sensors
are cost-effective, fast, and accurate. These are straightforward sensors
that generate signals that are visible to the naked eye. Colorimetric
sensors usually utilize catalysts (enzyme or enzyme-like substances) for
getting colored chemical reactions(Hu et al., 2013; Vermisoglou et al.,
2020).

6.2.1. Luminescent biosensors

Considering the emerging concern towards the potential environ-
mental and health risk, it is important to detect the transgenic soybean
with a reliable method. In a study, the fluorescence resonance energy
transfer (FRET) method is used for the sensing of transgenic soybean
through effective self-assembly between quantum dots (QDs) and
MWCNTs/GONRs. The MWCNTs/GONRs with FRET technology pro-
vides fluorescent “on-off-on” switching for the determination of dual-
target DNAs of promoter cauliflower mosaic virus 35s (P35s) and
terminator nopaline synthase (TNOS) from transgenic soybean. To

Table 6
Features of GNR-based biosensors for the detection of chemicals, insecticides, and pesticides.
Electrode Method Analyte Linear range Analyte Sensitivity Stability and Real sample Supporting references
percentage analysis and electrolyte
reduction of recovery rate
activity
CS/MWCNT/ Amperometry Bisphenol-A 0.005-150 1 ng/L - 21,8% River water PBS pH 7.4 Xin et al. (2015)
GONR/GCE ug/L 93.3-16.7%
MIP/N-GNR/IL/ LSV 4-Nonyl- 0.04 to 6 mM 8 nM 3.4 pA/pM 14 days, 4.7 % Lake, river, and PBS pH 7 Pan et al. (2015)
GCE phenol tap water
p-CD/L-Arg/ cv 2- 25-1300 nM 6.5 nM 6.2 pA/pM 30 days, 6.7% River water PBS pH 7 Yi et al. (2016)
CNTs@GNRs/ DPV aminophenol 25-1300 nM 3.5nM 8.5 pA/pM 97.6-107.2%
GCE 4-
aminophenol
rGONR-FET FET Methylene 4.7 nM 12.5 pA/ - - Deionized Lin et al. (2016)
blue mM water
rGONR-IL-CoPc/  Amperometry  Fenubocarb 0.025-110 yM  0.0089 0.0884 M/ 7 days, Chinese cabbage PBS pH 8 Kalcher and
SPCE uM A.cm? 20 % and cucumber Samphao (2019)
AChE/ Amperometry  carbaryl 5 nM to 5000 1.7 nM - 30 days, Cabbage PBS pH 7 Liu et al. (2015)
MWCNTs/ pesticide nM 14% 95.5-96.8%
GONRs
AgNPs- Amperometry  Methyl 0.005-2780 0.5 nM 0.5940 14 days, Cabbage PBS pH 7 Govindasamy
rGONRs/SPCE parathion nM pA/pM/ 7.97% Green beans et al. (2017a)
cm? Strawberry
Nectarine fruit
Aptamer- Au- Impedimetry ~ Acetamiprid 5x1071M to 1.7x10° - 12 days, Water PBS pH 7 Fei et al. (2015)
MWCNT/ 1 x 10°M M No significant 96-106.6%
rGONR change
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obtain the fluorescence signals, the capture DNAs were confined to QDs.
Due to the FRET method, n-n interaction of ssDNA probes with
MWCNTs/GONRs lead to slight background fluorescence (turning off).
The P35s and TNOS targets were detected by dual fluorescent probes to
form dsDNA from the specific hybridization of target DNAs and ssDNA
probes. Dual fluorescent probes create strong fluorescent signals when
the dsDNA is released from the MWCNTs/GONRs (turning on). High
efficiency of hybridization, great quenching capacity of MWCNTs/
GONRs, and high quantum yield of QDs combine to provide significant
benefits than conventional detection methods (Fig. 10a) (Yaqi Li et al.,
2017).

Cholesterol is a relevant biomarker of many diseases. An amplified
electrochemiluminescent solid-state biosensor was constructed for the
sensing of cholesterol in near IR range based on the CdTe quantum dots
(CdTeQDs) arranged on MWCNTs at reduced GONRs (CdTeQDs-
MWCNTs-rGONRs). This design provides amplified electro-
chemiluminescence intensity by nearly 4.5 fold. Cholesterol oxidase
(ChOx) was confined to the CdTeQDs-MWCNTs-rGONRs for the sensing
of cholesterol from biological fluids and food samples. ChOx oxidized
the cholesterol molecules and generated HyO5. As formed, HoO5 acts as a
co-reactant in the electrochemiluminescence system of CdTeQDs-
MWCNTs-rGONRs. This biosensor showed good reproducibility, selec-
tivity, acceptable linear range (1 pM to 1 mM), and relatively low LOD of
0.33 pM (Huan et al., 2015).

6.2.2. Colorimetric biosensors

Integration of metal nanoparticles with graphene derivatives is one
of the best approaches to improve surface plasmon of noble metal
nanoparticles. Graphene-metal hybrid improves the plasmonic
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tunability from visible to IR range. Graphene plasmon can be tuned by
altering the structural properties and lowering the dimension. Hence
GNRs exhibited excellent plasmonic features with additional advan-
tages. On the external electromagnetic field, the excited free electrons
oscillate and create surface plasmon inside the ribbon. Therefore, the
GNR-metal hybrid can generate synergistic surface plasmon effects and
are more sensitive to environmental changes (Rostami et al., 2020). By
changing the position and localized surface plasmon resonance (LSPR),
absorption intensity, colorimetric sensors were designed.

Recently researchers developed a colorimetric detection of DA and
glutathione (GSH) from serum by exploiting the benefit of plasmon
hybridization in GONR/AgNPs hybrid. GSH plays a vital role in bio-
logical processes and cellular functions. Imbalance of GSH level causes
cell damage, liver damage, heart diseases, loss of leukocytes, and cancer.
DA detection is based on the etching of label-free AgNPs with GONRs,
which leads to the morphological transformation and a blue shift in the
plasmonic band with green to red color change. Consecutively, GSH
induced aggregation of nanoparticles decreases the absorption intensity
of nanoparticles’ plasmonic band, and red to gray color change occurs.
The study was conducted on graphene oxide (GO) and MWCNTs too
instead of GONRs. The results revealed the importance of GNRs in
improving performance and sensitivity (Rostami et al., 2020).

6.3. GNR-based FET biosensors

FETs are a type of electrical biosensors, have a great interest in the
research field due to their compatibility with the point of care applica-
tions with fast detection ability(Zhou et al., 2017).GNRsare attractive
materials for FETs due to their unique characteristics such as high on/off
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Fig. 10. a) Detection of target DNA with Fluorescent “on-off-on” switching sensor based on QDs coupled with MWCNTs@GNRs. Reprinted with permission from
(Yaqi Li et al., 2017) Copyright (2017) Elsevier. b)DNA translocation through nucleobase functionalized nanopore. Reprinted with permission from (Paulechka et al.,

2016) Copyright (2017) Royal Society of Chemistry.
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ratio, tunable field-effect characteristics, tunable conductivity, good
oxidation level, and comparatively low 1/f noise (Lin et al., 2016; Zhang
and Cui, 2013).The FET biosensor is usually made up of a channel, drain,
substrates, and a source. In GNR-FET biosensors, a GNR-based trans-
ducer functionalized with a biorecognition element acts as the channel.
The bioreceptor and analyte recognition reaction makes a variation in
the electrical conductivity of the GNR based transducer. Biosensing
happens when the electrical conductance variation is high enough for
measurement (Sang et al., 2016; Xu et al., 2018). In GNR based FET,
GNR based channel is placed on a dielectric substrate usually made up of
a silicon substrate with an oxide. The GNR is placed between drain and
source electrodes and is biased, usually by the back gate or top gate. The
electrical field created by the bias controls the current between the
source and drain electrodes.

In a study, a double gate GNR based FET for the recognition of DNA
was designed and developed. The designed sensor was simulated by
using the Schrodinger equation. For the electrical detection of DNA, the
dielectric function modulation technique was used. The whole GNR with
a cavity is embedded between two SiO dielectric layers. The sensitivity
of the detection was analyzed as a function of physical and dimensional
parameters. By increasing the thickness of the cavity and decreasing the
length of the channel, the sensitivity of the neutral DNA was amplified.
Enhanced sensitivity and electrical performance were shown by this
sensor in comparison with other FET based sensors (Tamersit and
Djeffal, 2016). An rGONR-based field-effect transistor (rGONRs-FET)
exhibited a high on/off ratios on electrical measurements of Adenosine
triphosphate (ATP) molecules under a liquid gate configuration. It was
higher in comparison to rGOs, single layer pristine graphene, and gra-
phene produced by the CVD process. The limit of detection achieved
with this sensor was 5 mM, which is remarkably lower than that of the
SWCNTs sensor (500 mM) (Dong et al.,, 2011). MB is an essential
chemical having a wide range of applications as a color indicator.
Quantitative analysis of MB gives valuable information regarding pH,
redox level, bacterial growth rate, etc. A solution-processed rGONR
based FET biosensor was constructed for the detection of MB. The im-
mersion of rtGONR in MB causes the enhanced conduction of rGONR and
improved sensitivity (Lin et al., 2016)

An ion-sensitive field-effect transistor (ISFET) based on the sus-
pended GNR produced by shrink lithography was used for the sensing of
pH/cancer biomarkers. GNR patterns are achieved by the hot embossing
process of shrink thermoplastic film. For the biomarker sensing, the GNR
surface is functionalized by the immobilization of anti-prostate specific
antigen-antibody (anti-PSA-Ab). The detection limit for PSA molecules
is down to 0.4 pg mL'.The pH sensing studies showed that with
increasing pH from 5 to 9, GNR-ISFET shows a positive shift of the Dirac
point. This positive shift is mainly due to the electrostatic gating effect of
charged ions. The decrease in pH value leads to the negative shift of the
Dirac point. The surface of GNRs has positively charged, so it needed a
negative gate voltage to attain a balanced condition. GNR can act as a p-
type material with applied negative potential, which will increase the Id
of the ISFET with rising pH. Similarly, p-type material is converted to n-
type with applied positive potential with a decrease in Id with increasing
pH (Zhang and Cui, 2013). A study has investigated the edge effects of
electrolyte gated graphene FETs on pH response enhancement. It was
found that GNRs are an effective pH sensing material in comparison to
pristine graphene. Pristine graphene and defect-free CNT-FETs will not
respond to pH changes due to the absence of a free bond on the saturated
graphene surface. The pH response has been increased from 4.2 to 24.6
mV/pH after downscaling of the pristine graphene to GNRs by oxygen
plasma etching and electron beam lithography. More number of hy-
droxyl groups attached to edge defects is attributed to the improved pH
response (Tan et al., 2013).

A GNR-FET, along with a nanogap inserted on a top gate oxide
biosensor system, has been investigated for the sensing of the
streptavidin-biotin binding system. An increase in drain current due to
the introduction of a biomolecule into the nanogap is considered as the
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response of the biosensor (Anvarifard et al., 2020). Identification of the
conformation changes of protein or peptide is important in diagnosing
diseases and determining dynamic function. Different protein confor-
mation was distinguished with several layers of GNR-nanopore sensors.
The conformations of octapeptideangiotensin II was detected by esti-
mating the protein-induced electrostatic potential while passing through
the nanopore. Each conformation induced a unique electrostatic po-
tential (Qiu and Skafidas, 2014).

6.3.1. FET biosensors for DNA sequencing

Mapping of the entire human genome provides a powerful approach
to identify the traits influenced by inheritance, predisposition of dis-
eases, and to get personalized medicines. But the total cost for genome
mapping is not affordable, and it is very time consuming (Altshuler
et al., 2008). To promote genome sequencing, it is critical to develop
sophisticated low-cost techniques. Biological and solid-state nanopore
sequencing methods are attractive in this field. David Dreamer proposed
the concept of third-generation sequencing devices, measuring the dif-
ferences in the conductivity of a DNA molecule in ionic liquid while
passing via a nanopore (Rastgoo and Fathipour, 2019). A solid-state
nanopore is more stable and reliable, but the thickness of the pore is
higher than the distance between two nucleotides. So, new material like
GNRs having a low thickness was tried. The monolayer of graphene
having about 0.3 nm thickness is exactly equal to the distance between
DNA nucleobases. Hence, GNR nanopore sequencing method offers
tremendous advantages in this field (Wasfi et al., 2019). When DNA
bases passing through the nanopore on the GNR surface, the electronic
current changes specifically with each DNA bases.

A study on the supramolecular assembly of DNA on GNRs revealed
the high affinity of single-stranded DNA (ssDNA) to GNRs. An important
change in the electronic characteristics of GNRs happens with the
electron-donating ssDNA. The donor-acceptor interactions of DNA and
GNRs and van der Waals force enables the self-assembly of DNA on
GNRs. Also, an anisotropic nanopatterning is observed with ssDNA and
pComb-5 dsDNA on GNRs (Reuven et al., 2013).

A two-terminal device for DNA sequencing was developed by
exploiting the electronic transport and local current density confined
around the zig-zag edges. The device consists of a nanopore on zig-zag
edged GNRs. When different DNA nucleobases are translocated
through the hydrogen passivated nanopore, device conductance
changed according to the nucleobases. Further, the drilling of nanopore
does not reduce the conductance of GNRs. Insertion of nucleobase into
the nanopore leads to the modulation of edge conduction current and
change in charge density(Saha et al., 2012). Most of the typical mem-
brane insulated solid-state nanopores are nearly 15 bases thick, which
complicated the sensing of individual bases. The similarity in the
thickness of GNRs to space between two nucleotide bases offers the
simultaneous detection of DNA bases. Changes in local voltage and
reduction in ionic current in the transistor in response to the passage of
DNA through nanopore can be used to detect the molecules. Nanopore
drilled on GNR and thin SiNx membrane was used for the identification
of DNA molecules (Traversi et al., 2013).

The device current changes significantly with the interaction of
nucleobases with nanopore because of the different chemical composi-
tion and coupling strength of nucleobases. The distinguished ability of
the sensor depends on the nanopore position. For different bias voltage,
edge nanopore GNR shows current downward order for different
nucleobases is I(C)>I(T)>I(A)>I(G). Hence, the device can distinguish
the nucleobases through the simultaneous detection of device current
(Ouyang et al., 2011). A hybrid Z-shaped GNR biosensor was fabricated
with a two metallic electrode (ZGNRs) connected with a central semi-
conducting electrode (AGNR). A nanopore was drilled on the center of
the central AGNR, and the pore was passivated with hydrogen. The
passage of different nucleotides through the hydrogen passivated
nanopore leads to the unique change in the current, conductance, and
transmission spectrum of the sensor. This is due to the significant change
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in electric current passing through and the charge density of the sur-
rounding nanopore. The change is unique for each nucleotide; hence, it
is possible to sequence the DNA in a fast and reliable manner (Wasfi
et al., 2019).

A high-speed sensor for DNA sequencing can be constructed with a
cytosine incorporated nanopore. The mechanism of detection combines
the Watson and Crick complementary base pairing with the GNR capa-
bility for altering the anisotropic lattice strain to electric current change
at the nanoscale. During the translocation of different nucleobases
through the nanopore, the complementary base pair of cytosine makes a
hydrogen bond with the cytosine. The translocation pulls upon the bond
and alters the direction of GNR to out of the plane. At last, it makes a slip
when it gets sufficient strength to rupture the hydrogen bond. The dif-
ference in strain generates a provisional change in electric current, and it
serves as the response for DNA sequencing. Similarly, the functionali-
zation of nanopore with different DNA bases is selective to its comple-
mentary base pairs. Nanopore functionalized with A/T/C/G helps in the
detection of T/A/G/C, respectively (Fig. 10b) (Paulechka et al., 2016).

7. GNRs versus graphene: Which should I use?

Pristine graphene is the pure and unoxidized form of a two-
dimensional single-layer graphite sheet without any structural defects.
Defect-free and inert chemical surfaces of pristine graphene show poor
electrochemical activity (Martin et al., 2015b). Oxidation and exfolia-
tion of graphite lead to the formation of GO with reduced aromaticity
and heterogeneous electron transfer than pristine graphene. The
reduction of GO to rGO recovers the aromaticity and heterogeneous
electron transfer, but it is not exactly equivalent to the pristine graphene
due to the presence of defects and new heteroatoms (Martin et al.,
2015b). Polycrystalline graphene is a form of graphene comprising of
single-crystalline domains of graphitic carbon with varying lattice ori-
entations and connected by grain boundaries. Large area graphene
produced by epitaxial growth is expected to be polycrystalline due to the
substrate imperfections and kinetic bottlenecks of the growth process.
This orientational disorder is characterized by the presence of topolog-
ical defects such as disclinations, dislocations, and grain boundaries,
which clearly distinguishes the polycrystalline graphene from graphe-
ne/pristine graphene. These defects strongly affect the electrical, ther-
mal, thermoelectricc mechanical, and chemical properties of
polycrystalline graphene. Tailoring these defects by introducing and
manipulating topological disorders could promise interesting function-
alities useful for thermoelectric devices. However, the atomically precise
engineering of individual topological defects is a major challenge that
limits the application of polycrystalline graphene in new nanoscale de-
vices (Paul et al., 2011; Wang et al., 2014; Yazyev and Chen, 2014;
Yazyev and Louie, 2010). To date, only a few studies have been reported
on polycrystalline graphene nanoribbons.

GNR is a miniaturized one-dimensional version of pristine graphene
with a very high aspect ratio (length to width). These quasi-one-
dimensional strips of graphene possess a width of less than 50 nm,
combines the properties of the two-dimensional structure of graphene
and the one-dimensional structure of CNTs. GNRs possess a larger sur-
face area and more active sites than pure graphene, and it could enhance
the adsorption and electrocatalysis of some molecules (Li et al., 2015;
Vukojevic et al., 2018b; Zhao et al., 2019). The major disadvantage of
graphene is its zero bandgap; greatly prevents the application in elec-
tronic and optoelectronic devices. However, the cutting of
two-dimensional graphene into one-dimensional GNR opens up the
bandgap by lateral quantum confinement and edge effects (Hao et al.,
2020; Sun et al., 2015). Owing to their open bandgap, GNRs show
interesting optical characteristics. GNRs show a broad photo-
luminescence activity around 533 nm in the visible range (Hu et al.,
2018; Senkovskiy et al., 2017). The open bandgap of GNRs can be
controlled by tuning of atomic-scale structures. Chemical reactivity,
charge transfer, electrocatalytic ability, and optical properties can be
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enhanced by controlling the bandgap (Lee et al., 2018a). Unlike gra-
phene, the bandgap opening imparts a semiconducting behavior to
GNRs. Therefore, in comparison to graphene, GNRs can control the
electricity with on-off switching ability (graphene is always on) (Lav-
anya and Gomathi, 2015; Rauti et al., 2019). Compared to all other
carbon-based nanomaterials, GNRs possess the highest edge density and
edge defects. In comparison to graphene, GNRs exhibit higher area
normalized edge plane structures and chemically active sites. Therefore,
GNR is considered a superior electrode material for electroanalytical
chemistry (Govindasamy et al., 2017b). GNRs possess abundant sp?
domains and rich edge chemistry; hence, the immobilization of bio-
molecules is easy with GNRs (Rajaji et al., 2018). Compared with gra-
phene, GNRs have straight and atomically smooth edges and a high
length to width ratio (Feng et al., 2018; Kausar, 2019).

GNRs show the densest and abundant edge defects with greater
chemical reactivity within the single channel units. Owing to the
nonbonding of the localized states and the nearness of the flat band to
Fermi level, edge sites of GNR should be like a radical; hence, GNRs
show more sensitivity to analyte binding than pristine graphene (Cho
et al., 2018). Graphene is a chemically inert material and makes in-
teractions via physical adsorption. But the different chemical groups on
the edges of GNRs render them more chemically reactive. Additionally,
depending on the edge pattern, reactivity could change. The sensing
abilities of GNRs are superior to graphene due to the highest number of
reactive edges (Terrones et al., 2010). GNRs possess a more open-ended
structure than graphene. It provides a high density of reaction edges and
a large active surface area, which helps attach enzymes or other bio-
molecules via 7-1 and electrostatic interaction (Sandeep et al., 2018).
The functionalization of GNRs is comparatively easier than graphene
due to the higher edge reactivity of GNRs (Tan et al., 2013). GNRs
possess good surface integration with very few defects and or holes on
the basal plane of nanoribbons. Hence it is the best platform for signal
transduction with integrated materials. GNRs are more favorable for the
gathering of significant aromatic molecules by n-n interactions. The
abundant edge density improves the electrocatalytic performances (Pan
et al., 2015).

GO is an oxidized form of graphene composed of an unoxidized hy-
drophobic graphitic basal plane and oxidized domain-containing func-
tionalities such as carboxyl, hydroxyl, carbonyl, and epoxide groups
(Dideikin and Vul’, 2019; Krishnan et al., 2012). GONR is an oxidized
form of GNR that resembles the miniaturized but laterally extended
version of GO. In GONRs and GO, the presence of high oxygen moieties
provides sites for covalent functionalization, and the aromatic regions
offer sites for the non-covalent binding of molecules through n-n stack-
ing interactions. The carboxyl functionalities of GONRs and GO permits
easier cross-linking with the amine groups of proteins via carbodiimide
crosslinker chemistry. Oxygenation reduces the sp? character and in-
troduces sp® domains. Therefore, the electron transfer between the an-
alyte and GONRs/GO occurs via sp? domains. But it is facilitated by
oxygen functionalities in sp3 domains (Jin et al., 2020; Rajaji et al.,
2018). GO shows a broad photoluminescence peak around 710 nm in the
visible range, chemiluminescence, and fluorescence properties owing to
its wider bandgap. GONR shows photoluminescence activity similar to
GNRs but with a prominent blue shift(Mei et al., 2019). Compared to
GO, GONR has more edges, an open-ended structure, and high oxygen
functionalities making it more reactive than GO. Also, GONR exhibits
enhanced sensor response due to its narrow width, high surface to vol-
ume ratio, high specific surface area, enriched edge defects, edge den-
sity, fast electron transfer, and rich oxygen functional groups. (Martin
et al., 2014). From this perspective, GONR can serve as a better host
compared to GO for the immobilization of sensing agents such as en-
zymes, redox proteins, antibodies, antigens RNA, drugs, DNA, and vi-
ruses (Chowdhury et al., 2015; Rajaji et al., 2018; Rostami et al., 2020;
Valentini et al., 2013). In addition, GONRs show high chemical stability,
biocompatibility, ability to increase enzyme activity, good dispersibility,
and enhanced sensitivity, which qualify them as desired material in
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biosensing applications (Rajaji et al., 2018).

rGO is an analog of GO obtained by removing oxidized functional
groups in GO. It shows better conductivity and has more resemblance to
graphene than to GO. The residual oxygen functionalities and defects
make it a potential material for sensing applications (Chiang et al.,
2016). rGONR is a miniaturized form rGO with a long length derived
from GONR via different reduction reactions (Chowdhury et al., 2015;
Rajaji et al., 2018) It has more resemblance to the unoxidized GNR than
GONR, but it contains high sp? carbon content with a few remaining
oxygen functionalities (Martin et al., 2015b). rGONR exhibits a higher
on/off ratio than rGO (Dong et al., 2011). It is more conductive and
possesses better sensing characteristics than GONR. Its open-ended
structure, coupled with a fine-tunable bandgap, makes it suitable for
optoelectronic applications (Mogha et al., 2018). Photoluminescence
activity of rGONRs is similar to GNR in the visible range. rGO exhibits
photoluminescence near in UV-visible range of 300 to 800 nm range
(Krishnamoorthy et al., 2012). In rGONRs the charge transport is
dominated by localized states and their edges since it is highly sensitive
to local molecular targeting (Dong et al., 2011). The open-ended reac-
tive structure, high specific surface area, high edge defects, edge density,
and oxygen content increase the sensing application of rGONRs than
rGO.

Transfer of charge variation in narrow width GNR is faster than the
GO and rGO with a relatively large width. Hence, GNR-based sensors
exhibited a faster response than GO and rGO (Cho et al., 2018). High sp?
carbon content and low oxygen content increases the conductivity of
rGONRs than GONRs. Both GONR and rGONRs exhibit electrochemical
performance, but rGONR is an exceptional material due to the restored
sp2 structure and remaining oxygen (Martin et al., 2014; Sharma et al.,
2015). The GNR derivatives GONR and rGONR are expected to show
good optical characteristics suitable for optical sensing applications
because of the nature of their bandgap. However, these properties are
not much studied to date, and this is an interesting area of research to
explore. The advantage behind the use of GNR as a potential material for
sensing is its high accessibility to functionalization and doping owing to
its narrow width, open edge, and highly dense edge defect sites (Cho

Biosensors and Bioelectronics 184 (2021) 113245

et al,, 2018). A summary of the differential characteristics of GNR,
pristine graphene, and their derivatives are provided in Fig. 11.

8. Prospects of GNR in biosensing and bioelectronics

Healthcare is an important aspect, and the detection of biomarkers
and the factors that affect health and well-being are essential in health
care. Thus we need sensors that are ideal and practically applicable in
diverse fields and conditions. In the future, we need biosensors of high
sensitivity, selectivity, and stability as well as less bulky and low-cost
devices that can ensure point-of-care detection.

A recent study reported the synthesis of highly conductive narrow
GNR from the wrinkles and edges of graphene flakes(Park et al., 2016).
This method opens the possibilities for highly conductive electro-
chemical biosensing. This review is discussed the in vitro GNR-based
biosensing technologies alone; the in vivo biosensing technology is not
yet experimented with GNRs.The biocompatibility, biodegradability,
and toxicity studies are not well established so far. So, in the future,
GONRs can be utilized for biosensing with the appropriate biocompat-
ibility, biodegradability, and toxicity data. The sensitive and selective
detection of pathogenic microorganisms remains a big challenge and
practical problem for disease diagnosis. GS, graphene, GO, and rGO
were used in the detection of viruses, bacteria, and bacterial toxins; still,
there are no such studies reported with GNRs. In this era of COVID-19
pandemic, fast and reliable sensing of the presence of a virus is the
needy thing for early detection and treatment. Thus, this fascinating
material can be explored for the detection of pathogenic organisms with
specific Ab attachments in the future.

GNRs also exhibit significant optical properties. It is possible to
develop more sensitive devices based on fluorescence, photo-
luminescence, and surface plasmon resonance techniques in the future.
FRET technology is a highly sensitive method for the detection of bio-
molecules. But not many studies have carried on this contest yet. Further
studies regarding fluorescence quenching of GNR is required to explore
this area like the other derivatives. Surface-enhanced Raman scattering
(SERS) effects are not yet well explored for GNR. Graphene enhanced
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Fig. 11. Differential characteristics of GNR, pristine graphene, and their derivatives.
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Raman scattering (GERS) can improve the SERS effect by combining its
spectral fingerprinting of molecules, graphene’s simple processing,
single-molecule sensitivity,and superior uniformity. This enables the
enhanced signaling and sensitivity of biomolecules. Wearable biosensors
are a promising field in live and continuous health care and fitness
monitoring. Graphene-based wearable wireless sensors are reported;
they can send data to mobile phones or computers via Bluetooth. In the
future, GNR-based wearable sensors can be fabricated because GNR
offers favorable characteristics for making better sensors than any other
graphene-family nanomaterials. For future wearable sensor designs,
biofouling, stability, and degradation should be addressed.

3-D printing technology is an emerging field but not yet utilized for
GNR-based sensing. The devices developed by 3-D printing technology
can respond to electronic, optical, thermal, and electrochemical stimuli
(Munoz and Pumera, 2020). In the future, this technology would facil-
itate developing  customized, atomically  precise, and
properties-controlled GNRs from GNR sheets, specifically for biosensing
applications. 3-D printing of GNR allows the translation of desired
properties to well defined, ordered GNR structures suitable for practical
applications. A study reported ‘3-D solution printing’ of GONR without
using any supporting surfactants or polymers (Wang et al., 2016).
Various ink-based 3-D printing technologies are available for
graphene-based materials. These can have application the fabrication of
GNR-based electrodes for biosensing. The 3-D printing of a GNR sensing
platform can avoid the obstacles of conventional fabrication of sensors
like tedious fabrication procedure, high cost, etc. But it is then necessary
to develop new ideas for functionalization, doping, fabrication of
nanocomposites, and immobilization strategies for 3-D printed GNR
biosensors. The use of advanced functional materials for 3-D printing
will open up new opportunities in the next-generation biosensors.

The increasing need for point-of-care detection enhances the avail-
ability of miniaturized devices in the sensing field. Hence to meet future
needs, it is crucial to design new methods for miniaturization. The
emergence of micro and nanomotors in biosensing shows successful
dimensions like true miniaturization, low cost, and simplification. In the
future, the fabrication of GNR-based micro and nanomotors by template-
directed electrodeposition protocol or by GNR rolled up method can be
expected for highly sensitive and portable biosensors (Baptista-pires
et al., 2017; Jurado-Sanchez, 2018).

A combination of the CRISPR/Cas system with a GNR-based platform
can be utilized for the production of next-generation biosensors. As in
the case of GO, covalent functionalization of the CRISPR/Cas complex
with oxidized carbonyl groups of GONR can be done easily with car-
bodiimide cross-linking chemistry (Zihni et al., 2020). Combined ad-
vantages of GNR sensing platform and CRISPR/Cas system will be a
hopeful platform for the detection of mutated tumor cells, genotyping,
pathogenic microorganisms, etc. In the future, it is possible to develop
electrochemical or optical GNR-based G-quadruplex biosensors, since it
is applicable for the detection of pathogens (including SARS-CoV-2),
metal ions, biomarkers, etc.

Even though many procedures are available to synthesize GNRs, the
synthesis of atomically precise GNR is the primary prerequisite for the
fabrication of GNR based biosensors. But atomically defined, high yield,
and reproducible synthesis of GNRs pose a challenge. Also, fabrication of
the GNR-based electrode is usually expensive, time-consuming, and in-
volves multistep procedures. Hence an affordable, simple, and easy
fabrication method for the GNR-based biosensors is highly desirable. 3-D
printing of GNRs is a hopeful method to overcome these issues. Mean-
while, biocompatibility and toxicity are serious issues when biosensors
are intended for in vivo applications. Unfortunately, GNR and its de-
rivatives can be more toxic than pristine graphene and its derivatives
(Khim Chng et al., 2014). It is also noted that structural disruption of
GNR enhances its toxicity. Such issues are hurdles in the success of
GNR-based biosensors for clinical applications. Luckily, chemical sur-
face modifications such as PEGylation are promising in the reduction of
toxicity of GNRs (Akhavan et al., 2012). But the effect of chemical
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surface modifications of GNR (and its derivatives) on biosensor char-
acteristics needs serious consideration.

9. Conclusion

The application of GNR in the biosensing field is not well explored.
But in comparison with all other biomedical applications, biosensing is
the most studied application of GNR. There is still an imperative ne-
cessity existing for new ideas for developing real biosensors of high
sensitivity and selectivity at an affordable cost. Compared to conven-
tional biosensing techniques, GNR-based biosensing has benefits like
high sensitivity, selectivity, fast response, a large surface area for
adsorption, easy fabrication, synergistic effects with combined mate-
rials, etc. To improve their biosensing characteristics and to reduce the
device-to-device variations, interdisciplinary approaches are needed. It
could be a perfect aspirant for next-generation biosensors. However,
scientific breakthrough efforts need to commercialize the GNR based
biosensors.
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