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KEYWORDS Abstract Graphene oxide, a century old material has attracted the interest of researchers owing to

Graphene oxide; its specific 2D structure and unique electronic, optical, thermal, mechanical and electrochemical

Biosensor; properties. The recent advancements in the field of biotechnology and biomedical engineering are
Functionalization; targeted at exploring the biosensing applications of graphene oxide due to its biocompatibility. It
Nanosheets; is considered to be one of the most versatile materials, with wide range of applications which
Nanoparticles can be tailored by functionalization of the different oxygen containing groups present in the

structure. In this review the focus is on the biosensing applications of graphene oxide, detection

of analytes with high sensitivity and selectivity. This would give insight into the designing of feasible

protocols for the analysis of therapeutic diseases and environmental safety, thereby improving the
quality of human life.

© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction as enhanced electrical and thermal conductivity, high mechan-
ical strength, optical transparency, good quantum hall effect

The commercial success of any new material lies in its repro- ~ and high impermeability to gases (Chua and Pumera, 2014).

ducibility and production at industrial scale with superior
qualities. The present eon is for the family of carbon based
materials with graphene being a highly attractive and inten-
sively investigated material due to its unique properties such
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Graphene having sp> carbons forms honeycomb lattice which
has paved its way since its discovery creating an enormous
interest in the scientific community.

Among various forms of graphene such as nanotubes,
fullerenes, graphite oxide/graphene oxide/graphitic oxide
(GO) also known as graphitic acid, a century old material
has focused tremendous interest. It was first prepared by
Benjamin C. Brodie who was chemist in Oxford in 1859. He
treated graphite with a mixture of potassium chlorate and fum-
ing nitric acid (Brodie, 1859) and termed it as ’graphitic acid’
since it dispersed in basic solution but not in acidic media.
In 1898, almost after 40 years of Brodie’s discovery, the oxida-
tion method was improvised by L. Staudenmaier by adding
potassium chlorate in limited amounts along with concen-
trated sulfuric acid rather than adding in a single step.

1878-5352 © 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Though this change in the method resulted in the same C:O
(2:1) ratio as in Brodie’s case this reaction avoided multiple
repetition of oxidation (Staudenmaier, 1898).

A very efficient, fast and safe route which involves the use
of H,SO4, NaNO; and KMnO, was developed by Hummers
and Offemann in 1957 and is widely used till now with slight
modifications. (Hummers and Offemann, 1958). To control
the thickness of the GO layers by adjusting thickness, simpler
and environment-friendly ’bottom-up’ approach has been
developed where glucose is the sole source. The method is
known as Tang-Lau and has an advantage over other methods
which involves the use of strong oxidizers (Tang et al., 2012).
The carbohydrates containing C, H and O atoms in the ratio
~1:2:1 act as a carbon source for the fabrication of graphene
oxide nanosheets (GONSs). The facile mechanism involves the
dissolution of glucose in deionized (DI) water where polymer-
ization occurs due to the dehydration of hydroxyl, carboxyl
and carbonyl groups under hydrothermal conditions forming
GON . These sheets are transferred onto the surface of a sub-
strate by dipping, lifting and finally rinsing with DI water to
remove any residues. The final step involves the annealing of
as-synthesized GON at a certain temperature to tune its electri-
cal, optical and structural properties. The schematic mecha-
nism has been shown in Fig. 1.

The most common naturally occurring source of graphite is
"flake graphite’ and GO prepared from this is readily dispersed
in water. A method has been hypothesized in the literature
where 9:1 mixture of concentrated H,SO4/H3;PO, was used
to prepare improved GO with introduction of few defects
thereby providing greater amount of hydrophilic oxidized

graphite material (Marcano et al., 2010). This method did
not evolve toxic gases and produced high yield of material.

2. Structure and electrochemical aspects of graphene oxide (GO)

It is very important to fully understand the structure of GO
which is composed of C, O and H atoms before it could be
used for fundamental applications especially taking into con-
sideration some of the biosensing properties. Since, GO is a
derivative of graphene it retains the layer structure and con-
tains sp> hybridized carbon atom. Depending on the synthesis
process, and different types of oxygen species in groups such as
carbonyl, carboxyl, epoxy, hydroxy and oxidation, GO exhi-
bits variable structures and properties (Inagaki and Kang,
2014). The different functional groups put a profound impact
on the properties of the material which could lead to the poten-
tial applications in different fields of science and engineering
(Compton and Nguyen, 2010). Till date, different models of
GO have been proposed (Fig. 2). The first structural model
for GO was proposed by Hofmann and Holst in 1939 with
only epoxide groups. It was supposed that the oxygen atom
was bound to carbon atoms of hexagon layer by epoxide link-
ages with ideal formula C,0. In 1947, Ruess suggested a model
taking into consideration the hydrogen atoms of GO and indi-
cated the sp® hybridization form of basal plane structure. This
model was revised by Scholz—Boehm consisting of ribbons of
conjugated carbon atom eliminating the epoxide groups. Lerf
and co-workers, suggested a structural model on the basis of
'H NMR and solid statte NMR spectra with randomly
distributed aromatic and wrinkled regions. From the XRD
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Figure 1

Schematic illustration of preparing a GON. (a) Glucose dissolved in DI water to obtain a colorless transparent source solution.

(b) Under hydrothermal conditions, polymerization occurs as glucose molecules dehydrate intermolecularly to form a GON which floats
onto the surface of the solution due to its hydrophobic property. (c) The as-grown GON can be transferred onto any substrate by dipping
and lifting. (d) The transferred GON is rinsed by dipping into DI water to remove the residue. (e) The as-grown GON is annealed at a
certain temperature to dehydrate and graphitize for tuning its electrical, optical and structural properties. (f) The annealed GON with
desired thickness and electrical properties. Reproduced with permission Tang et al. (2012).
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Figure 2 Proposed structures of graphite oxides. Reproduced with permission Inagaki and Kang (2014).

information, Nakajima et al., suggested a poly-like model
(C,F)n by fluorination of GO. Sabzo et al.” model is a combi-
nation of Ruess and Scholz-Boehm skeleton model. In this
there was a ribbon-like arrangement of flat carbon hexagons
connected by C—C double bonds (Zhao et al., 2015a, 2015b).

It has been reported that the layers in the GO are buckled
and the spacing between the layers is almost twice than that in
the parent graphene. The interplanar spacing increases (up to
1.2 nm in saturated state) on immersing the GO in water.
The water layer is inserted in between the GO layers. Thus,
GO is hydrophilic and gets hydrated as soon as immersed in
water. Apart from water, other polar solvents such as alcohols
are also incorporated in the layers but to different extent.
Separation of GO layers is proportional to the size of alcohol
molecule (Krishnan et al., 2012; Talyzin et al., 2008, 2009;
Dreyer et al., 2014; Eigler et al., 2013; Singh et al., 2011).

In terms of electrical conductivity, GO is termed as an insu-
lator due to the disruption of its sp*> bonding networks. The
reduction of GO leads to the recovery of its honeycomb hexag-
onal lattice and its electrical conductivity. The functionaliza-
tion of GO changes its properties thereby making it more
adaptable for lot of applications. In GO, carbonyl and car-
boxyl groups are present along the edges which leads to the
defects in the sheet whereas hydroxyl and epoxide groups are
present on the basal plane (Lerf et al., 1998). The presence
of oxygen containing groups renders hydrophilicity to GO
and also makes it thermally unstable. These groups present
reactive sites used for chemical modification by using selective
organic moieties thus, making GO organophilic. Though
chemically modified GO is less conductive in nature as com-
pared to pristine graphene reduction is overcome by the
enhancement of conductive properties resulting from the dis-
persion of graphene layers into the matrix or solvent. Ionic lig-
uids (ILs) have been used to functionalize and exfoliate GO.
The electron negative m-bonds and deprotonation of func-
tional groups of GO attract cations present in ILs by
Brownian motion rendering them to be strongly adsorbed on
the graphene sheet surface. As a result, a charged diffuse layer

is formed which causes repulsion between charged graphene
sheets. These sheets can be easily separated by ultrasonication
to promote cation mobility. After the functionalization or
reduction, ILs due to their high dielectric constant, provide
shielding for n—= restacking and van der Waals interactions.
Thus, ILs act as stabilizers by preventing agglomeration of
graphene sheets in GO during functionalization thereby retain-
ing the prominent inherent properties of the sheets. In contrast
to other surfactants and stabilizers, ILs can be easily removed
as they are water soluble (Fu et al., 2013). The complete mech-
anism has been pictorially depicted in Fig. 3.

GO has become a material of great attention for experimen-
talists and theoreticians in recent years due to its unique prop-
erties such as high surface area, low cost of manufacture, good
colloid condition, optical and electronic properties (Morales-
Narvaez and Merkogi, 2012; Park and Ruoff, 2009; Loh
et al., 2010; Zhu et al., 2010; Novoselov, 2011; Zubir et al.,
2014; He and Gao, 2010). It is widely applicable in the fields
of biotechnology, bioengineering, drug delivery, imaging of
cells and biosensors as it is biocompatible. The biocompatibil-
ity of GO has been studied in the literature where bacterial cel-
lulose/graphene oxide (BC/GO) composites have been
reported to exhibit good antibacterial activity against
Escherichia coli (95.61%) and Staphylococcus aureus
(65.35%). The incorporation of GO nanosheets within BC
improves the antibacterial activity due to the formation of a
strong hydrogen bond between carboxyl group of GO and
hydroxyl group of BC. The biocompatibility of GO was
assessed by the inclusion of 8 wt% of it in BC where no cell
cytotoxicity was observed (Shao et al., 2015). The in vivo bio-
compatibility study of nGO-PEG, RGO-PEG and nRGO-
PEG revealed that after administering them through oral
route, these were found to be present in high quantities in
stomach and intestine and not in other major organs. The
low levels were detected after one day and no trace was
detected after one week. Thus, these were found to be poorly
adsorbed in gastrointestinal tract due to their rapid excretion
(Yang et al., 2013a, 2013b). Due to widespread demand, the
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Figure 3  Proposed mechanism of simultaneous exfoliation and functionalization/reduction of graphite oxide with the aid of the IL.

Reproduced with permission Fu et al. (2013).

production of GO at industrial level has also emerged. This
review is focused on the biosensor properties of GO and would
highlight some of the upcoming applications for biosensing
molecules.

Different approaches have been developed for the synthesis
of graphene, such as mechanical cleavage (Novoselov et al.,
2004, 2005), epitaxial growth (Forbeaux et al., 1998; Cambaz
et al., 2008), chemical vapor deposition (Kim et al., 2009;
Li et al, 2009), electrochemical exfoliation of graphite
(Wang et al., 2011a, 2011b; Lu et al., 2009a, 2009b, 2009¢; Qi
etal., 2011; Liu et al., 2008) and reduction of GO that is derived
from chemical exfoliation of graphite (Compton et al., 2011).
Recently non-covalent exfoliation of graphite by sonication
in liquid phase has also been reported (Hernandez et al.,
2008; Xia et al., 2013). Of all these approaches, the reduction
of GO is regarded as one of the most promising routes for
the mass production of graphene at a low cost and with high
yield, although only partially restore the properties of pristine
graphene. There are a number of routes for the reduction of
GO such as chemical reduction (Wang et al., 2008a, 2008b;
Stankovich et al., 2006a, 2006b), thermal reduction (Liu
et al., 2013a, 2013b; Gao et al., 2010), photocatalytic reduction
(Williams et al., 2008; Akhavan, 2011) and electrochemical
reduction. Typically, the chemical reduction of GO route
involves the use of reducing agents such as hydrazine (Peng
et al., 2011; Zhu et al., 2009), dimethylhydrazine (Stankovich
et al., 2006a, 2006b), metal hydrazides (Shin et al., 2009;
Chua and Pumera, 2013) and hydroquinone (Wang et al.,
2008a, 2008b). The excessive use of reducing agents could con-
taminate the resulting product (Guo et al., 2009) and is even
harmful to human health and the environment (Paredes et al.,
2011).

Moreover, some of oxygen functionalities in GO are selec-
tive and could not be removed completely with only one reduc-
tant treatment (Pariasamy and Thirumalaikumar, 2000; Wang

et al., 2009a, 2009b). On the other hand, the thermal reduction
route involves the use of high temperature to remove the oxy-
gen functionalities, which would result in high production cost
in addition to tedious control of experimental conditions. The
electrochemical reduction of GO is directly carried out using
an aqueous colloidal suspension in the presence of phosphate
buffer solution. However, other electrolytes, such as NaCl
and Na,SO4 (Hilder et al., 2011) have been reported as sup-
porting electrolyte in GO colloidal suspension. The electro-
chemical reduction process can be performed with cyclic
voltammetry (Liu et al., 2011a, 2011b, 2011c; Jiang et al.,
2012), linear sweep voltammetry mode at a constant potential
mode (Chang et al., 2012; Ping et al., 2011) in a standard three
electrode system at ambient temperature. The electrochemical
reduction takes place when GO sheets placed adjacent to the
electrode accept electrons thereby yielding insoluble electro-
chemically reduced GO that is attached directly onto the elec-
trode surface (Chen et al., 2011). The concentration of the
electrolyte is often correlated to the overall conductivity of
the medium. Hilder et al., reported that the conductivity of
the medium is a critical parameter for the formation of high
quality films during the electrochemical reduction of GO from
an aqueous suspension. The optimal conductivity range was
found to be between 4 and 25 mS cm™" for neutral pH media
(0.5mgmL~" GO and 0.25 M NaCl) at a reduction potential
of —1.2' V with respect to saturated calomel electrode (SCE).
In addition to the conductivity of the medium, the selection
of the appropriate pH (1.5-12.5) for the medium is also essen-
tial to ensure good deposition of the electrochemically reduced
GO onto the electrode surface (Hilder et al., 2011). The elec-
trochemical reduction of GO is commonly attained by apply-
ing a constant potential reduction or cyclic voltammetric
technique. However, other electrochemical techniques such
as linear sweep voltammetry (Ping et al., 2011) and differential
pulse voltammetry (Guo et al., 2009) have also been reported.
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By the constant potential technique, a constant negative poten-
tial is applied over a period of time to fully reduce all of the
GO sheets in the suspension. As the GO is consumed, the
current decreases, approaching zero when the conversion is
complete. The selection of the appropriate cathodic reduction
potential and time is crucial for the complete reduction of GO.
It is found that more negative potential increases the GO
reduction rate. Guo et al., showed that the C—O functional
groups in GO could be converted at —1.3V (vs. SCE).
Although the oxygen content in the electrochemical reduced
GO decreases with the use of more negative potential, several
studies (Guo et al., 2009; Hilder et al., 2011) have reported that
applying a potential more negative than —1.5V (vs. SCE)
could lead to hydrogen gas bubble evolution from the reduc-
tion of water, in turn creating a physical barrier that hinders
the GO sheets from approaching the working electrode and
completing the electrode chemical reduction process. The main
advantage of cyclic voltammetry as compared to the constant
potential reduction is that it provides information about redox
potential (Liu et al., 2011a, 2011b, 2011c) and the reversibility
(Jiang et al., 2012) of the reaction. Typically, the electrochem-
ical reduction of GO from aqueous suspension is carried out in
the potential range of 0-1.5V. Scan rates in the range of
20-100 mV s~' have been reported (Chen et al., 2011; Liu
et al., 2011a, 2011b, 2011c; Dogan et al., 2013). It has been
noted that the cyclic voltammogram obtained from an aque-
ous suspension at a working electrode exhibits two cathodic
current peaks (Chen et al., 2011; Liu et al., 2011a, 2011b,
2011c; Dogan et al., 2013). Dogan et al., reported that the
two peaks were in the range of —0.4 to —0.6 V (peak-I) and
—0.6 V to —1.0 V (peak-II) with respect to the Ag/AgCl, 3 M
NaCl electrode. Some researchers (Chen et al., 2011; Liu
et al., 2011a, 2011b, 2011c; Dogan et al., 2013) attributed the
cathodic peak-II to the irreversible electrochemical reduction
process of GO. The peak-I was ascribed to oxygen containing
groups on the graphene plane that were too stable to be
reduced using the cyclic voltammetric technique.

3. Scope of the review

This review article discusses the recent advancements in the
utilization of GO based biosensors. The efficiency of GO based
biosensors depends on their functionalization under appropri-
ate conditions without the minimum loss of their inherent
properties. Extensive research has been carried out on nano-
material based electrochemical biosensors; however they suffer
from limitations of sensitivity, cost of production, detection
time and stability. The present review is mainly targeted at
the biosensing properties of GO based biosensors coupled with
NPs and also focuses on the recent applications of these
biosensors in the sensitive detection of Herpes simplex virus
(HSV-1) which infected more than half of the world popula-
tion. Although there are many challenges which are to be over-
come the initial thrust in this research would unravel the
potentials of GO in the biomedical field.

4. Biosensing of graphene oxide (GO)

From the prospective of improving the quality of human life,
detection of wide range of molecules with high selectivity
and sensitivity, therapeutic analysis of diseases, and

environment safety, biosensing is very important. GO and
reduced rGO are used for different bioapplications due to their
unique ability to disperse in aqueous medium and large surface
area. They have become promising materials in the designing
of protocols for the early stage detection and treatment of dis-
eases and also have risen as an effective biosensor for the sens-
ing of different analytes (Nurunnabi et al., 2015). The defects
present in the structure of GO are a boon for it rather being
disadvantageous as electron transfer occurs at the edges and
defects. The presence of oxygen containing functional groups
renders the functionalization assisting in the biorecognition
during biosensing (Pumera, 2011). According to the applica-
tion and sensing mechanism, the functionalization of GO
can be readily carried out.

A biosensor consists of two parts, receptor and a trans-
ducer. A receptor is a molecule which interacts with an analyte
and transducer is a sensing platform which converts the
chemical information into a signal (Fig. 4).

5. Sensing applications of graphene oxide

The properties of GO have been exploited for the sensing of
wide range of inorganic and organic molecules. Fig. 5 depicts
some of the biosensing application of GO which has been crit-
ically discussed in the present review. The feasible protocols
for biosensing applications have been successfully formulated
and applied in the different fields of science and engineering.

5.1. Graphene oxide in the detection of DNA

Carbon nanotubes, nanodots and nanofibers have been used
for the fast, selective, sensitive and cost-effective detection of
biomolecules. Nowadays, GO has become an attractive and
one of important materials from carbon family due to its
unique characteristics which are being extensively explored.

SIGNAL

Figure 4  Schematic illustration of biosensor with biomolecules
(DNA or proteins) that act as receptor layer and GO as a
transducer.
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Figure 5

The presence of functional groups in GO renders strong
hydrophilicity and good dispersibility in many solvents which
plays a major role in processing and derivatization (Dikin
et al., 2007; Sharma et al., 2013; Wang et al., 2009a, 2009b).
The selective, sensitive, fast and cost-effective detection of bio-
molecules is very important in treatment and clinical diagnosis.
In this regard, the fluorescence quenching ability of GO has
been employed for the detection of multiple ssDNA (Lu
et al., 2009a, 2009b, 2009c). GO binds to the dye-labeled
ssDNA via non-covalent binding and quenches the fluores-
cence of the dye (step a, Fig. 6). The conformation of DNA
is altered in the presence of a target molecule thereby dis-
turbing the GO-ssDNA interaction. As a result, dye-labeled
DNA is released from the surface of GO and fluorescence of
dye is restored (step b, Fig. 6). This design based on enhanced
fluorescence could be applied for the selective detection of the
target molecule.

From theoretical calculations, it has been predicted that
graphene is a super quencher with long-range nanoscale energy

GLUCOSE

Sensing applications of graphene oxide.

transfer (Swathi and Sebastian, 2008, 2009) and forms a basis
for a convenient strategy that can analyze multicolor DNA.
The 'mix-and-detect’ strategy is a modified of what was pro-
posed by Lu et al. (2009a, 2009b, 2009¢), being more sensitive
and rapid. It was found that fluorophores such as FAM (car-
boxyfluorescein) and ROX (6-carboxy-X-rhodamine) were
nonfluorescent in the presence of GO due to their strong
adsorption on its surface and long-range energy transfer from
dye to GO (He et al., 2010). Though both DNA and GO are
negatively charged the fluorescence of FAM-tagged ssDNA
was rapidly quenched by GO. The advantage of this biosensor
involves the facile synthesis of GO in bulk with large planar
surface able to analyze multiple molecular targets in the same
solution, rapid, sensitive and low cost.

Regarding the adsorption of ssDNA on GO surface, it is
very critical to understand whether the adsorption of DNA
takes place directly on the surface of GO or in the solution
phase which is important to improve the existing design of
biosensors. In the literature, m—m stacking, hydrophobic

» =carbon

» =oxygen e =hydrogen

FAM =

OH

Figure 6 Schematic representation of the target-induced fluorescence change of the ssDNA-FAM-GO complex (see text for details).
FAM is the fluorescein-based fluorescent dye. Reproduced with permission Lu et al. (2009a, 2009b, 2009c¢).
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interaction and hydrogen bonding have been attributed to the
binding process (Manohar et al., 2008; Park et al., 2013;
Huang and Liu, 2012).

The following mechanisms could be predicted for the
hybridization of DNA on to the surface of GO (Liu et al.,
2013a, 2013b) and have been schematically described in Fig. 7:

1. Langmuir-Hinshelwood mechanism: It is considered that
fluorophore-labeled probe DNA is already adsorbed on
the surface of GO which produces a dark background
because of the quenching of fluorescence by GO. If this
mechanism is followed then when complimentary DNA
(cDNA) interacts with the probe DNA, a duplex is formed
on the surface of GO which gets desorbed. This takes place
in gas phase.

2. Eley—Rideal mechanism: This occurs in solution phase
where probe DNA directly interacts with the cDNA.

3. Displacement mechanism: Some of the probe DNA is dis-
placed by the cDNA to hybridize with the free DNA in
the solution phase.

These mechanisms provide an insight into the GO/DNA
system thereby leading to the rational engineering of biosen-
sors with improved sensitivity and study of reaction dynamics
in biomolecular systems. It is very important to understand
these mechanisms for the applications in device fabrication,
targeted drug delivery and imaging.

In double stranded (ds) DNA, the nucleotide bases are hid-
den in the helical structure. This prevents their effective inter-
action with the GO surface in contrast to ssDNA. For the
detection of dsDNA, GO-organic dye ionic complex has been
developed which involves the exchange of ions on the car-
boxylic acid groups adsorbed at the edges of GO (Chung
et al., 2013). The efficient quenching ability of GO for different
fluorophores is due to non-radioactive electronic excitation
energy transfer from the fluorophore to GO and large cross

section area (Liu et al., 2014; Kim et al., 2010; Hong et al.,
2012). The performance of GO based biosensor and fluores-
cence quenching of adsorbed dyes is also reported to be
affected by C/O ratio of GO materials. The higher the ratio,
abundant is the GO domains which in turn are responsible
for fluorescence quenching and thus, greatly affecting the sen-
sitivity and detection assay (Swathi and Sebastian, 2008).

One of the prominent features of GO to act as a weak acid
cation resin in the presence of aromatic domain and functional
groups to react with metal cations or positively charged
organic molecules has enabled its coupling with readily avail-
able inexpensive and stable dyes to design novel biosensors
(Huang et al., 2011). Wang et al. constructed a cost-effective
electrostatic nanocomposite from Rhodamine 6G (R6G) and
GO for selective detection of DNA. When negatively charged
GO interacts with positively charged dye molecule, a charge
transfer complex (R6G " GO™) is formed which significantly
quenches fluorescence. The complex formed had strong ionic
and m-m stacking interactions between R6G"' and GO™. It
was deduced that in the presence of DNA, the electrostatic
noncovalent interaction between GO~ and R6G* was dis-
turbed and there was restoration of the fluorescence of com-
plex. This was due to the competition to interact with R6G
between GO and DNA. The fluorescence probe based on the
formation of the above complex detected DNA in the presence
of metal ions and macromolecules in biological fluid with
excellent selectivity. This biosensor could be used for the detec-
tion of analytes through simple ion exchange process (Wang
et al., 2012a, 2012b).

GO has paved its way in the formation of novel fluores-
cence biosensing strategy for simple, fast and sensitive selec-
tion of quadruplex-binding ligands (Mergeny et al., 2001).
G-quadruplex are four-base-paired planar secondary DNA
structures found in human telomeric (repetitive DNA
sequences at the end of chromosomes) DNA. Quadruplex
ligands interfere with proliferation of cancer cells and thus,

direct hybridization,

no cDNA adsorption

A i CRPCRITIEI hbridization Eyayay Seyeyars
S olut — o
ot S OSs oM A a: 000 ok 3 i’e‘g‘s”o’ofvi ‘

hybridization
on GO, then
desorption

e C

Figure 7 The possible mechanisms for the hybridization of probe DNA adsorbed by GO and its cDNA (target DNA). In all the cases,
the probe DNA with a fluorophore label is preadsorbed and the cDNA is added afterward. The tendency of GO adsorbing ds-DNA is
lower than that of the adsorption of ssDNA. (A) Langmuir—Hinshelwood mechanism. (B) Eley—Rideal mechanism. (C) Displacement

mechanism. Reproduced with permission Liu et al. (2013a, 2013b).
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act as potential target for cancer therapy (Makarov et al.,
1997). GO sheets are used for selecting these ligands.
Because of the m—m stacking between DNA bases and GO,
FAM-labeled probe binds with GO surface thus, quenching
the fluorescence of dyes. When these quadruplex binding
ligands are added to GO, a quadruplex structure (Fig. 8) is
formed from single stranded signal probe resulting in the
release of DNA on GO surface and recovery of fluorescence
(Wang et al., 2012a, 2012b). Among three medicinal Chinese
ligands, flavonoid molecules acted as effective quadruplex
ligands. These were found to possess low dissociation constant
(K,) value with the signal probe and thus, induced high fluores-
cence recovery (F/F, ratios >~2), where, F and F represent
the fluorescence intensity of FAM-labeled signal probe/GO
complex in the absence and presence of drugs.

5.2. Graphene oxide biosensors for the detection of glucose/
amino acids/vitamin/proteins/ATP

The turn on fluorescence sensing technique based on
GO-DNA interaction has been used to sense molecules to
different extent. Glucose is one of the very important
molecules required for the normal growth of cell and requires
continuous monitoring of blood sugar levels for the manage-
ment of diabetes mellitus. In this regard, the GO-ssDNA
interactions provide high selectivity for the determination of
glucose in serum samples (Zhang et al., 2014). In the presence
of glucose, its oxidation produces hydrogen peroxide (H,O,)
which in the presence of ferrous ions (Fe* ") generates hydro-
xyl radical through the Fenton reaction (Yang et al., 2013a,
2013b). This hydroxyl radical causes the oxidative damage of
DNA by abstracting hydrogen from the deoxyribose phos-
phate backbone (Liu et al., 2011a, 2011b, 2011c; Wang
et al., 2008a, 2008b). As a result, FAM-labeled long ssDNA
is cleaved into FAM-linked DNA fragment which is released
from the graphene surface due to the weak interaction between
GO and FAM-linked DNA fragment, and the fluorescence of
the system increases (Li et al., 2012a, 2012b). In the absence of
glucose, no change is seen as Fenton reaction does not occur
since there is no generation of hydrogen peroxide. Thus,
ssDNA is not damaged since it is bound to GO surface
through m-stacking interactions. As labeled FAM and GO
come close, the fluorescence of FAM is quenched via
fluorescence-resonance energy transfer (FRET). Hence, as
the concentration of glucose increases in the system, there is

gradual increase in fluorescence intensity of the system
(Fig. 9A).

The inset of Fig. 9B depicts the strong fluorescence (FL)
emission of FAM-labeled ssDNA which was quenched after
the addition of GO indicating the adsorption of ssDNA on
the GO surface. After the addition of glucose there was
restoration of FL of DNA-GO system and generation of
hydroxyl radical through Fenton’s reaction which caused the
cleavage of ssDNA into short FAM-labeled DNA fragment.
Due to the weak interaction of this short fragment of DNA
with GO, enhancement of fluorescence was observed. In the
absence of glucose oxidase no change in fluorescence was
observed indicating that the presence of enzyme was necessary
in order to sense glucose by DNA-GO system.

Functionalized GO has also been used for glucose detection
(Song et al., 2010). The covalent attachment of carboxylic
groups of GO with the amine of glucose oxidase results in
the formation of an efficient enzyme electrode acting as a
biosensor. The modification of electrodes with GO increases
interfacial electron transport. This is attributed to the different
functionalities present in GO. The immobilization of enzymes
on the electrode surface retaining its biological activity is one
of the crucial steps in the fabrication of excellent biosensors.
The selectivity of the electrodes can be enhanced toward glu-
cose oxidase enzyme by modifying it with Prussian blue (PB)
which acts as a redox mediator by catalytically reducing
hydrogen peroxide (H,O,) in the solution. Further, the use
of GO on the PB modified electrode increases the catalytic
current and stability. Hence, it provides a biocompatible
environment for the sensitive detection of glucose exhibiting
broad linearity, excellent reproducibility and storage stability
(Vinu Mohan et al., 2013).

The demand for enzyme free based biosensors has increased
rapidly for advanced blood sugar detector, controlled food
preparation processes and glucose detection with high sensitiv-
ity, selectivity and fast response. Electrochemical glucose
sensors are categorized as (a) glucose oxidase (GOD) based
(b) enzyme free glucose sensing. GOD based sensors suffer
from reproducibility and stability issues; therefore, more focus
is primarily on enzyme free sensors. The advancement in field
of synthesis of nanoparticles (NPs) has paved a way for
enzyme free glucose biosensors. Special emphasis is on transi-
tion metal oxide nanoparticles (NPs). Cobalt oxide (CoQO,)
nanoparticles—GO heterostructures amplify the signals for glu-
cose detection and provide a green and reproducible method

- = ligand

NN FAM-labeled probe : 5°-FAM-TTAGGGTTAGGGTTAGGGTTAGGG-3"

Figure 8 Schematic illustration of the screening of quadruplex-binding ligand based on graphene oxide biosensing platform.

Reproduced with permission Wang et al. (2012a, 2012b).
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Figure 9  Schematic illustration of (A) fluorescence turn-on determination of glucose based on GO—DNA interaction, (B) fluorescence
emission spectra of FAM-labeled ssDNA under different conditions: (a) GOx + GO + DNA; (b) glucose + GOx + GO + DNA; (¢)
glucose + GO + DNA. The inset shows the fluorescence quenching of FAM labeled ssDNA before (d) and after introduction of GO.

Reproduced with permission Zhang et al. (2014).

for the development of biosensors for enzyme free detection of
glucose. They adhere to the surface of GO making electron
transfer process convenient and improve the detection sensitiv-
ity (Li et al., 2014a, 2014b; Ding et al., 2010; Xiang et al.,
2013). CuO NPs based GO biosensors have been reported to
be prepared by hydrothermal method for non-enzymatic
biosensing of glucose. The NPs were loaded in GO sheets
and the sensing properties of CuO NPs were found to be
improved when loaded in GO sheets. This has been attributed
to better electrochemical activity and promotion of electron
transfer reactions (Song et al., 2013). According to electro-
chemical behavior a redox couple (Cu II/Cu III) is formed
which is very important for the non-enzymatic electrochemical
detection of glucose and the reaction is

CuO + OH™ — ¢~ — CuO(OH)

Once, glucose is injected, the following oxidation reaction
takes place:

2CuO(OH) + Glucose — 2CuO + Gluconolactone + H,O

Fig. 10 explains the non-enzymatic glucose sensing mecha-
nism by CuO NPs/GO composite.

In view of the immobilization of enzyme which is one of the
important aspects for the construction of any biosensor, a
nanocomposite matrix based on ferrocene (Fc)-branched
organically modified silica material (ormosil)/chitosan
(CS)/graphene oxide (GO) was fabricated acting as an excel-
lent glucose biosensor. Glucose oxidase is negatively charged
in the physiological media and can be easily immobilized on
Fc-conjugated ormosil/CS/GO nanocomposite material via
self-assembly and sol-gel technology. The dispersion of GO
within the Fc-branched ormosil/chitosan CS matrix improves
the stability of GO and the conductivity of matrix film thereby
facilitating the electron transfer between the mediator and the
electrode (Peng et al., 2014). For effective electron transfer and
sensitive detection of molecules, mediator is necessary for
biosensors. In this case, ferrocene acts as a mediator which is
conjugated with silica material (ormosil) to prevent leakage
and enhance stability.
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CuO + OH™ - e — CuO(OH).

2CuO(OH) + glucose — 2CuO
+ gluconolactone + H:20.

Figure 10 Non-enzymatic glucose sensing mechanism of CuO NPs/GO composite. Reproduced with permission Song et al. (2013).

Shamsipur and Tabrizi designed an electrochemical biosen-
sor composed of electrochemically reduced graphene oxide
(ERGO) and sodium dodecylsulfate (SDS) using single step
reduction of GO for the detection of glucose. SDS was found
to increase the immobilization of glucose oxidase on ERGO
surface due to its excellent ability to form film. The detection
limit of the biosensor was found to be 40.8 uM at a signal-
to-noise ratio of 3 (Shamsipur and Tabrizi, 2014). The results
of this biosensor were similar (£5%) to those obtained from
clinical analyzer.

Bimetallic nanoparticles have become an area of prominent
research and used as electrocatalysts. Each component retains
its functional properties and results in enhanced surface area,
electron transfer and improved biocompatibility. Among dif-
ferent metals, Pt and Pd are the two most electrocatalytic met-
als. Hossain and Park immobilized glucose oxidase enzyme on
the reduced graphene oxide (RGO) surface deposited with
PtPd NPs for glucose detection. This hybrid electrode had high
catalytic activity toward the oxidation (response time of 3 s,
sensitivity 486 x 107® A/mM cm?, linear range 0.5-6.5 mM)
and reduction (response time of 25, sensitivity
814 x 107° A/mM cm?, linear range 0.5-8 mM) of hydrogen
peroxide (Hossain and Park, 2014). The FTIR spectra of GO
depict major peaks at 3410.0cm~', 1709.4cm”!,
1629.5cm™!, 1382.2 cm™! and 1080.6 cm ™', corresponding to
—OH stretching, C=C stretching, -OH bending of absorbed
water molecule, aromatic C—C, deformation vibration of
—OH and C-O stretching vibration of alkoxy groups, respec-
tively (Fig. 11A) (Khai et al., 2012; Shen et al., 2010). The
peaks at 3421 7cm”!, 17185cm™!,  16242cm”!,
1577.7cm ™" and 1419.9 cm™! corresponded to RGO arising
from —OH stretching, C=O0 stretching, -OH bending, C=C
stretching and deformation of —OH vibration, respectively
(Wang et al, 20lla, 2011b; Szabo et al, 2005).
Fig. 11B and C shows the XPS spectra of GO and RGO,
respectively. A considerable degree of oxidation has been
depicted corresponding to the carbon atoms in different func-
tional groups. A new peak at 285.7 eV arises after the reduc-
tion of GO showing C-C bonds (Park et al., 2013). The
reduction of oxygen atoms on the surface during the reaction
and heat treatment created RGO. The high sensitivity and sta-
bility of the electrode contribute in the construction of a prac-
tical glucose biosensor which could be extended to the
immobilization of the other biomolecules.

One of the challenging tasks is the determination of amino
acids in biological fluids. Though different methods are

available such as surface enhanced Raman scattering
(SERS), high performance liquid chromatography (HPLC),
luminescence and fluorescence these have complicated proto-
cols for sample preparation and processing (Cheng et al.,
2011; Razmi et al., 2011; Sanchez-Machedo et al., 2008; Ma
et al., 2011). Electrochemical methods are preferred because
of their sensitivity, accuracy, simplicity and lower cost. An
electrochemical biosensor based on GO and MWCNTs could
detect catalytic oxidation of L-tyrosine. This amino acid is very
important for human nutrition and is needed for maintaining a
positive nitrogen balance. Its absence can cause albinism
whereas higher concentration levels result in sister chromatid
exchange (Zhu and Xu, 2010). The high sensitivity of the
biosensor is due to the improved electrical conductivity of
GO and high surface area of MWCNTSs which improves the
electron transfer. Secondly, there is a m—m stacking between
GO and aromatic structure of L-tyrosine (Li et al., 2013a,
2013b). The mechanism for the electrochemical oxidation of

L-tyrosine is explained from the cyclovoltammetry (CVs)
graphs in Fig. 12. Voltammetric response indicates the oxida-
tion of 10.0 pML r-tyrosine at GO/MWCNTs/GCE as there is
linear increase of peak current (Ipa) with the scan rate (v) in the
range of 20-250 mV s~'. This is found to be adsorption con-
trolled electrode process. The linear regression equation is
expressed as Ipa (107> A) = 0.01775v (mV s~ ") + 0.4220x
(R? = 0.9967).

As the scan rate for the oxidation of L-tyrosine progresses,
peak potential (Epa) is shifted toward more positive values
thereby indicating irreversible electrode process. Laviron’s
equation defines the adsorption-controlled and irreversible
electrode processes

Epa = E° + (RT/onF) In(RTk®) + (RT/onF) Inv

where o is the electron transfer coefficient, k° is standard
heterogeneous rate constant of the reaction, 7 is the transferred
electron number, v is the scan rate and E° is the formal redox
potential (Laviron, 1974). Thus, this voltammetric method has
been found to be excellent for the determination of L-tyrosine
in human blood serum and urine samples. It is more efficient as
compared to methods where sample pretreatment is one of the
difficult tasks.

A very attractive strategy to create binding sites for some
specific molecules is molecular imprinting technique. Though
GO has been used in conjugation with quantum dots (QDs)
for enhanced photocurrent and photocatalysis electrochemical
sensing very little attention has been given for the sensing of
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Figure 11
Hossain and Park (2014).

some biomolecules such as vitamins. The fluorescence intensity
of GO is quenched in the presence of UV radiations; therefore,
ionic liquids (ILs) are introduced on the surface of GO as these
provide surface binding groups between GO and QDs.
Molecular imprinted polymers (MIPs) have been reported to
be combined with ILs to fabricate GO/QDs composite biosen-
sor for the detection of trace levels of vitamin E in real sam-
ples. It is an antioxidant that protects living cells by
quenching free radicals (Liu et al., 2013a, 2013b). The UV—vis-
ible spectrum (Fig. 13A) of MIP and vitamin E explains the
binding mechanism. MIPs have been found to possess better
photochemical stability when compared to isolated single
QDs or GO. Fig. 13B indicates the conduction band of MIP
to be close to that of vitamin E. Thus, charges could be easily
transferred to the lowest unoccupied orbitals of vitamin E
resulting in the fluorescence quenching between the two. The
energy transfer is a possible mechanism for the fluorescence
quenching owing to no spectral overlap between the absorp-
tion spectrum of vitamin E and emission spectrum of MIP.
The fluorescence intensity of MIP was found to decrease with
the increasing concentration of vitamin E in the range of
2.30 x 1072-9.20 x 10° pM with the detection limit of 3.5 nM.

FTIR spectra of (A) graphite oxide and RGO, XPS spectra of (B) graphite oxide and (C) RGO. Reproduced with permission

Based on effective sensing of biomolecules by fluorescence
energy transfer (FRET) from QDs to GO, Dong et al. devel-
oped a novel sensitive and selective biosensor. QDs were used
as fluorophore to label MB (molecular beacon, single stranded
oligonucleotide hybridization probe) and enhance its detection
sensitivity. MB could be substituted with any other aptamer
(thrombin binding) for the detection of proteins (Dong et al.,
2010). The fluorescence intensity ratio is given by the Stern—
Volmer equation (Li et al., 2010a, 2010b):

Fo/F =1+ Ksy[VE]

where Fy and F are the fluorescent intensities in the absence
and presence of biomolecule/analyte, Kgy is Stern—Volmer
constant and [VE] is the quencher concentration. Fig. 14 shows
the fluorescent intensity ratios of thrombin with different con-
centrations on addition of GO. It is observed that as the con-
centration of thrombin increases, the ratio increases linearly
indicating that this approach could be applied potentially to
other proteins also.

Recently, a very interesting approach was designed to fab-
ricate graphene based impedance sensors where protein mole-
cules were directly adsorbed on the surface of reduced
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graphene oxide (rGO) thin films without the need of pre-
functionalization of GO. The denatured proteins adsorbed
on the surface of rGO through n-stacking interactions. The
rGO sheets were prepared by the spin assisted layer-by-layer
(LbL) assembly method followed by thermal reduction pro-
cess. Denatured bovine serum albumin (BSA) was used as a
model probe to enable its direct adsorption on the surface of
rGO. The data obtained from electrochemical impedance
spectroscopy (EIS) reveal that electrochemical properties of
LbL-assembled rGO films can be tuned by varying the number

of bilayers. As the deposition number increases, interfacial
charge transfer resistance (R.) values decrease due to the flow
of charge through randomly formed networks within the
stacked rGO nanosheets. Fig. 15 shows the formation of
deformed semicircle in the case of single bilayer resulting in
irregularly defined R, due to incomplete coverage of
nanosheet. R, can be measured directly as semicircle diameter.
Subsequent addition of bilayers produces consistent, stable
and smaller values of R, as the full surface is covered uni-
formly. In this study, 2 layers were considered to be optimum
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Figure 14  Fluorescence intensity ratio Fo/F for aptamer-QDs
(50 nM) after incubation with thrombin at different concentra-
tions and then addition of GO (0.1 pg/mL) for 5 min. Reproduced
with permission Dong et al. (2010).

to have a uniform R, value and maintain surface roughness
(Kim et al., 2013a, 2013b).

Loo et al., adopted solid state electrochemistry to develop a
unique Dbiosensing protocol involving graphene oxide
nanoplatelets (GONPs) of dimensions 50 x 50 nm for the
aptasensing of protein thrombin in the concentration range
of 3pM-0.3uM (Loo et al., 2013a). Thrombin aptamer
(THR-APT-15) was immobilized on the electrode surface
and then this modified electrode was exposed to thrombin
protein. The two case studies were carried out to detect the
sensitivity of the biosensor. In the first case, the modified elec-
trode was exposed to thrombin and incubated in the solution
containing GONPs. Here, it was observed that thrombin
bound to aptamer and resulted in its partial removal due to
the conformational changes occurring as a result of the bind-
ing of protein and the aptamer. In the next step, GONPs
bound to the remaining immobilized THR-APT-15 via strong
n—n interactions. This led to the reduction peak signal of
greater magnitude as compared to the second case where
modified electrode was incubated directly in GONPs solution.
Thus, it was concluded that as there is partial removal of
immobilized aptamer on binding with thrombin, it provided
large electrode surface available for charge transfer and result-
ing in greater reduction potential. Hence, GONPs served as
excellent electroactive label for sensing of thrombin protein
with greater sensitivity and selectivity. Loo and coworkers
did similar novel work on the same lines as discussed above
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Figure 15 Normalized Nyquist plot of rGO films with varying

bilayer deposition numbers from 1 to 4. (Inset) Equivalent circuit
used in a conventional three-electrode system without redox
probes (R charge transfer resistance, CPE constant phase
element, Rs electrolyte solution resistance). Reproduced with
permission Kim et al. (2013a, 2013b).

where they employed GONPs as labels for protein target mole-
cule (biotin—avidin recognition). The strategy was based on use
of biotinylated DNA probe to be immobilized on the electrode
surface rather than that of simple biotin probe. Due to high
surface area of GONPs, they served as excellent biosensor with
high sensitivity (Loo et al., 2013b).

GO has shown a great potential for use as biosensors due to
its surface modification versatility, good water dispersibility
and photoluminescence but there are limited studies on GO-
based surface plasmon resonance (SPR). Human immunoglob-
ulin G (IgG) is a protein complex composed of four peptide
chains and represents 75% of serum antibodies in humans.
GO-based SPR biosensor has been fabricated for its detection.
It is noticed that there is a greater change in the refractive
index when GO is fabricated on the gold film surface of a
SPR biosensor. The surface plasmon wave is affected by the
changes in the refractive index when human Ig is coupled with
gold nanorods (Zhang et al., 2013).

To explore the protein functions in the biological systems,
sensing and imaging of molecules inside living cells has
emerged as a powerful tool. ATP and GTP are biological pro-
cess regulating molecules. Therefore, their detection is desir-
able in visualization of living cells which is one of the major
challenges in the field of molecular imaging. The limitation
of presently used artificial probes is their ability to penetrate
inside the cell membrane. Graphene oxide nanosheets (GO-
nS) have proved to be efficient probes for the detection of
ATP inside living cells due its excellent features: (i) cell-
membrane permeability, (ii)) low toxicity, and (iii) sensitive
detectability by confocal microscopy (Nel et al., 2009). For
biological applications of aptamers, protection from enzymatic
cleavage is a key step. Aptamer/GO-nS has been designed for
the first time for in-situ molecular probing in living cells as
shown in Fig. 16 (Wang et al., 2014).

Adenosine triphosphate (ATP) is a major energy carrier
which not only plays an important role in the signal of path-
ways and control of diseases but also is an indicator of cell via-
bility and its condition. Different methods have been reported
in the literature for the determination of ATP but there is a
need to develop simple, selective and sensitive techniques for
pathological and clinical diagnosis. Due to high quenching effi-
ciency of GO, it shields attached biomolecules from degrada-
tion or enzymolysis (Lu et al., 2010). The large surface area
enables effective loading of proteins, nucleic acids and small
inorganic molecules via m-stacking interactions or chemical
modifications (Wu et al., 2012; Yin et al., 2013a, 2013b).
Therefore, GO is being widely explored and used for sensing
applications. Ning et al., designed a novel fluorescent aptamer
based on noncovalent assembly of a label free detection probe
and GO. The probe was adsorbed on the GO surface by n—n
stacking and no fluorescence was observed. But in the presence
of ATP and complimentary DNA (cDNA) of the signal probe,
significant fluorescence was observed due to the intercalation
of cDNA with SYBER Green I (Fig. 17). The fluorescence
was found to increase in the presence of ATP (Ning et al.,
2014).

5.3. Role of graphene oxide based biosensors in food safety

Food safety is upcoming area of science which involves han-
dling, preparation and storage of food to prevent food borne
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Figure 16  Schematic representation of in vitro and in-situ molecular probing in living cells by using the aptamer/GO-nS nanocomplex.

Reproduced with permission Wang et al. (2014).
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Figure 17  Schematic representation of the probe/GO platform for ATP determination (a) preparation of probe/GO complex and (b)
enhancement of fluorescence upon addition of ATP and complimentary DNA. Reproduced with permission Ning et al. (2014).

diseases. Unsafe food is responsible for causing many diseases
from diarrheal to different forms of cancer (Millour et al.,
2011). Hydrogen peroxide (H,0,) is a powerful oxidizing agent
which is used as an antimicrobial agent in the food packages.
However, its use should be limited since above 3% of the H,O,
solutions leads to vomiting, irritation to mucosa, burning in
mouth and stomach, etc. Thus, its detection in food samples
is very important. The two-dimensional (2D) honeycomb lat-
tice of reduced GO holds a great potential for biosensor appli-
cations as it allows the fast movement of electrons for different
electroactive species when employed as an electrode substrate
(Cheng et al., 2012; Walcarius et al., 2013). GO based apta-
mers have now been developed for the detection and analysis
of food borne pathogens. Aptamers are single stranded
DNA or RNA molecules that can bind to pre-selected targets
including proteins and peptides with high affinity and

specificity. They bind to GO by n—r stacking interaction, as
a result of which fluorescence of aptamer is quenched due to
fluorescence resonance energy transfer (FRET). This type of
biosensor can detect bacteria in a very short time. Duan
et al. synthesized aptamer based on GO and labeled with fluo-
rophore (5-carboxyfluorescein) for the detection of Salmonella
typhimurium, food borne pathogen. This pathogen causes diar-
rheal diseases posing a major health threat in developing coun-
tries. It was observed that aptamer could detect S. typhimurium
with high specificity and no cross reaction with other patho-
gens (Plym Forshell and Wierup, 2006; Duan et al., 2014).
The rapid detection is based on turn-on/turn-off fluorescence
which is a dynamic process.

The fluorescence of QDs is greatly quenched by GO. This is
employed in the designing of sensors which can detect myco-
toxins in trace levels in food items. Certain genre of fungi
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releases mycotoxins which are toxic in nature and contaminate
agriculture food stock. They are carcinogenic and cause
adverse health effects (Schenze et al., 2012; Richard et al.,
2007). In another study, easily producible and cost-effective
aptamers have been used as an alternative to antibodies for
the detection of mycotoxins. They are combined with nanoma-
terials such as QDs for electrochemical measurements
(Kashefi-Kheyrabadi and Mehrgardi, 2012). The fluorescence
from CdTe QD is quenched in the presence of GO and has
detected carcinogenic mycotoxin (Aflatoxin B1) with high effi-
ciency present in peanut oil as shown in Fig. 18 (Lu et al.,
2015). In the absence of aflatoxin Bl (AFBI) in the system,
aptamer present in QD-conjugate allows the adsorption of
conjugates on GO nanosheet surface and results in QD fluores-
cence quenching, whereas, in the presence of AFBI, target is
recognized by QD-attached aptamer forming well folded
AFBl-aptamer complex. The nucleotide bases (purine and
pyrimidine) present in aptamer which interact with GO
through n-stacking are occupied by AFBI1. Hence, conjugates
are not able to attach to GO nanosheets and fluorescence is
recovered.

In-situ synthesis of gold nanoparticles (Au NPs) on the sur-
face of GO acts as a biosensor for the amperometric detection
of hydrogen peroxide (H,0O,) in food items with improved ana-
lytical properties. Here, catalase was immobilized on the sur-
face of Au NPs attached to GO modified glassy carbon
electrode (GCE). Cyclic voltammetry studies showed that the
background current increased in the presence of Au NPs.
The couple of redox peaks were obtained at —170 mV and
—120 mV after the conjugation of threonine-conjugated cata-
lase molecules assembly on Au np/GO/GCE surface. The con-
ductivity of GO was improved in the presence of Au NPs
which was attributed to the fact that Au NPs acted as interven-
ing ‘spacer matrix’ to penetrate through the GO sheets (Zhang
et al., 2011a, 2011b).

5.4. Graphene oxide biosensor for the detection of virus

Herpes simplex virus (HSV-1) is the most common pathogen
infecting 70-90% of the world human population. Humans
are the natural hosts of this virus where it causes infections
at the epithelial cell level and neurons of the peripheral nervous
system (Liashkovicha et al., 2011). The glycoproteins form the
outer boundary of virus. gB and gC glycoproteins mediate the

entry of HSV-1 into host cells by binding to heparan sulfate
(HS) proteoglycans. HS is negatively charged linear polymer
playing role in cancer, amyloid diseases, infectious and inflam-
matory conditions. The virus binding to HS serves as the
mechanism for the increase in the concentration of virus on
the cell surface (Subramanian and Geratghty, 2007;
Choudhary et al., 2011). GO and partially reduced sulfonated
graphene oxide (rGO-SOs) inhibit HSV-1 infections through a
mechanism of competitive inhibition. Due to the presence of
negatively charged groups on GO and rGO-SO;, similar to
that present on HS, these mimic the cell surface of the virus
thereby stopping the infection (Sametband et al., 2014). The
cytotoxic tests revealed that GO and rGO-SO; were not toxic
to cell cultures (vero cells) and also did not affect the cell’s life
cycle. In the upcoming future, the intrinsic properties of GO
can be exploited for the development of antiviral surfaces.

Hepatitis C virus (HCV) is a single stranded RNA virus
infecting 180 million people around the world causing chronic
liver damage and hepatocellular carcinoma (Brody, 2011).
Currently, no vaccine or effective therapy is available for hep-
atitis virus. Among different approaches adopted for the devel-
opment of anti-HCV agent, DNAzyme (deoxyribosome, Dz) is
the upcoming therapeutic agent for the cleavage of HCV gene
and subsequently preventing viral replication in human host
cells (Chung et al., 2013). Nano-graphene oxide (nGO) based
system has been reported for the intracellular delivery of Dz
which targets mRNA of HCV nonstructural gene 3 (NS3) in
human liver cells and prohibits gene replication (Fig. 19).
The N-terminal of NS3 protein plays a vital role in HCV repli-
cation, and its inhibition can stop HCV from replicating. The
nucleotide base of Dz binds effectively with nGO. As a result,
the fluorescence from the dye attached to the 5’ end of Dz is
quenched. In the presence of the target sequence, there is dou-
ble helix formation of Dz which causes the detachment of Dz
from nGO surface followed by the cleavage of HCV NS3 RNA
target sequence. This leads to the recovery of the fluorescence
(Kim et al., 2013a, 2013b).

5.5. Graphene oxide biosensors for the detection of different
analytes

The functionalization of GO is done for the detection of drugs.
Carboxyl functionalized GO modified electrode has detected
non-steroidal anti-inflammatory drug, diclofenac (DCF) in
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Figure 18 Schematic illustration of fluorescent assay for AFB1 based on Q-dots-aptamer-GO quenching system. Reproduced with

permission Lu et al. (2015).
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Figure 19  Strategy of detection and knockdown of the target gene in mammalian cells based on Dz and nGO. Reproduced with

permission Kim et al. (2013a, 2013b).

human urine and serum samples (Karuppiah et al., 2015). This
drug is widely used for the treatment of tuberculosis and uri-
nary tract infections and has fewer side effects. Though many
chromatographic and spectroscopic techniques have been used
for the drug detection they are not rapid and require extensive
sample preparation. The electrochemical technique employing
functionalized GO is user friendly, cost effective and moreover
a sensitive technique.

GO based biosensors are also used to determine analytes
which are hazardous to the living environment. These include
explosives, toxins and pesticides. Because of the presence of the
hydroxyl groups in the center and carboxy groups at the edges,
the functionalization of graphene oxide sheets can be done
either by covalent or by non-covalent bonding. This improves
the mechanical interactions between the sheets thereby
improving the physical properties. The present world is facing
threat to the safety of human life due to growing terrorism;

therefore, there is a need of developing low cost sensors with
high detectability and selectivity. Nitroaromatic explosives
can be detected using GO/nanomaterial sensors which have
high surface area and large accumulation capacity with respect
to analytes having 7 electron structure. It has been observed
that the analytical signals are amplified. The functional groups
present on the GO form strong hydrogen bonds with OH and
NO, groups of nitroaromatic compounds. The aromatic struc-
ture facilitates 7 stacking and the positive charge on the nitro-
gen atom generates electrostatic interactions which promote
high loading of nitroaromatic analyte on GO (Li et al.,
2012a, 2012b; Tang et al., 2010).

GO in conjugation with multiwalled carbon nanotubes
(MWCNTs) is capable of detecting carcinogenic organic pollu-
tant 1,3-dinitrobenzene which shows highly negative toxic
impacts resulting in health problems. Due to large surface area
of MWCNTs, they have been proved to be excellent electrode

Figure 20 (A) B-CD, (B) GO, (C) MWCNTs, (D) B-CD/MWCNTs/GO. Reproduced with permission Li et al. (2014a, 2014b).
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Table 1 Summary of GO based biosensors.

Sensor type Analyte detected Detection limit Efficiency Mechanism Advantage Citation
DNA ssDNA = 97% Strong Sensitive & selective  Lu et al.
adsorption of to target molecule (2009a,
ssDNA on 2009b,
GO 2009¢)
DNA nanoprobe DNA 100 pM ~100% n-stacking Multicolor DNA He et al.
interaction analysis (2010)
Molecular beacon (MB) DNA With 2 mL sample, Covalent Resistant to non- Huang and
150 pM interaction specific probe Liu (2012)
displacement
DNA ssODN >99% -7 Broad range of Hong et al.
(oligodeoxyribonucleotide) interaction DNA detection (2012)
sensitivity & media
dependence
rGO-organic dye Hg> " 2.8 nM 98.6% n—n stacking  Inexpensive, label- Huang
nanoswitch interaction free, sensitive & et al. (2011)
selective detection of
Hg>* without the
interference of other
metal ions
Nanocomposite DNA 0.01 nM - Strong ionic  Specific detection of Wang et al.
(rhodamine 6G (R6G) & m—m analytes through (2012a,
and GO) stacking simple ion-exchange 2012b)
interaction process
Glucose Glucose 0.1 pmol L™! - 7 stacking Successfully Zhang
interaction determine glucose in et al. (2014)
human blood serum
samples
COOH-GO Glucose 5% 1078 to - - & Environmental Song et al.
1 % 10° mol L™ hydrophobic  monitoring & (2010)
interactions medical diagnostics
CoO, NPs/ERGO Glucose 2 M - - Enzyme-free, Li et al.
reproducible, long-  (2014a,
term performance 2014b)
stability
CuO/GO composite Glucose 0.69 uM - Electron Long term stability, Song et al.
transfer good (2013)
reactions reproducibility, high
selectivity, accurate
measurement in real
serum samples
Glucose Glucose 6.5 uM - - Non-toxicity, Peng et al.
biocompatibility, (2014)
biodegradability,
promising matrix for
enzyme
immobilization
Glucose Glucose 40.8 pM - Electron Results similar to Shamsipur
tunneling clinical analyzer and Tabrizi
pathway (2014)
Glucose Glucose 0.001 mM - - High sensitivity and  Hossain
good stability, could and Park
be extended to the (2014)
immobilization of
other biomolecules
Tyrosine L-tyrosine 4.4 nM - n—n stacking  Enhanced Li et al.
interaction electrocatalytic (2013a,
activity to the 2013b)

oxidation of L-
tyrosine, direct
determination in real
samples without
complicated and
time consuming
pretreatments
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Table 1 (continued)
Sensor type Analyte detected Detection limit Efficiency Mechanism Advantage Citation
Vitamin Vitamin E 3.5nM - -7 stacking  Simple, rapid and Liu et al.
interaction accurate optosensing (2013a,
method 2013b)
MB Biomolecules 12 nM 97.6% n—7 stacking  High sensitivity, Dong et al.
interaction good selectivity, (2010)
used for both
quantification of
nucleic acid & single
nucleotide
polymorphism,
could be applied for
detection of
aptamer-specific
molecules
Protein Protein - - Direct © Robust operability Kim et al.
stacking in sensing platform, (2013a,
interaction high precision in 2013b)
sensitivity
Thrombin Thrombin 3 pM-0.3 pM — n—n stacking  Fabrication involves Loo et al.
interaction solid state (2013a,
electrochemistry not  2013b)
involving the use of
corrosive/toxic
chemicals
surface plasmon Human IgG 4 times lower than — Specific Successful Zhang
resonance (SPR) that based on MPA antibody— immobilization et al. (2013)
(3- antigen
mercaptopropionic interaction
acid)
GO nanosheet based ATP & GTP - - -7 stacking  Analyze multiple Wang et al.
biosensor interaction analytes in living (2014)
cells
Aptasensor ATP 1 nM - n—7 stacking  Simple, cost- Ning et al.
interaction effective, probe does (2014)
not require labeling,
large fluorescence
signals
Fluorescent aptamer S. typhimurium 100 CFU mL ™! - -7 stacking  Simple, sensitive, Duan et al.
interaction broad prospects in (2014)
pathogen detection
Aptamer modified QDs  Aflatoxin Bl (AFBI1) 1.0 nM - n—7 stacking ~ Simple, fast, cost- Lu et al.
interaction effective, promising  (2015)
for analysis of
mycotoxins
Electrochemical H,0, 0.01 uM - - Disposable, rapid, Zhang
cost-effective, on et al.
field analysis of (2011a,
H,0, in food stuffs  2011b)
Dz/nGO complex Hepatitis C virus - 95% n—r stacking  Potential theranostic Kim et al.
interaction nanomedicine for (2013a,
treating viral 2013b)
infection
Drug DCEF (diclofenac) 0.09 uM - - Good Karuppiah
reproducibility, et al. (2015)
repeatability,
selectivity,
promising
application for
clinical &
pharmaceutical
Electrochemical 4-Nitrophenol 0.02 uM - n—r stacking  Simple, sensitive & Li et al.
interaction quantitative (2012a,
detection 2012b)

(continued on next page)
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Table 1 (continued)

Sensor type Analyte detected Detection limit Efficiency Mechanism Advantage Citation
Electrochemical 1,3-Dinitrobenzene 5.0 nM - n-donor— Long term stability, Li et al.
acceptor successfully (2014a,
interactions employed in spiked  2014b)
soil & water
samples, efficient
assay in target
detection
Remote WMS Escherichia coli 60 cells/mL - - Sensor response to Lu et al.
any gram negative (2009a,
bacteria, rapid 2009b,
detection 2009¢)
WMS Uranyl (UO3 ") 2.87x107°M - n-stacking In-situ and real time Yin et al.
interactions assays for (2013a,
radioactive metal 2013b)
ions, wireless, low
cost
Acetylcholinesterase Organophosphorus 4.14 pgmL™" for - Strong Short response time, Zhao et al.
pesticides (OPs) malathion hydrogen good stability, high  (2015a,
1.15 pgmL~" for bonding sensitivity, direct 2015b)
carbaryl interaction & analysis of practical
reversible samples
bonding
Poly(3,4- Nitrite 1.2 M - n—7 stacking  Low cost, stable, Liu et al.
ethylenedioxythiophene) interaction & high catalytic (201 1a,
PEDOT-GO electrostatic  activity 2011b,
adsorption 2011c)
Glucose H,0, & glucose 4x10°°M - - Simple, detection in  Lu et al.
human blood (2011)
samples, promising
applications in
analytical &
electroanalytical
chemistry
Au nanostructures/GO 4-Nitrophenol - - n—7 stacking  Green, cost-effective, Zhang
interaction high catalytic et al.
activity (201 1a,
2011b)
Immunosensor Antibody—antigen (rabbit  0.67 nM - © stacking Simple, portable, Roy et al.
IgG—anti-rabbit IgG) interaction robust, suitable for  (2011)
interactions developing
electrochemical
sensors
Gas NO, 20 ppb - Hydrogen Simple, efficient, Preziosa
and covalent sensitive, et al. (2013)
bonding environment
friendly

material for biosensing applications. The presence of hydro-
philic groups in GO improves the film-forming property of
modified electrodes. Li and coworkers fabricated glassy carbon
electrode (GCE) modified with B-cyclodextrin (B-CD)
MWCNTs and GO for the detection of 1,3-dinitrobenzene
(Li et al., 2014a, 2014Db). The electrochemical performance of
the modified electrode was carried out by employing [Fe
(CN)]>~/*~ (1:1, molar ratio). It was observed that the voltam-
metric response of probe ions increased at MWCNTs/GCE
surface and high redox peaks were obtained as compared to
GO/GCE (Fig. 20). The excellent electronic properties of
MWCNTs contribute to the increase in peak current densities.
The redox response of the probe ions at MWCNTs/GO/GCE

was found to be in between GO/GCE and MWCNTs/GCE.
This predicts the successful modification of MWCNTs/GO
on GCE. As MWCNTs have high surface area, -CD finds
abundant binding sites on MWCNTs/GO surface. This leads
to slow electron transfer between modifiers and electrode with
low current response of modified electrode than that of
MWCNTs/GO/GCE. This method offers a new way to detect
explosives in trace amount and broadening the application of
GO in the environmental analysis.

A recent development has been made in the construction of
wireless magnetoelastic sensor (WMS) with high sensitivity,
low cost, remote query and easy portability (Li et al., 2010a,
2010b; Lu et al., 2009a, 2009b, 2009¢c). This sensor is used



Insight into the biosensing of graphene oxide

257

for the detection of uranyl (UO3 ") since, uranium metal raises
special concern because of its high toxicity and radioactivity
(Li and Zhang, 2012). The important step in the designing of
this sensor is to build a selective surface having recognition
sites for a specific analyte such that analytical signals could
be generated from the interaction between the analyte and
the surface. For the recognition of UO3 ", DNAzyme was used
and ssDNA was adsorbed on the GO surface. The substrate
was cleaved by DNAzyme resulting into three ssDNA
fragments in the presence of UO3" and adsorbed onto the
sensor by m-stacking interactions. The decrease of resonance
frequency of sensor was in linear response to the concentration
of uranyl ions. Also it was observed that the signal of the
sensor could be enhanced in the presence of Au NPs. The
sensor was found to have detection limit of 2.87x 10~° M
and it avoided the interference of some metals such as Cu®™,
Fe?™, Fe**, Hg>" and Tb" (Yin et al., 2013a, 2013b).

Organophosphorus pesticides (OPs) are extensively used in
the agricultural field due to their high insecticidal activity.
These pesticides are hazardous to human health as they are
toxic to acetylcholinesterase (AChE) which is essential for
the function of central nervous system. Therefore, it is essential
to develop a biosensor which could detect trace levels of pesti-
cides with high sensitivity. Biosensors based on acetyl-
cholinesterase (AChE) have attracted attention because of
their fast response and high sensitivity (Li et al., 2013a,
2013b). When AChE is immobilized on the electrode surface,
it causes hydrolysis of acetylcholine chloride (ATCIl) to an
electro-active product thiocholine (TCh) which shows irre-
versible oxidation peak at about 0.68 V as the indication of
presence of pesticide (Ivano et al., 2003). Zhao et al., synthe-
sized ERGO-Au NPs-B-CD deposited on GCE followed by
the electrodeposition of Prussian blue (PB) nanoparticle-
chitosan (CS) composite via one step direct electrodeposition
approach. This process is very simple, fast and environmen-
tally benign. The hydroxyl groups of B-cyclodextrin (B-CD)
interact with graphene thereby preventing its agglomeration
and also it interacts with acetylcholine to improve the sensitiv-
ity of biosensor for the detection of pesticides. The cycling
stability of an electrode is enhanced by combining PB with
CS. The composite of PB-CS can open many opportunities
for the robust, simple and selective detection of organophos-
phorus pesticides (Zhao et al., 2015a, 2015b). The sensor
showed wide linear ranges of 7.98-2.00 x 10° pgmL~" and
43-1.00x 10 pgmL~" with low detection limits of
414 pgmL~" and 1.15 pgmL~" for malathion and carbaryl,
respectively.

The analytical parameters and summary of the reported
GO based sensors have been tabulated in Table 1.

6. Conclusions and future prospects

GO is one of the unique carbon materials exhibiting many
potential applications in the field of science and technology
owing to its diverse physical and chemical properties. The
characteristics of GO enhance the electron mobility and stabil-
ity at room temperature. Presently, electrochemical reduction
method is employed for the synthesis of GO and still modifica-
tions are required in the preparation methods for producing
high quality GO materials for effective biosensing applica-
tions. The functionalization of GO leads to the adsorption of
different biomolecules and other molecules for biosensing

application. Due to the presence of negative groups on GO,
molecules such as DNA, glucose, amino acids, vitamins and
other analytes easily bind onto the surface through m—m stack-
ing, hydrophobic interaction and hydrogen bonding.
Langmuir—Hinshelwood, Eley—Rideal and displacement mech-
anism predicted that DNA could be easily adsorbed either in
solution or in gas phase on the GO surface. Moreover, one
of the important features of GO to act as a weak acid cation
in the presence of charged organic molecules enables dyes to
couple with it forming a complex which quenches the fluores-
cence thus, paving a way for the designing of novel biosensors.

The monitoring of glucose is very important for maintain-
ing the blood-sugar levels and for this “turn-on” fluorescence
technique has been developed where GO-ssDNA interactions
cause the selective determination of glucose. Nanomaterial
such as SWCNTs, QDs and other NPs have been used along
with GO to increase the electron mobility. The fluorescence
of nanomaterials is quenched by GO and sensing capability
enhances owing to promoted charge transfer reactions.
Bimetallic NPs (Pt and Pd) act as efficient glucose biosensors
as enzymes and other biomolecules can be easily immobilized
on their surface.

The reproducibility and stability issues have been solved by
the fabrication of enzyme free GO biosensors. The fluorescent
intensity ratio which increases linearly with increase in the con-
centration of analyte could be used for the detection or sensing
of different proteins. Energy transfer is found to be plausible
mechanism for the fluorescence quenching. The limitation of
the detection of ATP/GTP molecules for the visualization of
living cells has been overcome by the use of GO nanosheets
which have good cell membrane permeability and low toxicity.
GO NPs also serve as excellent electroactive labels for the sens-
ing of thrombin protein with greater selectivity. GO biosensors
have been found a play a vital role in food safety also which in
the upcoming future will be very beneficial to the food indus-
try, one of the major in the world. The presence of pesticides is
very harmful to the environment and can be detected in trace
amounts with high sensitive, robust and cost-effective GO
based sensor which leads to the new insight for environmental-
ists. Food borne pathogens causing diarrheal diseases could be
rapidly detected via turn-on/off fluorescence with high speci-
ficity without cross reaction with other pathogens. GO biosen-
sors fabricated through inexpensive processes and with fast
response have not only been used for the detection of patho-
genic bacteria and fungi but also deadly viruses which infected
70-90% of the world human population. GO surface mimics
that of virus cell wall and stops the infection.

The analytes such as explosives, toxins and pesticides pos-
ing hazardous risks to the living environment can be detected
in trace amounts using GO sensors. The functional groups pre-
sent on the GO surface form strong hydrogen bonds with the
groups present in the analytes thereby leading to their
detection.

It is very critical to understand the mechanisms for the
application of GO in the construction of biosensors so that
they could be developed in bulk. Though biocompatibility
studies have been reported but still there is a need to assess
their toxicity so that they could be employed more potentially
for bioimaging and drug delivery to curb some of the deadly
diseases for which therapeutic tools have not been fully
explored. GO biosensors have a lot of capability in paving a
way in the medical field, thereby reaching a new altitude.
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Moreover, GO can act as an alternate material to solve the
challenges related to the environmental issues by exploiting
its high sensitivity and selectivity properties for the detection
of toxic molecules in trace amounts. The major prospect to
be addressed in the future is the increasing demand of the engi-
neering of biosensors based on GO that will allow to monitor
and detect the analytes with high selectivity and sensitivity at
low cost.
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