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Abstract: The advantages conferred by the physical, optical and electrochemical properties of
graphene-based nanomaterials have contributed to the current variety of ultrasensitive and selective
biosensor devices. In this review, we present the points of view on the intrinsic properties of graphene
and its surface engineering concerned with the transduction mechanisms in biosensing applications.
We explain practical synthesis techniques along with prospective properties of the graphene-based
materials, which include the pristine graphene and functionalized graphene (i.e., graphene oxide
(GO), reduced graphene oxide (RGO) and graphene quantum dot (GQD). The biosensing mechanisms
based on the utilization of the charge interactions with biomolecules and/or nanoparticle interactions
and sensing platforms are also discussed, and the importance of surface functionalization in recent
up-to-date biosensors for biological and medical applications.

Keywords: graphene; functionalized graphene; biosensor devices; instrumentation; surface plasmon
resonance; field-effect transistor; electrochemical; bioimaging

1. Introduction

A biosensor is an analytical device which can detect a biomolecule-related element with an
appropriate transducer to generate a measurable signal from the sample [1,2]. The biosensor
system illustrated in Figure 1 shows a typical platform, consisting of a bioreceptor interfaced with a
transducer. The bioreceptor has to be capable of recognizing the biomolecule element, for instance,
enzymes, antibodies, DNA, RNA, and cells. In an incorporation, the biological signal that can be
detected in various quantities by the receptor is transduced by physical, chemical, optical, thermal or
electrochemical actions into observable information and analyzed quantitatively. The first generation
of biosensor devices was introduced by Clark and Lyons [3] to monitor chemical components in the
blood of a surgical patient and to record quantitative biomolecule contents in blood. Since then, the
applications of biosensors in the biomedical field and global healthcare have become indispensable
for human life improvements in order to spatially analyze diseases through a patient [4–6], to detect
and to diagnose biomolecules [7–11], to integrate with drug delivery [12–14] and food safety [15].
In many efforts of the investigations, major requirements of biosensors are that the receptor has to
not only be highly selective and specific to the biomolecular element, but also that the transducer
needs to be ultrasensitive and with sufficient reproducibility for reliable real-time measurements.
For more precision, the presence of chemical binding or biological specificity to an analyte in a
labeled technique is used to ensure that only the labeled biological activities give a strong signal.
However, this technique requires a labeling process in preparation and involves the fluorescent
dyes, chemiluminescent molecules, photoluminescent nanoparticles and quantum dots [16–24].
Alternatively, the label-free technique uses molecular, physical, mechanical, electrical, optical properties
and charge interaction to monitor binding activities. The label-free methods can provide real-time
tracking in biomolecular events and give more direct information about the target biomolecules
without interference effects from the labeling procedure. Currently, label-free biosensors are essential
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for personalized genomics, cancer diagnostics, and drug development [10,13,25] where the sensitivity
is one of the key requirements that needs to be engineered for state-of-the-art biosensors [26].
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Figure 1. Schematic illustration of a typical biosensor system.  

The emergence of graphene, a two-dimensional (2D) nanomaterial, has played a tremendous 
role in the electronic and sensor communities. Graphene is defined as “a single-atom-thick sheet of 
hexagonally arranged, sp2-bonded carbon atoms occurring within a carbon material structure” [27]. 
The nano-thickness graphene film with 100 μm of lateral size is observed as carbon planes connected 
together by van der Waals forces acting over a distance of about 0.335 nm. The properties of graphene 
are those of a semi-metal and are stable under ambient circumstances. This contradicts the general 
belief that a 2D material could not exist and be thermodynamically stable. The charge transport and 
electronic properties of graphene are due to its unique electronic band structure. In particular, among 
existing nanomaterials graphene has a large surface area (2630 m2/g) [28,29] being available for direct 
interaction in a wide range of biomolecules [26]. Graphene can be engineered with structural defects 
using low-cost fabrication methods due to the migration of heteroatoms, oxidation, and reduction by 
chemical modification [30,31].  

The uses of graphene-based materials for biosensing involve two points of view. One is based 
on charge-biomolecule interactions at π-π domains, electrostatic forces and charge exchange leading 
to electrical variations in the pristine graphene. The other uses are the effect of defects, disorder, the 
chemical functionalization to immobilize the molecular receptors onto the surface of graphene oxide 
(GO), reduced graphene oxide (RGO) and graphene-based quantum dots (GQDs). Recently, several 
excellent reviews have focused on the interactions of graphene, GO and RGO-based biosensors with 
their biomolecular targets [26,32–34]. In this review, we focus on the graphene-based material 
properties due to their fabrication process, surface chemistry and the photoluminescent graphene so-
called GQDs. These graphene properties are utilized and integrated in biosensors for biological and 
medical applications. 

2. Graphene-Based Materials: Fabrication Process and Properties 

The synthesis of graphene-based materials in a presence of different methods can be controlled 
to confer properties for specific and desirable applications. Figure 2 shows the major types of 
graphene-based materials having been useful for engineering biosensors. The structure of pristine 
graphene is characterized as the array of 2D and sp2-hybridization of pure carbon atoms arranged in 
a hexagonal lattice with covalent bonds. Meanwhile, functionalized graphenes are achieved by 
synthesis and preparation, for examples, the carbon core structure can be oxidized forming GO, the 
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The emergence of graphene, a two-dimensional (2D) nanomaterial, has played a tremendous
role in the electronic and sensor communities. Graphene is defined as “a single-atom-thick sheet of
hexagonally arranged, sp2-bonded carbon atoms occurring within a carbon material structure” [27].
The nano-thickness graphene film with 100 µm of lateral size is observed as carbon planes connected
together by van der Waals forces acting over a distance of about 0.335 nm. The properties of graphene
are those of a semi-metal and are stable under ambient circumstances. This contradicts the general
belief that a 2D material could not exist and be thermodynamically stable. The charge transport and
electronic properties of graphene are due to its unique electronic band structure. In particular, among
existing nanomaterials graphene has a large surface area (2630 m2/g) [28,29] being available for direct
interaction in a wide range of biomolecules [26]. Graphene can be engineered with structural defects
using low-cost fabrication methods due to the migration of heteroatoms, oxidation, and reduction by
chemical modification [30,31].

The uses of graphene-based materials for biosensing involve two points of view. One is based
on charge-biomolecule interactions at π-π domains, electrostatic forces and charge exchange leading
to electrical variations in the pristine graphene. The other uses are the effect of defects, disorder, the
chemical functionalization to immobilize the molecular receptors onto the surface of graphene oxide
(GO), reduced graphene oxide (RGO) and graphene-based quantum dots (GQDs). Recently, several
excellent reviews have focused on the interactions of graphene, GO and RGO-based biosensors
with their biomolecular targets [26,32–34]. In this review, we focus on the graphene-based material
properties due to their fabrication process, surface chemistry and the photoluminescent graphene
so-called GQDs. These graphene properties are utilized and integrated in biosensors for biological and
medical applications.

2. Graphene-Based Materials: Fabrication Process and Properties

The synthesis of graphene-based materials in a presence of different methods can be controlled
to confer properties for specific and desirable applications. Figure 2 shows the major types of
graphene-based materials having been useful for engineering biosensors. The structure of pristine
graphene is characterized as the array of 2D and sp2-hybridization of pure carbon atoms arranged
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in a hexagonal lattice with covalent bonds. Meanwhile, functionalized graphenes are achieved by
synthesis and preparation, for examples, the carbon core structure can be oxidized forming GO,
the reduced structure with vacancy defects is RGO, structures a few nanometers in size with quantum
phenomena are GQDs. Interestingly, many types of the GQDs have attracted interest due to their
outstanding optical characteristics in the presence of photoluminescence involving specific binding
capability to a wide range of biomolecules. Such morphological and intrinsic characteristics should
serve the analytical transduction of biosensors on the limit of detection (LOD), sensitivity, selectivity,
repeatability, and biocompatibility.
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A monocrystalline graphitic film composed of a single one-atom-thick carbon layer can be 
prepared by peeling it from a small platelet of highly oriented pyrolytic graphite (HOPG) in a 
mechanical exfoliation approach with a Scotch tape, as seen in Figure 3a. Mechanical exfoliation is 
the technique by which a longitudinal or transverse stress is exerted on the surface to overcome the 
van der Waals binding energy of approximately 2 eV/nm2 [35]. When the graphene layer is fabricated 
as the conducting channel in a field-effect transistor (FET) device contacted with any metal conductor 
such as gold or silver, the unusual electronic properties of the graphene field-effect transistor (GFET) 
depend on the charge transport and electron conduction in the band structure and linear behavior at 
low energy, so the electrons in graphene are transported ballistically analogous to the relativistic 
massless fermions with an effective velocity of approximately 106 m/s. The GFET can even be retained 
under ambient circumstances without any protection of the graphene. The charge carriers exhibit 
ultra-high mobility, found to be 200,000 cm2/Vs, at temperatures between 10–100 K, which can be 
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concentrations at the range of 1013 cm−2 with a long mean free path of 400 nm, high thermal 
conductivity, very low resistivity (less than that of silver at room temperature), low spin-orbit 
coupling, high mechanical strength (200 times greater than stainless steel), high elasticity, transparent 
(98% transmittance) and biocompatibility [36–38]. As a novelty of graphene, a variety of practical 
applications now appear possible, and graphene and new graphene-like 2D nanomaterials are used 
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Figure 2. Structures of graphene-based materials show (a) the pristine graphene (pure-arranged
carbon atoms) with sp2-hybridized carbon atoms, and the chemically modified graphene, including (b)
graphene oxide (GO); (c) reduced graphene oxide (RGO) and (d) graphene quantum dot (GQD).

To provide an understanding of the physics, chemistry, and engineering of graphene-based
structures, and how these methods have crucial influences on their characteristic and properties,
we will first discuss how graphene and related materials are prepared and synthesized.

2.1. Pristine Graphene

A monocrystalline graphitic film composed of a single one-atom-thick carbon layer can be
prepared by peeling it from a small platelet of highly oriented pyrolytic graphite (HOPG) in a
mechanical exfoliation approach with a Scotch tape, as seen in Figure 3a. Mechanical exfoliation is the
technique by which a longitudinal or transverse stress is exerted on the surface to overcome the van der
Waals binding energy of approximately 2 eV/nm2 [35]. When the graphene layer is fabricated as the
conducting channel in a field-effect transistor (FET) device contacted with any metal conductor such as
gold or silver, the unusual electronic properties of the graphene field-effect transistor (GFET) depend
on the charge transport and electron conduction in the band structure and linear behavior at low
energy, so the electrons in graphene are transported ballistically analogous to the relativistic massless
fermions with an effective velocity of approximately 106 m/s. The GFET can even be retained under
ambient circumstances without any protection of the graphene. The charge carriers exhibit ultra-high
mobility, found to be 200,000 cm2/Vs, at temperatures between 10–100 K, which can be induced by
applying gate voltage, a strong ambipolar electric field effects in charge carrier concentrations at
the range of 1013 cm−2 with a long mean free path of 400 nm, high thermal conductivity, very low
resistivity (less than that of silver at room temperature), low spin-orbit coupling, high mechanical
strength (200 times greater than stainless steel), high elasticity, transparent (98% transmittance) and
biocompatibility [36–38]. As a novelty of graphene, a variety of practical applications now appear
possible, and graphene and new graphene-like 2D nanomaterials are used in the manufacture of
innovative electronic devices. The efficiency of graphene-based sensors and biosensors are predicted to
be substantially faster than that of semiconductor-based devices resulting in more efficient computers.
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Figure 3. Several techniques of graphene synthesis: (a) graphene sheet is left on top of a silicon oxide 
wafer exfoliated by scotch-tape technique, its electronic band structure, and the real monolayer and 
bilayer graphene (Reprinted with permission from [39]); (b) Large scale process of graphene growth 
using (chemical vapor deposition) CVD and the transferred graphene to poly(methyl methacrylate) 
(PMMA) (reprinted with permission from [40]); (c) Liquid exfoliation of graphene showing crystalline 
honeycomb pattern on the exfoliated layer (reprinted with permission from [41]); and (d) epitaxial 
graphene growth on a silicon carbide (SiC) by sublimation of Si atoms and the structural characteristic 
of the monolayer graphene (reprinted with permission from [42]). 

However, to obtain graphene by the Scotch-tape method, the maximum dimensions of the 
pristine graphene that can be isolated for fundamental studies and basic research that require high 
quality at only 1 mm2. Several synthetic procedures have been established that possess scalability in 
their different characteristics and are more effective for matching applications. 

2.1.1. Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is one of the most popular methods for industrial-scale 
fabrication of graphene at this moment. Even though graphene provided by this method is very high 
quality and the number of layers can be precisely controlled, the electronic and structural properties 
has remained poorer than those of the Scotch-tape graphene. Excellent applications of CVD graphene 
have been performed in many fields, including electronic transistors [43,44], transparent conductive 
electrodes [45,46], corrosion-inhibiting coatings [47,48] and high sensitive sensors [44,49,50]. CVD is 

Figure 3. Several techniques of graphene synthesis: (a) graphene sheet is left on top of a silicon oxide
wafer exfoliated by scotch-tape technique, its electronic band structure, and the real monolayer and
bilayer graphene (Reprinted with permission from [39]); (b) Large scale process of graphene growth
using (chemical vapor deposition) CVD and the transferred graphene to poly(methyl methacrylate)
(PMMA) (reprinted with permission from [40]); (c) Liquid exfoliation of graphene showing crystalline
honeycomb pattern on the exfoliated layer (reprinted with permission from [41]); and (d) epitaxial
graphene growth on a silicon carbide (SiC) by sublimation of Si atoms and the structural characteristic
of the monolayer graphene (reprinted with permission from [42]).

However, to obtain graphene by the Scotch-tape method, the maximum dimensions of the pristine
graphene that can be isolated for fundamental studies and basic research that require high quality
at only 1 mm2. Several synthetic procedures have been established that possess scalability in their
different characteristics and are more effective for matching applications.

2.1.1. Chemical Vapor Deposition

Chemical vapor deposition (CVD) is one of the most popular methods for industrial-scale
fabrication of graphene at this moment. Even though graphene provided by this method is very
high quality and the number of layers can be precisely controlled, the electronic and structural
properties has remained poorer than those of the Scotch-tape graphene. Excellent applications of CVD
graphene have been performed in many fields, including electronic transistors [43,44], transparent
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conductive electrodes [45,46], corrosion-inhibiting coatings [47,48] and high sensitive sensors [44,49,50].
CVD is a way to dissolve a gaseous reactant, for example, methane, ethane or propane, into a heated
substrate such as Cu or Ni, where the reaction results in graphene film growth on top of the substrate
from the nucleation sites during the cooling process as seen in Figure 3b. A large-scale area of
single-layer to few-layer graphene films is usually grown on various metal substrates such as Cu,
Ni, Pt, Co, Ir and Ru [29,40,51–53]. To gain better control of the growth of monolayer or bilayer
graphene, Ni and Cu are usually used instead of the other metals which are much higher in cost.
The transferred substrate can be either a polymer or metal [53] where the transfer process may causes
damages from tearing and the formation of wrinkles. It is reported that the production of transparent,
conductive, and large-area graphene films was achieved by growth on Cu foil by plasma CVD at low
temperature of 300–400 ◦C and transferred to a diagonal width up to 30 inches via roll-to-roll process.
The as-prepared graphene films consist of a few-layer sheets with the transparency 97.4% relative to
low sheet resistance of 125 Ω/sq which is used in touch screen displays by the touch panel screen
industry [52]. Alternatively, large-size CVD graphene is introduced into possible biosensor platforms
to support Au nanoparticles and then to construct biomolecule receptor patterns [54]. Graphene is
presented in order to enhance the sensitivity of sensors and biosensors whereas the nanoparticles
increase the surface area to bind the analyte. In a glucose or glutamate molecule biosensor [55],
the glucose oxidase or glutamic dehydrogenase is functionalized on the graphene surface to monitor
the conductance changes in real time. The CVD graphene is usually fabricated as a conducting layer in
sensors and biosensors that require a high quality surface platform.

2.1.2. Liquid Exfoliation

Liquid exfoliation is a low-cost top-down process for fabricating graphene in solution using
an ultrasonic energy source to generate microcavitations and to blast the raw bulk graphite into
smaller fragments and thinner layers of graphene. A number of hours are needed to effectively extract
the graphite into individual layers. The approach of the liquid exfoliation is carried out in organic
solvents such as N-methylpyrrolidone (NMP), N,N-dimethylacetamide (DMA), γ-butyrolactone (GBL)
and 1,3-dimethyl-2-imidazolidinone (DMEU) [41,56–59]. Recently, studies on the exfoliation and
dispersion of graphite have been carried in water/surfactant solutions instead of those organic solvents
and their stabilization has been described using DLVO and Hamaker theory [41]. The dispersed
graphene layers are not supposed to reaggregate due to the coated surfactant which protects
against the Coulomb repulsion. The surfactant-coated exfoliated graphene can be stabilized as a
colloid. The bounded-molecule surface forms a tail-group in surfactant, a so-called double layer.
The possibility of exfoliation arises because of the competition (leading to an energy balance)
between the interlayer van der Waals energy and the repulsive solvent-graphene interaction when
the surface energy of the solvent is of matched magnitude with that of the dispersed graphene.
Figure 3c shows the blasted and exfoliated dispersion of graphite prepared through ultrasonication
and mild centrifugation. An individual single-layer graphene from the solution is observed in the
transmission electron micrograph, where the selected electron diffraction area shows the characteristic
hexagonal rings. This method is very popular due to the simple intercalation, cavitation and exfoliation
procedure. The exfoliated graphite layers show high throughput during the production stage.
However, prolonged ultrasonication treatment can possibly damage the exfoliated graphene sheets
resulting in small size and nano-impurities. The thickness of the exfoliated graphite layers is on the
order of 10 nm to 100 nm where they lose the distinctive graphene electronic properties. To improve
the properties, microwave radiation and annealing have been used post-exfoliation in the removal of
the trapped solvent and air bubbles, significantly expanding the exfoliated graphite layer volume and
reducing the nanoscrolling effect. The use of graphene in liquid exfoliation serves as an important
benchmark in the development of cost-effective graphene-based transparent electrodes and sensors
with high surface area and electrocatalytic activity, optical limiters and mechanical reinforcements for
polymer-based composites [59].
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2.1.3. Epitaxial Growth on SiC

A different method starts with silicon carbide (SiC) heated up to 1250–1450 ◦C under ultrahigh
vacuum (UHV) as seen in Figure 3d. The silicon ions will then sublimate, leaving behind the
carbon atoms on the surface of SiC. Upon cooling under optimized conditions, the carbon atoms will
self-organize into a honeycomb structure. The epitaxial graphene (EG) on SiC can then be transferred
onto a desired substrate as free-standing graphene. For example, EG achieves the transfer by using
a thin gold layer and polyimide (PI) to peel-off from SiC to a SiO2/Si wafer. The resulting graphene
layer however, has high amounts of defects with very low mobility of 100 cm2/Vs [60]. This method
has difficulty in controlling the number of layers formed in the temperature control and the presence
of defects or disorder in the hexagonal structure. More importantly, the electronic properties of EG
have been characterized and indicate an opening of a band gap about 260 meV where the Fermi level
shifts to 400 meV [61,62]. The size of the band gap also depends on the graphene thickness. A number
of researchers have studied intensively the energy bandgap formation, growth mechanism, and the
symmetry breaking at the graphene-SiC interface [63,64]. There are two possible origins to describe
the gap opening phenomenon between the two bands. One is to hybridize the electronic states at the
Dirac points, which requires the translation symmetry to be broken [65]. The other one is to break the
equivalence between atomic sublattices in graphene, which does not require any translation symmetry
breaking [66,67]. The opening of the gap is believed to be due to the breaking of the symmetry between
the K and K’ points in the Brillouin zone by the graphene layer and the SiC substrate interaction.
The EG appeared on the surface of SiC substrate which has a quasiperiodic 6 × 6 domain pattern and
the atomic pattern of a 6

√
3× 6

√
3R30◦ periodicity [68]. The utilization of EG on SiC is promising for

making an electroanalytical platform in a wide range of biosensors which is comparable to carbon
nanotubes, boron-doped diamond, and glassy carbon. EG-based biosensors are demonstrated to
resolve all four nucleic acid bases and are able to distinguish dopamine, ascorbic acid, and uric acid at
physiological pH in which the electrochemical performances contribute to the presence of edge and
plane defects [69]. Although the cost of SiC wafer remains a limiting factor for industrial fabrication,
EG offers easy integration into existing electronic procedures and importantly, the energy band gap
enables an electronic off-state used in graphene transistors and sensor devices.

2.2. Functionalized Graphene

Chemical synthesis is a cost-effective top-down nanotechnique which utilizes oxidation and
reduction reactions to indirectly synthesize graphene. In fact, chemical synthesis was the first method
to yield a single layer hexagonal carbon structure, but the existence of a 2D layer has not been
reported. In 2004, the experimental breakthrough of graphene allowed exploration of the evidence
of its extraordinary properties. Since then, the chemical method has come back to be realized in
large throughput synthesis. Graphene can be facilitated via the process involving oxidation of fine
graphite to graphite oxide (GpO), which is then exfoliated and reduced (chemically or thermally) or
irradiated to RGO. Figure 4 shows the chemical synthesis process of graphene from raw graphite
material, where the degree of elemental ratios vary based on the different chemical reaction protocols.
This directly affects the stability of the chemically derived graphene and the immobilized interaction
with biomolecules. Several major methods and structural models are discussed in the next section.
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(3) The Hummers and Offeman method (1958) [30] was developed when it was realized that the 
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the release of highly corrosive vapor. The Hummers and Offeman method is a less hazardous 
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2.2.1. Chemical Synthesis of Graphite Oxide and Graphene Oxide

There are three original methods used to synthesize graphene, including:

(1) Brodie method (1859) [70], the GpO was prepared using Ceylon as a raw material resulting
in a purification to give 99.96% carbon. A boiled mixture of concentrated nitric and sulfuric
acids called carbonic acid was used as an oxidizing agent. As observed from elemental analysis,
the oxidized Ceylon graphite included C:O:H contents as 67.79:30.37:1.84 and the C-to-O ratio
was 2.23. Therefore, the material was termed graphic acid, and was the very first sample of
graphite oxide prepared experimentally.

(2) Staudenmaier method (1898) [71], this method is very similar to Brodie’s. The graphite oxide is
prepared in a mixture of concentrated sulfuric acid and fuming nitric acid. In addition, potassium
chlorate oxidizing agent is also added and reacted over 4 days. By rinsing in water and dispersing
in diluted hydrochloric acid, sulfonate ions were removed. Finally, the graphite oxide was dried
at 60 ◦C for 2 days. The graphite oxide prepared by this method was found to have an elemental
composition of C:O:H of 58.73:23.28:17.99. The C-to-O ratio was 2.52, which indicated the lowest
degree of oxidation;

(3) The Hummers and Offeman method (1958) [30] was developed when it was realized that the
usage of nitric acid requires a lot of time for oxidizing graphite, has the potential for explosion and
the release of highly corrosive vapor. The Hummers and Offeman method is a less hazardous way
to oxidize graphite. The oxidizing agent is a mixture of concentrated sulfuric acid, sodium nitrate
and potassium permanganate. The entire process needs 1–2 h to complete the reaction. As a
result, the graphitic oxide had a C-to-O ratio between 2.1–2.9. The color of the product in aqueous
solution is referred to the degree of oxidation. The product gives a bright yellow color for the
most oxidized graphite while the green to black color refers to poor graphitic oxidation having
too high C-to-O ratios. Currently, the Hummers and Offeman method is the most commonly
used and is commonly known as the Hummers method.

As a result of the oxidation of graphite there is an increase in the interlayer spacing. This means
that the separation between graphene interlayers is expanded by the intercalation of oxidized contents
or the polar liquids such as sodium hydroxide [72] as seen in solid-state 13C-NMR [73]. The interlayer
distance of 0.335 nm in pristine graphite increases to 0.562 nm after 1 h of oxidation and increases
further to 0.737 nm after 24 h of oxidation. It is suggested that the carboxyl and alkyl groups are
mostly at the edges of the GpO layers. By treatment via mechanical stirring or ultrasonication, the GpO
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can be exfoliated to GO easily with the same oxide contents. Moreover, the Hummers method can
be improved by making a small modification [74]. The amount of potassium permanganate was
doubled and the sodium nitrate was replaced by phosphoric acid in a proportion to sulfuric acid of
(1:9). The improved method leads to a large amount of hydrophilic GpO being made compared to
the original Hummers method. It highlights the fact that the oxidizing agents interact more with the
basal planes of graphite. A high quality of GpO would promote the electrical conductivity after it was
converted to graphene. Many findings make it possible to utilize GO and further composites [75,76].

Understanding of the GpO structure is needed in order to develop modifications which would
improve the mechanisms in any applications. Primarily, the GpO is composed of C, O and H atoms
where the C-to-O ratio for complete oxidation is in a range of 1.5–2.5 [31]. To model the GpO structure,
many research groups have debated and determined the precise structure using complex and advance
techniques. Seven proposed structures have been presented [77–80]. The first model was proposed by
Hofmann and Hoist in 1939 [81]. The basal plane of graphite consists of 1,2-epoxide (C-O-C) groups
across the sp2-hybridized carbon structure. The molecular structure is formulated as C2O. In 1947,
Ruess [82] proposed a second model made up of a sp3-hybridized carbon structure as the basal plane
whose surface is decorated with the hydroxyl (C-OH) groups. 1,3-Epoxides were placed at 1/4th
of the cyclohexanes. Scholz and Boehm [83] suggested their model in 1969 where the epoxide and
ether groups are absent in the carbon structure. They were replaced by ketone and hydroxyl groups
by using regular quinoidal bases. In 1988, Nakajima and Matsuo [84] proposed a structural model
which was similar to that of the 2-type graphite fluoride (C2F)n. The model showed hydroxylated
graphite intercalation along the c-axis. There were carbonyl (C=O) and hydroxyl (C-OH) groups
which were bonded to the basal carbon structure. The molecular formula was intermediate between
C8(OH)4 and C8O2 with C0 = 8.22 × 2 Å and C0 = 5.52 × 2 Å, respectively. The increase in the
dehydration was influential in decreasing the distance along the c-axis. This model was deduced
from the elemental analysis, X-ray diffraction and chemical reactivity studies. The most well-known
and widely used model is the one proposed by Lerf and Klinowski in 1996 [77,79]. Their model
was derived from the 13C and 1H magnetic-angle spinning nuclear magnetic resonance (NMR) data
of GpO. The evidence suggested aliphatic 6-membered rings containing hydroxyl (C-OH), epoxide
(C-O-C) and double-bonded carbon (>C=C<) which indicated a basal plane structure made up of
aromatic islands. The basal carbon structure was not only separated by the C-OH attachments leading
to wrapping, but the graphite oxide structure was reconfigured to be tetrahedral. This leads to
the strong interaction with water molecules. In this model, the 1,2 epoxide and hydroxyl groups
are at the basal plane while the carboxyl and hydroxyl groups are mostly at the edge of the plane.
Observations [85] supported the model of Lerf and Klinowski, where (1) the sp2 hybridized structure
is found as a core of the graphite oxide sheet; (2) holes, a kind of defect, are present in the structure;
(3) C-OH, 1,2-C-O-C groups are doped onto the structure; (4) the C=O groups are found along the
edge of the holes; and (5) the oxidized regions are randomly located and no superstructures are
formed. Another model was proposed by Dékány [86] as recently as 2006. X-ray photoemission
spectroscopy (XPS), diffused reflectance infrared Fourier transform spectroscopy (FTIR), electron
spin resonance (ESR), TEM, XRD and 13C-MAS NMR were used to reveal the structural details. The
Dékány model was built upon the Ruess and Scholz-Boehm models. The graphite oxide contained
trans-linked cyclohexyl chairs, having 1,3-epoxides and tertiary hydroxyls, and corrugated networks of
keto/quinoidal groups. In addition, phenolic groups were inserted into this model to explain the acidity
of graphite oxide. Two years later in 2008, Ruoff and colleagues [87] synthesized and determined
the structural characteristics of 13C-labelled graphite oxide. Using 13C-MAS NMR analysis, hydroxyl
and epoxide groups were found bonded to the carbon structure. Also, the carbonyl groups were
found mostly bonded to the edge of defects. The carbon structure had non-protonated functionality as
detected near 100 ppm. This was narrowed down to the possible structure of graphite detected by
NMR. In 2009, Gao and Ajayan [80] offered new insights into the graphite oxide structure. The Ajayan
model suggested that 5- and 6-membered-ring lactols at a level of 100 ppm were detected in the
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13C-MAS NMR signals. The functional groups on graphite oxide included the 115 (hydroxyl and
epoxide), the 3 (lactol, O-C-O), the 63 (sp2 hybridized carbon), the 10 (lactol:ester:acid carbonyl) and
9 (ketone carbonyl). Moreover, the GpO and GO are seen to have the acidic properties due to the
ketones at the edge of carbon plane in a presence of incompletely hydrolyzed covalent sulphates,
containing salts or esters of sulfuric acid. In contrast to that of usual acid properties, it originates from
the presence of carboxyl groups. In fact, the acidic functional groups, i.e., vinylogous acid, on GpO
and GO are originated gradually due to the interaction with water. This points out the instability of
the oxide functional groups in the presence of water, leading to constantly evolving GpO and GO
structures. Therefore the latest model has been proposed in terms of the dynamic-like structure.

2.2.2. Reduction of Graphene Oxide

The chemical synthesis brings the opportunity to produce graphene at a mass-scale level from
GpO or GO in solution. The GpO is usually exfoliated via mechanical stirring or ultrasonication.
Ultrasonication is an effective and fast exfoliation method, but it may break apart and tear off the GO
sheets into small fragments. In the chemical reduction procedure [88], the GO is dispersed in water
in a proportion of GO to water of 100 mg to 100 mL and then treated by hydrazine hydrate (N2H4)
at 1.0 mL (Mw 32.1 mmol). The reduction was carried out at 100 ◦C through a one-step refluxing
process overnight. After the reduction, the GO turns into a black solid and precipitates gradually.
The RGO is then repeatedly rinsed with water and ethanol and filtered, then air dried to get the solid
product. The exfoliated GpO or GO in water exhibits hydrophilic behavior due to the oxygen contents
as mentioned previously, but the RGO aggregates together due to the fact that the chemical linkages
inside the interlayers are removed, thus the RGO sheets become highly hydrophobic and shrink
together. More importantly, the structural characterization can be verified by Raman microscopy for
the first-order scattering of E2g mode (G) and the extensive oxidation in-plane sp2-domains. It should
be pointed out that not only the hydrazine hydrate is used in the reduction of GO, but the number
of reducing agents known to date has increased, as well. The reducing agents can be categorized for
creating good supports and for doping purposes. For instance, borohydrides, aluminium, hydride
and hydrohalic acid are reducing agents which are used for good-support purposes while hydrazine,
isopropanol, and L-ascorbic acid are used for doping purposes. The list of these reducing agents for
chemical reduction of graphite oxide is also discussed elsewhere [31].

Regarding the chemical reduction of GO, the advantages of this method are as follows: (1) the
technique is a cost-effective and simple process using cheap chemical solutions; (2) the method
provides a high yield of graphene dispersion scalable for industry; (3) the chemically-derived graphene
forms highly stable colloids; and (4) large-size graphene layers can be produced and this facilitates
macroscopic fabrication.

2.3. Graphene-Based Quantum Dots

This new material is called “carbon-based dots”. The discovery of carbon-based dots happened
accidentally during purification of single-walled carbon nanotubes (SWNTs) from arc-discharge soot.
The fluorescent carbon obtained had different color emissions under UV light when several sizes
and concentrations of chopped SWNT dispersions were irradiated. These carbon particles were
subsequently called carbon quantum dots (CQDs) [89]. For consistency, the word “dot” involving
“quantum” is distinguished from the spherical semiconductors. The dots are obtained due to the
size reduction of basal-plane carbon structures to a few nanometers approaching that of the dots
with quantum phenomena. More importantly, the new materials are less toxic and are compatible for
cellular internalization as verified by many groups [17,24,90–92].

Figure 5 shows the photoluminescent carbon-based dots categorized into GQD, CQD, and
CND as differentiated to the SQD [93]. Reed [94] has defined the term of the SQD of sizes in
the quantum-confined regime which is less than the Bohr exciton radius, typically within a few
nanometers. The fine SQDs display resonant tunneling with discrete density of states. As explained,
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the carbon-based dots are based on structures with sp2-sp3 hybridized domains of carbon materials
in which the structure of graphene exists as a core. Moreover, the term quantum dot is also reserved
for the carbon-based dots that satisfy the nanometer-size and functionalized structures with the
quantum confinement.
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graphene quantum dot (GQD), carbon quantum dot (CQD), carbon nanodot (CND), compared to the
quantum dots made of semiconductor (SQD).

The GQDs can be made up of a single atom of graphite layer or graphene chopped into fragments
in a range of 2–20 nm. The disk feature of GQDs is very tiny, analogous to the dot [24,95]. Upon either
stimulus by UV light or electrical energy, the excitons would be confined to the quantized energy levels
and release photoluminescent light in a narrow band. Interestingly, the major material precursors are
not only the infinite graphene sheet and the functionalized graphene, but some organic molecules
are also applicable. For the top-down methods the hydrothermal cutting produces several nanosized
sheets while the bottom-up methods use direct pyrolysis and carbonization of the organic precusors.

The nano- to micro-sized fragments of GO from hydrothermal cutting were passivated by placing
-C=O, -OH and -COOH groups on the surface [96]. Suvarnaphaet [24] achieved high quantum yield of
the GO-like structure from limeade and applied it for rapid sensing of heavy-metal ions, for bioimaging,
and it was tested for biocompatibility and found to be non-toxic to human kidney cells. Dong [97]
also found nano-sized GO−like structures synthesized from humic substances in the presence of
nitrogen-containing groups such as -NH2 and C=N on the surface of the carbon-based dots causing
an enhancement in quantum yield. Natural and artificial aromatic carbon substances have also been
investigated enabling a fine tuning of crucial optical properties, such as tunable photoluminescence.
These aromatic carbon substances can be employed as effective labeling molecules as recently reported,
for example, polycyclic aromatic hydrocarbon (PAH) [98], chloroform (CHCl3) and diethylamine
(DEA) [99], orange juice [100], potato [101], citric acid and linear-structured polyethyleneimine (LPEI)
polymer [102]. The multicolor emission spectra were due to the different sizes and nature of the surface
functional groups, i.e., C=O and C=N. To obtain controllable quantum effects the size can be reduced
down to a few nanometers, and the carbon core structure can be chemically modified. Thus the
as-prepared carbon-based dots always contain sp2- and sp3- hybridized structures leading them to be
modified by the oxygen/nitrogen functionalized groups and protein modification. The fluorescence
properties and their mechanism arises from the localization of electron-hole (e-h) pairs which form
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excitons analogous to conventional QDs. The conjugated π-domains in the carbon-core structure arising
from modifying surface chemistries and defects are also additionally promoted [93]. The strategies for
chemical synthesis are used to stabilized the products be a probe for specific applications in in vivo
bioimaging and biomarkers [24,90,95], to improved drug delivery [103–105], and to be integrated
for biosensors [21].

3. Engineering of Biosesnsor Devices Using Graphene-Based Materials and Current Progress

Previously, the structures and outstanding properties of graphene-based materials using different
synthesis methods have been exploited in biosensing applications since graphene is a semi-metal
with ultra-high charge mobility giving excellent electronic properties, having large surface area,
being capable of being functionalized on its surface. There are many possible approaches to engineer
the receptor for targeting biomolecules. In the biomedical field, pristine graphene is not only referred
to as an oxide-free graphene presenting π-π stacking, non-covalent interactions and high electrostatic
force, but it also offers an infinite surface at a molecular level. Therefore, graphene provides for a
high possibility of active sites for charge-biomolecular interactions due to the large specific surface
area leading to a sensing enhancement as well as supporting the desired functionalization to target
biomolecules to improve the selectivity. Figure 6 illustrates the points of view of the possible
interactions of the graphene-based material system. For example, the pure graphene area as shown
in the figure can provide a charged area to absorb any charged molecules or metal ions as well
as interactions at a vacancy defect. The functionalized graphene area is able to directly detect the
biomolecules by its own oxide components due to the synthesis in which lots of epoxide, hydroxyl and
carboxyl groups are formed on the edge and surface sites. In addition, the functionalized graphene
allows binding of heteroatoms, nanoparticles (NPS), quantum dots (QDs), DNA, enzymes, proteins,
antigens, antibodies, and other specific molecules [26,106,107].
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Figure 6. Schematic illustration of the graphene-based materials that can be immobilized with
biomolecules as the receptor.

In biomedical applications, graphene-based nanostructures have been recently reported with
highly sensitive and selective performance as biosensors as listed in Table 1.

Table 1. Current generation reports of graphene-based biosensors.

Technique Receptor System Target Biomolecules Limit of Detection References

FRET 1 Boron-doped GQDs 2/ATP 3 Ce3+ ions in MCF-7 4 cells
0.4 mM in

10 ± 5 cell/mL [21]

FRET MWCNTs@GONRs 5 dual tDNAs
(P35s 6 and TNOS 7)

0.35 nM for P35 s
0.5 nM for TNOS [22]
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Table 1. Cont.

Technique Receptor System Target Biomolecules Limit of Detection References

FRET GQD-PEG-aptamer/MoS2 EpCAM 8 450 pM [23]

GFET 9 Graphene/Tris-HCl Pb2+ <37.5 ng/L [49]

GFET Graphene/Anti-CEA 10 CEA protein <100 pg/mL [108]

GFET Graphene/DNA Pb2+ 163.7 ng/L [109]

GFET Graphene DNA 10 pM [50]

GO 11 FET GO/pentacene Artificial DNA 0.1 pM [110]

GpO 12 FET GpO/Cu or AgNPS Glucose 1 µM [111]

RGO 13 FET Urease/PEI 14/RGO Urea 1 µM [112]

RGO FET PtNPS BNP 15 0.1 pM [113]

GSPR 16 Biotin-SA 17/GO DNA - [114]

GLSPR 18 Ni/graphene 3-NT 19 0.13 pg/mL [115]

SPR RGO Rabbit IgG 20 0.3125 µg/L [116]

SPR Au/GO–COOH Anti-BSA 21 0.01 pg/mL [117]

SPR M. lysodeikticus/GO Lysozyme in serum 0.05 µg/mL [118]

SPR GO/(N-) PPLRINRHILTR(-C) 22 HCG 23 0.065 nM [119]

Fiber optic SPR Ag-MoS2-Graphene DNA 1 µM [120]

SPR Graphene–MoS2 ssDNA - [121]

ECHEM 24 AuNPS/GO MCF-7 0.0375 µg/mL [122]

ECHEM NH2-GS/Au@Pt/PDA-N-MWCNT 25 AFP 26 0.1 pg/mL [123]

ECHEM FAO 27/N-doped
graphene/AuNPS/FTO HbA1c 28 0.2 µg/mL [124]

ECHEM Pd-Au@carbon dots Colitoxin DNA in
human serum 1.82 × 10−17 M [125]

ECHEM Ni-MG-BDD 29 Glucose 0.24 µM [126]

ECHEM AQ-labeled acpcPNA 30 G-PANI HPV-DNA type 16 2.3 nM [127]

ECHEM GO-ssDNA/Au VEGF 32 0.05 ng/mL [128]

PLLA 31/GO-ssDNA/Au PSA 33 1 ng/mL

ECHEM MoS2-Graphene/L-cysteine PTH 34 1 pg/mL [129]

ECHEM MoS2/graphene ctDNA 35 0.0001 pM [130]

ECHEM AuNPS/MoS2/graphene/GCE 36 DNA 0.0022 pM [131]

ECHEM Calix[4]arene phosphoryl/graphene
electrode Carbofuran 1 µM [132]

ECHEM Anti human D-dimer antibody/lipid
film/graphene nanosheets D-dimer 1 µM [133]

Electron
transfer MoS2/GO Glucose in human serum 65 nM [134]

Notes: 1 FRET: fluorescence resonance energy transfer, 2 GQDs: graphene quantum dots, 3 ATP: adenosine
triphosphate, 4 MCF-7: Michigan Cancer Foundation-7 (breast cancer cells),5 GONRs: graphene oxide
nanoribbons, 6 P35s: promoter cauliflower mosaic virus 35 s, 7 TNOS: terminator nopaline synthase
(from transgenic soybean), 8 EpCAM: epithelial cell adhesion molecule, 9 GFET: graphene field effect transistor,
10 CEA: carcinoembryonic antigen, 11 GO: graphene oxide, 12 GpO: graphite oxide, 13 RGO: reduced graphene
oxide, 14 PEI: polyethylenimine, 15 BNP: brain natriuretic peptide (heart failure), 16 GSPR: graphene based
surface plasmon resonance, 17 Biotin-SA: biotin-streptavidin, 18 GLSPR: graphene localized surface plasmon
resonance, 19 3-NT: 3-nitro-L-tyrosine, 20 Rabbit immunoglobulin G, 21 BSA: bovine serum albumin protein,
22 (N-) PPLRINRHILTR(-C): (N-Pro-ProLeu-Arg-Ile-Asn-Arg-His-Ile-Leu-Thr-Arg-C), 23 HCG: human chorionic
gonadotropin protein, 24 ECHEM: electrochemistry, 25 PDA-N-MWCNT: poly-dopamine functionalized N-doped
multi-walled carbon nanotube, 26 AFP: Alpha fetoprotein, 27 FAO: fructosyl amino-acid oxidase, 28 HbA1c:
Glycatedhemoglobin, 29 Ni-MG-BDD: nickel-microcrystalline graphite-boron doped diamond, 30 acpcPNA:
anthraquinone-labeled pyrrolidinyl peptide nucleic acid, 31 VEGF : vascular endothelial growth factor, 32 PLLA:
poly-L-lactide, 33 PSA: prostate-specific antigen, 34 PTH: parathyroid hormone, 35 ctDNA: circulating tumor DNA,
36 GCE: carbon glassy electrode.
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3.1. Engineering of Pristine Graphene−Biomolecule- based Biosensors

In the graphene-based biosensors, graphene is able to enhance the sensitivity and LOD as well
as the performance of the biosensor device by improving the charge or electron transfer between
graphene and the biomolecules due to its extraordinary properties. For example, as seen in Figure 7,
a label-free and portable aptasensor utilizes pristine graphene as the electrode in a field-effect transistor
device [49]. The GFET biosensor is used to detect the Pb2+ ions in children’s blood, in which the blood
matrix is very complicated. The mechanism to distinguish Pb2+ ions from common ions in the blood,
including Na+, K+, Mg2+ and Ca2+ at lower 0.1 M/L, is intrinsically p-doping on the CVD graphene
and the surface engineering by G-quadruplex, Thrombin binding aptamer (TBA), and 8–17 DNAzyme.
The lowest concentration of GFET aptasensor is at 37.5 ng/L, which was approximately one thousandth
of the safety limit (100 µg/L) for Pb2+ in blood. A GFET construction shows a similar Pb2+ detecting
platform but using G-quadruplex as the receptor [109]. The mechanism is due to the electrostatic
potential change after the lead combines to the double layer of DNA/CVD graphene electrodes
leading to the shift in Dirac point in the band structure of graphene. For this device, the LOD is
only 163.7 ng/L for the first signal verification of DNA/GFET. Carcinoembryonic antigen (CEA) is a
protein that can be measured in the blood of a cancer patient. Recently, a label-free immunosensor
based on the antibody-modified graphene FET was reported [108]. The surface modification is applied
via a non-covalent functionalization and π-stacking using a pyrene and a reactive succinimide ester
group to interact with graphene. The GFET biosensor shows the specific monitoring of the CEA
protein in real-time with high sensitivity of <100 pg/mL. In the precise quantitative measurement
of DNA concentrations as well as binding affinities and kinetics of DNA hybridization, an array of
six CVD graphene-based FETs was fabricated in a single multiplexed sensor for DNA analysis [50].
The concentration of oligonucleotides can be measured as low as 10 pM in which the single-single-base
mutations can be analyzed in real time.
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Figure 7. Schematic illustrations of graphene-based biosensors: (a) Pb2+ in blood biosensor based on
GFET (reprinted with permission from [49]); (b) Pb2+ biosensor based on graphene/DNA (reprinted
with permission from [109]); (c) CEA protein biosensor based on graphene/anti-CEA (reprinted with
permission from [108]); (d) real-time binding kinetics and affinity of DNA hybridization based on
GFET (reprinted with permission from [50]); (e) paper-based biosensor for human papillomavirus
(HPV) detection (reprinted with permission from [127]); and (f) a lipid-based modified graphene
electrochemical biosensor (reprinted with permission from [135]).
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In the use of electrochemical properties of graphene material, a novel paper-based biosensor
for human papillomavirus (HPV) detection was reported [127]. The graphene-polyaniline (G-PANI)
electrode is modified using an anthraquinone-labeled pyrrolidinyl peptide nucleic acid (acpcPNA)
probe (AQ-PNA) and printed by inkjet printing method. In a presence of surface engineering of a
negatively charged amino acid on graphene electrode through the electrostatic attraction, a synthetic
14-base oligonucleotide target with a sequence corresponding to human papillomavirus (HPV) type
16 DNA is measured the electrochemical signal response of the AQ label to identify the primary stages
of cervical cancer.

On the development of electrochemical technology, graphene microelectrodes integrated
with bilayer lipid membranes (BLMs) have shown promising results in both static and stirred
experiments [135]. Moreover, due to the support made of lipid film, the biosensor achieves a good
reproducibility, reusability, high selectivity, rapid response times, long-shelf life, and high sensitivity.
This enables a direct potentiometric measurement. Nikolelis et al. have also reported the use of
the graphene microelectrodes in detecting toxicants, i.e., carbofuran in fruit [132], saxitoxin [136],
cholera toxin [137] and for diagnosis of D-dimers [133], urea [138] and cholesterol as seen in Figure 7f.

3.2. Engineering of Biomolecules-Functionalized Graphene Based Biosensors

Biosensors based on the subtype of graphene materials or functionalized graphene GO, RGO, and
GQD are widely used in medicine, biomedical, and bioimaging regimes. This is due to their extremely
large surface area and ability to interact with various types of molecules. In addition, the outstanding
properties of solubility, biocompatibility, and functionalization play an important role in sensing
mechanisms. Currently, as shown in Figure 8, the GO-based FET has simply demonstrated glucose
detection without an enzymatic glucose solution [111]. In this device, GO is used as the selective
material to glucose while the sensitivity of the sensor is enhanced down to 1 µM by adding CuNPS
and AgNPs. Interestingly, functionalized graphene oxide (GO) ink has been printed on a pentacene
FET for detecting artificial DNA and circulating tumor cells [110]. Upon capturing the DNA by its
phosphate group, the negative charge attracts holes at the grain-boundary of the pentacene layer
and induces the collision or scattering in the region of the pentacene layer. Therefore, the mobility
of the FET changes extremely achieving a high sensitivity of 0.1 pM and this could be improved for
mass-scale production of printed biosensors. In a platform for ultra-sensitive urea detection, the RGO
surface is decorated by the new construction of layer-by-layer assemblies of polyethylenimine (PEI)
and urease [112]. The RGO FET of urea detection can be analyzed as the change of pH in liquid gate,
by which shifting the Dirac point at the minimum voltage of <500 mV. The limit of urea detection is
down to 1 µM with very fast response and good long-term stability. In addition, the introduction the
Cu2+ improves the LOD down to 0.01 µM. In recent complex platforms, FET biosensors using RGO
combined with PtNPS and anti-BNP have been explored as a brain natriuretic peptide (BNP) detector
at the early stage level [113]. The BNP is a recognized biomarker and it is very important in heart
failure diagnosis and prognosis. The RGO FET achieves the lowest of detection at 100 fM in a human
whole blood sample.

Surface plasmon resonance (SPR) is a widely used technique to investigate biochemical reactions
in scientific research and medical diagnosis [139]. In particular, SPR provides label-free biosensing
and real-time monitoring of biomolecule interactions. However, for small molecules or at low
concentrations of the targets, the SPR signal is not sufficient to be analyzed. To improve the SPR
signal and biosensing performance, linking layers of GO have been introduced into the SPR sensor
system [114]. The sensor chip consists of gold sensor chips using PMMA as an intermediate membrane,
s monolayer of CVD graphene on top, and the biotin-SA conjugate, respectively. The SA molecules
allow the biosensor to select the immobilized biomolecules containing biotin. The linking layers of
GO in the system provides a number of binding sites for biomolecules due to the large surface area.
However, a GO thickness of more than 10 nm strongly limited the optical absorption leading to a
sensitivity reduction. Recently, there has been a demonstration showing the improvement and control
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of the plasmonic coupling mechanism in GO SPR-based immunoaffinity biosensors by adding carboxyl
groups [117]. The GO-COOH SPR chip can be improved four times over the SPR angle shift and
achieved the lowest antibody detection limit of 0.01 pg/mL. Other work has reported the reduction
of GO-based SPR fabricated by thermal reduction at high temperature, the so-called RGO SPR, with
a thickness of 8.1 nm [116]. The performance of the RGO SPR biosensor shows a response to rabbit
immunoglobulin G (rabbit IgG) with a LOD of 0.0625 µg/mL.

Currently, fluorescence biosensors based on the GQDs have gained much attention as an
alternative choice due to their ease of the synthesis, good stability, fast tissue internalization, and
biocompatibility. The fluorescence biosensor relies on the energy transfer between the electron donor
and acceptor which is powerful for drug delivery and biomolecular interactions at the nanoscale.
Fluorescence resonance energy transfer (FRET) is a mechanism to describe the energy transfer between
two fluorescent molecules, where one is a donor being in an excited state and ready to transfer to the
other one or an acceptor via a non-radiative dipole-dipole coupling [140].
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Figure 8. Schematic illustration of functionalized graphene-based biosensors: (a) a glucose detection
based on GO FET (reprinted with permission from [111]); (b) DNA detection based on printing
GO/pentacene FET (reprinted with permission from [110]); (c) urea platform biosensor based
on Urease/PEI/RGO FET (reprinted with permission from [112]); (d) Heart failure detection
based on Pt NPS/RGO FET (reprinted with permission from [113]); (e) Biotin-SA/GO SPR chip
(reprinted with permission from [114]); (f) BSA biosensor based on GO-COOH enhanced SPR
(reprinted with permission from [117]); (g) rabbit IgG detection based on RGO SPR (reprinted with
permission from [116]); and (h) FRET biosensor based on GQD-PEG aptamer/MoS2 (reprinted with
permission from [23]).

This simple technique has been reported in a novel FRET based on GQD-PEG aptamer/MoS2 for
the detection of epithelial cell adhesion molecule (EpCAM), which is a glycosylated membrane protein
expressed on the surface of circulating tumor cells (CTCs) [23]. In the mechanism, GQD is used as the
FRET donor that emits fluorescence at 466 nm under an excitation of 360 nm. MoS2 having a good
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quenching ability is the acceptor. When the PEG is conjugated onto GQD, the PEGylated/GQD exhibits
a stronger fluorescence emission because of the quantum confinement. Then the PEGylated/GQD is
conjugated with the aptamer via the van der Waals binding causing a proximity of GQD and MoS2

and quenching GQD. When the EpCAM protein with a strong binding affinity is introduced, the GQD
could label on EpCAM aptamer and restores its fluorescence. Therefore, the EpCAM target protein can
be monitored by the fluorescence emission.

4. Conclusions

In this review, we discuss our points of view on the intrinsic properties of graphene and its surface
functionalization concerned with the transduction mechanisms in biomedical applications. We also
explain several well-known techniques used for the synthesis of graphene-based materials and their
properties. A variety of graphene-based materials have been made consisting of pristine graphene
and the functionalization of graphene oxide, reduced graphene oxide and graphene quantum dot.
The mechanisms are discussed with respect to the most recent biosensing devices for drug delivery,
biosensors, healthcare sensors, bioimaging, and other novel techniques.

Graphene is one of the most well-known 2D materials. The major characteristic and properties
of graphene are outstanding, i.e., zero-bandgap semiconductor, linear-like at the Dirac point,
relativistic-like charge velocity, ultra-high charge mobility, transparency, large surface area, non-toxicity,
having proximity induced ability, high tensile strength and high thermal conductivity, etc. However, to
maintain those properties, graphene has to be perfectly proper. Alternative techniques by chemical
synthesis that serve for ambient circumstances are also presented. In the synthetic procedures,
the graphite is modified and functionalized by various oxygen-containing groups. In addition,
the functionalized graphene is always contaminated by impurities, defects, and disorder. Hence, the
structure of graphene would be importantly changed, especially the electronic properties will
be distorted. On the other hand, the presence of the oxygen-containing groups and the ability
to functionalize onto the graphene-based structure are important in the electrochemistry of the
biosensing applications such as for labeling biomolecule recognition, for enhancing the sensing
signal, for increasing the number of active sites and active area, and for probing biomolecules in an
imaging application. A novel variety of the graphene-based biosensors is presented in the last section.
The engineering of biosensing platforms, the mechanisms and techniques are discussed. Many new
approaches are discussed in detail in this review.

Since graphene material has been very well established, other 2D materials have now been
explored. This opens up a wide range of possibilities and plays a crucial role in sensor and biosensor
applications utilizing the largest surface area. In the upcoming future, these 2D novel materials will
be further developed and tailored for specificity of bioreceptors. These materials can be employed
and integrated in different sensor and biosensor platforms giving an ultra-high sensitivity and may
provide a solution to some challenges, such as early stage cancer detection.
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Abbreviations

The following abbreviations are used in this manuscript:

GO Graphene oxide
GpO Graphite oxide
RGO Reduced graphene oxide
GQD Graphene quantum dot
SWNT Single-walled carbon nanotubes
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2D Two-dimensional
LOD Limit of detection
HOPG Highly oriented pyrolytic graphite
FET Field-effect transistor
GFET Graphene field-effect transistor
CVD Chemical vapor deposition
SiC Silicon carbide
NMP N-Methylpyrrolidone
DMA N,N-Dimethylacetamide
GBL alpha-butyrolactone
DMEU 1,3-Dimethyl-2-imidazolidinone
UHV Ultrahigh vacuum
EG Epitaxial graphene
FTIR Fourier transform spectroscopy
ESR Electron spin resonance
XPS X-ray photoemission spectroscopy
SQD Semiconductor quantum dot
GQDs Graphene quantum dots
ATP Adenosine triphosphate
MCF-7 Michigan Cancer Foundation-7
GONRs Graphene oxide nanoribbons
P35s Promoter cauliflower mosaic virus 35 s
TNOS Terminator nopaline synthase
EpCAM Epithelial cell adhesion molecule
GFET Graphene field effect transistor
CEA Carcinoembryonic antigen
PEI Polyethylenimine
BNP Brain natriuretic peptide
GSPR Graphene based surface plasmon resonance
Biotin-SA Biotin-streptavidin
GLSPR Graphene localized surface plasmon resonance
3-NT 3-Nitro-L-tyrosine
Rabbit IgG Rabbit immunoglobulin G
BSA bovine serum albumin protein
(N-)PPLRINRHILTR(-C) (N-Pro-ProLeu-Arg-Ile-Asn-Arg-His-Ile-Leu-Thr-Arg-C)
HCG Human chorionic gonadotropin protein
ECHEM Electrochemistry
PDA-N-MWCNT Polydopamine functionalized N-doped multi-walled carbon nanotube
AFP Alpha fetoprotein
FAO Fructosyl amino-acid oxidase
HbA1c Glycated hemoglobin
Ni-MG-BDD Nickel-microcrystalline graphite-boron doped diamond
acpcPNA Anthraquinone-labeled pyrrolidinyl peptide nucleic acid
VEGF Vascular endothelial growth factor
PLLANPs Poly-L-lactide nanoparticles
PSA Prostate-specific antigen
PTH Parathyroid hormone
ctDNA Circulating tumor DNA
GCE Carbon glassy electrode
TBA Thrombin binding aptamer

References

1. Touhami, A. Biosensors and Nanobiosensors Design and Applications. In Nanomedicine; One Central
Press (OCP): Cheshire, UK, 2014; pp. 374–403.

2. Turner, A.P. Biosensors: Sense and sensibility. Chem. Soc. Rev. 2013, 42, 3184–3196. [CrossRef] [PubMed]
3. Leland, C.C., Jr.; Champ, L. Electrode systems for continuous monitoring in cardiovascular surgery. Ann. N.

Y. Acad. Sci. 1962, 102, 29–45.
4. Esteves-Villanueva, J.O.; Trzeciakiewicz, H.; Martic, S. A protein-based electrochemical biosensor for

detection of tau protein, a neurodegenerative disease biomarker. Analyst 2014, 139, 2823–2831. [CrossRef]
[PubMed]

http://dx.doi.org/10.1039/c3cs35528d
http://www.ncbi.nlm.nih.gov/pubmed/23420144
http://dx.doi.org/10.1039/C4AN00204K
http://www.ncbi.nlm.nih.gov/pubmed/24740472


Sensors 2017, 17, 2161 18 of 24

5. Sin, M.L.Y.; Mach, K.E.; Wong, P.K.; Liao, J.C. Advances and challenges in biosensor-based diagnosis of
infectious diseases. Expert Rev. Mol. Diagn. 2014, 14, 225–244. [CrossRef] [PubMed]

6. Song, H.S.; Kwon, O.S.; Kim, J.H.; Conde, J.; Artzi, N. 3D hydrogel scaffold doped with 2D graphene
materials for biosensors and bioelectronics. Biosens. Bioelectron. 2017, 89, 187–200. [CrossRef] [PubMed]

7. Syahir, A.; Usui, K.; Tomizaki, K.Y.; Kajikawa, K.; Mihara, H. Label and Label-Free Detection Techniques for
Protein Microarrays. Microarrays 2015, 4, 228–244. [CrossRef] [PubMed]

8. Kim, J.; Kim, M.; Lee, M.S.; Kim, K.; Ji, S.; Kim, Y.T.; Park, J.; Na, K.; Bae, K.H.; Kyun Kim, H.; et al. Wearable
smart sensor systems integrated on soft contact lenses for wireless ocular diagnostics. Nat. Commun. 2017,
8, 14997. [CrossRef] [PubMed]

9. Shan, C.; Yang, H.; Song, J.; Han, D.; Ivaska, A.; Niu, L. Direct Electrochemistry of Glucose Oxidase and
Biosensing for Glucose Based on Graphene. Anal. Chem. 2009, 81, 2378–2382. [CrossRef] [PubMed]

10. Joseph, W. Glucose Biosensors 40 Years of Advances. Electroanalysis 2000, 13, 983–988.
11. Lee, H.; Choi, T.K.; Lee, Y.B.; Cho, H.R.; Ghaffari, R.; Wang, L.; Choi, H.J.; Chung, T.D.; Lu, N.; Hyeon, T.; et al.

A graphene-based electrochemical device with thermoresponsive microneedles for diabetes monitoring and
therapy. Nat. Nano 2016, 11, 566–572. [CrossRef] [PubMed]

12. Ngoepe, M.; Choonara, Y.E.; Tyagi, C.; Tomar, L.K.; du Toit, L.C.; Kumar, P.; Ndesendo, V.M.; Pillay, V.
Integration of biosensors and drug delivery technologies for early detection and chronic management
of illness. Sensors 2013, 13, 7680–7713. [CrossRef] [PubMed]

13. Guigen, Z. Nanotechnology-Based Biosensors in Drug Delivery. In Nanotechnology in Drug Delivery;
Springer: New York, NY, USA, 2009.

14. Vigneshvar, S.; Sudhakumari, C.C.; Senthilkumaran, B.; Prakash, H. Recent Advances in Biosensor
Technology for Potential Applications—An Overview. Front. Bioeng. Biotechnol. 2016, 4, 11. [CrossRef]
[PubMed]

15. Alocilja, E.C.; Radke, S.M. Market analysis of biosensors for food safety. Biosens. Bioelectron. 2003, 18, 841–846.
[CrossRef]

16. Hernaez, M.; Zamarreño, C.; Melendi-Espina, S.; Bird, L.; Mayes, A.; Arregui, F. Optical Fibre Sensors Using
Graphene-Based Materials: A Review. Sensors 2017, 17, 155. [CrossRef] [PubMed]

17. Feng, L.Y.; Zhao, A.D.; Ren, J.S.; Qu, X.G. Lighting up left-handed z-DNA: Photoluminescent carbon dots
induce DNA B to Z transition and perform DNA logic operations. Nucleic Acids Res. 2013, 41, 7987–7996.
[CrossRef] [PubMed]

18. Wang, W.; Cheng, L.; Liu, W. Biological applications of carbon dots. Sci. China Chem. 2014, 57, 522–539.
[CrossRef]

19. Vilela, P.; El-Sagheer, A.; Millar, T.M.; Brown, T.; Muskens, O.L.; Kanaras, A.G. Graphene Oxide-Upconversion
Nanoparticle Based Optical Sensors for Targeted Detection of mRNA Biomarkers Present in Alzheimer’s
Disease and Prostate Cancer. ACS Sens. 2016, 2, 52–56. [CrossRef] [PubMed]

20. Wang, B.; Akiba, U.; Anzai, J.-I. Recent Progress in Nanomaterial-Based Electrochemical Biosensors for
Cancer Biomarkers: A Review. Molecules 2017, 22, 1048. [CrossRef] [PubMed]

21. Chen, L.; Yang, G.; Wu, P.; Cai, C. Real-time fluorescence assay of alkaline phosphatase in living cells using
boron-doped graphene quantum dots as fluorophores. Biosens. Bioelectron. 2017, 96, 294–299. [CrossRef]
[PubMed]

22. Li, Y.; Sun, L.; Qian, J.; Long, L.; Li, H.; Liu, Q.; Cai, J.; Wang, K. Fluorescent “on-off-on” switching sensor
based on CdTe quantum dots coupled with multiwalled carbon nanotubes@graphene oxide nanoribbons for
simultaneous monitoring of dual foreign DNAs in transgenic soybean. Biosens. Bioelectron. 2017, 92, 26–32.
[CrossRef] [PubMed]

23. Shi, J.; Lyu, J.; Tian, F.; Yang, M. A fluorescence turn-on biosensor based on graphene quantum dots (GQDs)
and molybdenum disulfide (MoS2) nanosheets for epithelial cell adhesion molecule (EpCAM) detection.
Biosens. Bioelectron. 2017, 93, 182–188. [CrossRef] [PubMed]

24. Suvarnaphaet, P.; Tiwary, C.S.; Wetcharungsri, J.; Porntheeraphat, S.; Hoonsawat, R.; Ajayan, P.M.; Tang, I.M.;
Asanithi, P. Blue photoluminescent carbon nanodots from limeade. Mater. Sci. Eng. C 2016, 69, 914–921.
[CrossRef] [PubMed]

25. Chen, C.L.; Mahjoubfar, A.; Tai, L.C.; Blaby, I.K.; Huang, A.; Niazi, K.R.; Jalali, B. Deep Learning in Label-free
Cell Classification. Sci. Rep. 2016, 6, 21471. [CrossRef] [PubMed]

http://dx.doi.org/10.1586/14737159.2014.888313
http://www.ncbi.nlm.nih.gov/pubmed/24524681
http://dx.doi.org/10.1016/j.bios.2016.03.045
http://www.ncbi.nlm.nih.gov/pubmed/27020065
http://dx.doi.org/10.3390/microarrays4020228
http://www.ncbi.nlm.nih.gov/pubmed/27600222
http://dx.doi.org/10.1038/ncomms14997
http://www.ncbi.nlm.nih.gov/pubmed/28447604
http://dx.doi.org/10.1021/ac802193c
http://www.ncbi.nlm.nih.gov/pubmed/19227979
http://dx.doi.org/10.1038/nnano.2016.38
http://www.ncbi.nlm.nih.gov/pubmed/26999482
http://dx.doi.org/10.3390/s130607680
http://www.ncbi.nlm.nih.gov/pubmed/23771157
http://dx.doi.org/10.3389/fbioe.2016.00011
http://www.ncbi.nlm.nih.gov/pubmed/26909346
http://dx.doi.org/10.1016/S0956-5663(03)00009-5
http://dx.doi.org/10.3390/s17010155
http://www.ncbi.nlm.nih.gov/pubmed/28098825
http://dx.doi.org/10.1093/nar/gkt575
http://www.ncbi.nlm.nih.gov/pubmed/23814186
http://dx.doi.org/10.1007/s11426-014-5064-4
http://dx.doi.org/10.1021/acssensors.6b00651
http://www.ncbi.nlm.nih.gov/pubmed/28722438
http://dx.doi.org/10.3390/molecules22071048
http://www.ncbi.nlm.nih.gov/pubmed/28672780
http://dx.doi.org/10.1016/j.bios.2017.05.022
http://www.ncbi.nlm.nih.gov/pubmed/28511112
http://dx.doi.org/10.1016/j.bios.2017.01.057
http://www.ncbi.nlm.nih.gov/pubmed/28182975
http://dx.doi.org/10.1016/j.bios.2016.09.012
http://www.ncbi.nlm.nih.gov/pubmed/27614683
http://dx.doi.org/10.1016/j.msec.2016.07.075
http://www.ncbi.nlm.nih.gov/pubmed/27612786
http://dx.doi.org/10.1038/srep21471
http://www.ncbi.nlm.nih.gov/pubmed/26975219


Sensors 2017, 17, 2161 19 of 24

26. Li, D.; Zhang, W.; Yu, X.; Wang, Z.; Su, Z.; Wei, G. When biomolecules meet graphene: From molecular level
interactions to material design and applications. Nanoscale 2016, 8, 19491–19509. [CrossRef] [PubMed]

27. Bianco, A.; Cheng, H.-M.; Enoki, T.; Gogotsi, Y.; Hurt, R.H.; Koratkar, N.; Kyotani, T.; Monthioux, M.;
Park, C.R.; Tascon, J.M.D.; et al. All in the graphene family—A recommended nomenclature for
two-dimensional carbon materials. Carbon 2013, 65, 1–6. [CrossRef]

28. Meryl, D.S.; Sungjin, P.; Yanwu, Z.; Jinho, A.; Rodney, S.R. Graphene-Based Ultracapacitors. Nano Lett. 2008,
8, 3498–3502.

29. Kim, J.; Ishihara, M.; Koga, Y.; Tsugawa, K.; Hasegawa, M.; Iijima, S. Low-temperature synthesis of large-area
graphene-based transparent conductive films using surface wave plasma chemical vapor deposition.
Appl. Phys. Lett. 2011, 98, 091502. [CrossRef]

30. Williams, H.J.; Richarde, O. Preparation of Graphitic Oxide. J. Am. Chem. Soc. 1958, 80, 1339.
31. Chua, C.K.; Pumera, M. Chemical reduction of graphene oxide: A synthetic chemistry viewpoint.

Chem. Soc. Rev. 2014, 43, 291–312. [CrossRef] [PubMed]
32. Justino, C.I.L.; Gomes, A.R.; Freitas, A.C.; Duarte, A.C.; Rocha-Santos, T.A.P. Graphene based sensors and

biosensors. TrAC Trends Anal. Chem. 2017, 91, 53–66. [CrossRef]
33. Carbone, M.; Gorton, L.; Antiochia, R. An Overview of the Latest Graphene-Based Sensors for Glucose

Detection: The Effects of Graphene Defects. Electroanalysis 2015, 27, 16–31. [CrossRef]
34. Bitounis, D.; Ali-Boucetta, H.; Hong, B.H.; Min, D.H.; Kostarelos, K. Prospects and challenges of graphene in

biomedical applications. Adv. Mater. 2013, 25, 2258–2268. [CrossRef] [PubMed]
35. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A.

Electric field effect in atomically thin carbon films. Science 2004, 306, 666–669. [CrossRef] [PubMed]
36. Bolotin, K.I.; Sikes, K.J.; Jiang, Z.; Klimac, M.; Fudenberg, G.; Honec, J.; Kim, P. Ultrahigh electron mobility in

suspended graphene. Solid State Commun. 2008, 146, 351–355. [CrossRef]
37. Li, X.; Wang, X.; Zhang, L.; Lee, S.; Dai, H. Chemically derived, ultrasmooth graphene nanoribbon

semiconductors. Science 2008, 319, 1229–1232. [CrossRef] [PubMed]
38. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Katsnelson, M.I.; Grigorieva, I.V.; Dubonos, S.V.;

Firsov, A.A. Two-dimensional gas of massless Dirac fermions in graphene. Nature 2005, 438, 197–200.
[CrossRef] [PubMed]

39. Peres, N.M.R. Colloquium: The transport properties of graphene: An introduction. Rev. Mod. Phys. 2010, 82,
2673–2700. [CrossRef]

40. Kim, K.S.; Zhao, Y.; Jang, H.; Lee, S.Y.; Kim, J.M.; Kim, K.S.; Ahn, J.H.; Kim, P.; Choi, J.Y.; Hong, B.H.
Large-scale pattern growth of graphene films for stretchable transparent electrodes. Nature 2009, 457,
706–710. [CrossRef] [PubMed]

41. Mustafa, L.; Yenny, H.; Paul, J.K.; Ronan, J.S.; Valeria, N.; Lisa, S.K.; Fiona, M.B.; Sukanta, D.; Zhiming, W.;
McGovern, I.T.; et al. Liquid Phase Production of Graphene by Exfoliation of Graphite in Surfactant/Water
Solutions. J. Am. Chem. Soc. 2009, 131, 3611–3620.

42. Mishra, N.; Boeckl, J.; Motta, N.; Iacopi, F. Graphene growth on silicon carbide: A review. Phys. Status
Solidi A 2016, 213, 2277–2289. [CrossRef]

43. Wu, Y.; Zou, X.; Sun, M.; Cao, Z.; Wang, X.; Huo, S.; Zhou, J.; Yang, Y.; Yu, X.; Kong, Y.; et al. 200 GHz
Maximum Oscillation Frequency in CVD Graphene Radio Frequency Transistors. ACS Appl. Mater. Interfaces
2016, 8, 25645–25649. [CrossRef] [PubMed]

44. Dong, X.; Shi, Y.; Huang, W.; Chen, P.; Li, L.J. Electrical detection of DNA hybridization with single-base
specificity using transistors based on CVD-grown graphene sheets. Adv. Mater. 2010, 22, 1649–1653.
[CrossRef] [PubMed]

45. Toshiyuki, K.; Masashi, B.; Nozomi, K.; Keisuke, S.; Koji, K.; Nobuhiko, U.; Kazuhiko, M.; Shinji, H.; Sae, N.;
Yukiko, M.; et al. Production of a 100-m-long high-quality graphene transparent conductive filmby roll-to-roll
chemical vapor deposition. Appl. Phys. Lett. 2013, 102, 023112.

46. Lewis, G.D.A.; Yi, Z.; Cody, W.S.; Koungmin, R.; Mark, E.T.; Chongwu, Z. Continuous, Highly Flexible, and
Transparent Graphene Films by Chemical Vapor Deposition for Organic Photovoltaics. ACS Nano 2010, 4,
2865–2873.

47. Schriver, M.; Regan, W.; Gannett, W.J.; Zaniewski, A.M.; Crommie, M.F.; Zettl, A. Graphene as a Long-Term
Metal Oxidation Barrier: Worse Than Nothing. ACS Nano 2013, 7, 5763–5768. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C6NR07249F
http://www.ncbi.nlm.nih.gov/pubmed/27878179
http://dx.doi.org/10.1016/j.carbon.2013.08.038
http://dx.doi.org/10.1063/1.3561747
http://dx.doi.org/10.1039/C3CS60303B
http://www.ncbi.nlm.nih.gov/pubmed/24121318
http://dx.doi.org/10.1016/j.trac.2017.04.003
http://dx.doi.org/10.1002/elan.201400409
http://dx.doi.org/10.1002/adma.201203700
http://www.ncbi.nlm.nih.gov/pubmed/23494834
http://dx.doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://dx.doi.org/10.1016/j.ssc.2008.02.024
http://dx.doi.org/10.1126/science.1150878
http://www.ncbi.nlm.nih.gov/pubmed/18218865
http://dx.doi.org/10.1038/nature04233
http://www.ncbi.nlm.nih.gov/pubmed/16281030
http://dx.doi.org/10.1103/RevModPhys.82.2673
http://dx.doi.org/10.1038/nature07719
http://www.ncbi.nlm.nih.gov/pubmed/19145232
http://dx.doi.org/10.1002/pssa.201600091
http://dx.doi.org/10.1021/acsami.6b05791
http://www.ncbi.nlm.nih.gov/pubmed/27640732
http://dx.doi.org/10.1002/adma.200903645
http://www.ncbi.nlm.nih.gov/pubmed/20496398
http://dx.doi.org/10.1021/nn4014356
http://www.ncbi.nlm.nih.gov/pubmed/23755733


Sensors 2017, 17, 2161 20 of 24

48. Prasai, D.; Tuberquia, J.C.; Harl, R.R.; Jennings, G.K.; Bolotin, K.I. Graphene: Corrosion-Inhibiting Coating.
ACS Nano 2012, 6, 1102–1108. [CrossRef] [PubMed]

49. Wang, C.; Cui, X.; Li, Y.; Li, H.; Huang, L.; Bi, J.; Luo, J.; Ma, L.Q.; Zhou, W.; Cao, Y.; et al. A label-free and
portable graphene FET aptasensor for children blood lead detection. Sci. Rep. 2016, 6, 21711. [CrossRef]
[PubMed]

50. Xu, S.; Zhan, J.; Man, B.; Jiang, S.; Yue, W.; Gao, S.; Guo, C.; Liu, H.; Li, Z.; Wang, J.; et al. Real-time
reliable determination of binding kinetics of DNA hybridization using a multi-channel graphene biosensor.
Nat. Commun. 2017, 8, 14902. [CrossRef] [PubMed]

51. Eda, G.; Fanchini, G.; Chhowalla, M. Large-area ultrathin films of reduced graphene oxide as a transparent
and flexible electronic material. Nat. Nanotechnol. 2008, 3, 270–274. [CrossRef] [PubMed]

52. Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, J.S.; Zheng, Y.; Balakrishnan, J.; Lei, T.; Kim, H.R.; Song, Y.I.; et al.
Roll-to-roll production of 30-inch graphene films for transparent electrodes. Nat. Nanotechnol. 2010, 5,
574–578. [CrossRef] [PubMed]

53. Alfonso, R.; Xiaoting, J.; John, H.; Daniel, N.; Hyungbin, S.; Vladimir, B.; Mildred, S.D.; Jing, K. Large Area,
Few-Layer Graphene Films on Arbitrary Substrates by Chemical Vapor Deposition. Nano Lett. 2009, 9, 30–35.

54. Gutes, A.; Carraro, C.; Maboudian, R. Single-layer CVD-grown graphene decorated with metal nanoparticles
as a promising biosensing platform. Biosens. Bioelectron. 2012, 33, 56–59. [CrossRef] [PubMed]

55. Huang, Y.; Dong, X.; Shi, Y.; Li, C.M.; Li, L.-J.; Chen, P. Nanoelectronic biosensors based on CVD grown
graphene. Nanoscale 2010, 2, 1485–1488. [CrossRef] [PubMed]

56. Bourlinos, A.B.; Georgakilas, V.; Zboril, R.; Steriotis, T.A.; Stubos, A.K. Liquid-phase exfoliation of graphite
towards solubilized graphenes. Small 2009, 5, 1841–1845. [CrossRef] [PubMed]

57. Keeley, G.P.; O’Neill, A.; McEvoy, N.; Peltekis, N.; Coleman, J.N.; Duesberg, G.S. Electrochemical ascorbic
acid sensor based on DMF-exfoliated graphene. J. Mater. Chem. 2010, 20, 7864–7869. [CrossRef]

58. Hernandez, Y.; Nicolosi, V.; Lotya, M.; Blighe, F.M.; Sun, Z.; De, S.; McGovern, I.T.; Holland, B.;
Byrne, M.; Gun’Ko, Y.K.; et al. High-yield production of graphene by liquid-phase exfoliation of graphite.
Nat. Nanotechnol. 2008, 3, 563–568. [CrossRef] [PubMed]

59. Coleman, J.N. Liquid Exfoliation of Defect-Free Graphene. Acc. Chem. Res. 2013, 46, 14–22. [CrossRef]
[PubMed]

60. Unarunotai, S.; Murata, Y.; Chialvo, C.E.; Kim, H.-S.; MacLaren, S.; Mason, N.; Petrov, I.; Rogers, J.A.
Transfer of graphene layers grown on SiC wafers to other substrates and their integration into field effect
transistors. Appl. Phys. Lett. 2009, 95, 202101. [CrossRef]

61. Zhou, S.Y.; Gweon, G.H.; Fedorov, A.V.; First, P.N.; de Heer, W.A.; Lee, D.H.; Guinea, F.; Castro Neto, A.H.;
Lanzara, A. Substrate-induced bandgap opening in epitaxial graphene. Nat. Mater. 2007, 6, 770–775.
[CrossRef] [PubMed]

62. Forbeaux, I.; Themlin, J.M.; Debever, J.M. Heteroepitaxial graphite on 6 H-SiC (0001): Interface formation
through conduction-band electronic structure. Phys. Rev. B 1998, 58, 16396–16406. [CrossRef]

63. Zhou, S.Y.; Siegel, D.A.; Fedorov, A.V.; Gabaly, F.E.; Schmid, A.K.; Neto, A.H.C.; Lee, D.H.; Lanzara, A.
Origin of the energy bandgap in epitaxial graphene. Nat. Mater. 2008, 7, 259–260. [CrossRef]

64. Hass, J.; Heer, W.A.D.; Conrad, E.H. The growth and morphology of epitaxial multilayer graphene. J. Phys.
Condens. Matter 2008, 20, 323202. [CrossRef]

65. Mañes, J.L.; Guinea, F.; Vozmediano, M.A.H. Existence and topological stability of Fermi points in
multilayered graphene. Phys. Rev. B 2007, 75, 155424. [CrossRef]

66. Nakada, K.; Fujita, M.; Dresselhaus, G.; Dresselhaus, M.S. Edge state in graphene ribbons: Nanometer size
effect and edge shape dependence. Phys. Rev. B 1996, 54, 17954–17961. [CrossRef]

67. Brey, L.; Fertig, H.A. Electronic states of graphene nanoribbons studied with the Dirac equation. Phys. Rev. B
2006, 73, 235411. [CrossRef]

68. Kim, S.; Ihm, J.; Choi, H.J.; Son, Y.-W. Origin of Anomalous Electronic Structures of Epitaxial Graphene on
Silicon Carbide. Phys. Rev. Lett. 2008, 100, 176802. [CrossRef] [PubMed]

69. Lim, C.X.; Hoh, H.Y.; Ang, P.K.; Loh, K.P. Direct Voltammetric Detection of DNA and pH Sensing on Epitaxial
Graphene: An Insight into the Role of Oxygenated Defects. Anal. Chem. 2010, 82, 7387–7393. [CrossRef]
[PubMed]

70. Brodie, B.C. On the atomic weight of graphite. Philos. Trans. R. Soc. Lond. 1859, 149, 249–259. [CrossRef]

http://dx.doi.org/10.1021/nn203507y
http://www.ncbi.nlm.nih.gov/pubmed/22299572
http://dx.doi.org/10.1038/srep21711
http://www.ncbi.nlm.nih.gov/pubmed/26906251
http://dx.doi.org/10.1038/ncomms14902
http://www.ncbi.nlm.nih.gov/pubmed/28322227
http://dx.doi.org/10.1038/nnano.2008.83
http://www.ncbi.nlm.nih.gov/pubmed/18654522
http://dx.doi.org/10.1038/nnano.2010.132
http://www.ncbi.nlm.nih.gov/pubmed/20562870
http://dx.doi.org/10.1016/j.bios.2011.12.018
http://www.ncbi.nlm.nih.gov/pubmed/22240266
http://dx.doi.org/10.1039/c0nr00142b
http://www.ncbi.nlm.nih.gov/pubmed/20820739
http://dx.doi.org/10.1002/smll.200900242
http://www.ncbi.nlm.nih.gov/pubmed/19408256
http://dx.doi.org/10.1039/c0jm01527j
http://dx.doi.org/10.1038/nnano.2008.215
http://www.ncbi.nlm.nih.gov/pubmed/18772919
http://dx.doi.org/10.1021/ar300009f
http://www.ncbi.nlm.nih.gov/pubmed/22433117
http://dx.doi.org/10.1063/1.3263942
http://dx.doi.org/10.1038/nmat2003
http://www.ncbi.nlm.nih.gov/pubmed/17828279
http://dx.doi.org/10.1103/PhysRevB.58.16396
http://dx.doi.org/10.1038/nmat2154b
http://dx.doi.org/10.1088/0953-8984/20/32/323202
http://dx.doi.org/10.1103/PhysRevB.75.155424
http://dx.doi.org/10.1103/PhysRevB.54.17954
http://dx.doi.org/10.1103/PhysRevB.73.235411
http://dx.doi.org/10.1103/PhysRevLett.100.176802
http://www.ncbi.nlm.nih.gov/pubmed/18518318
http://dx.doi.org/10.1021/ac101519v
http://www.ncbi.nlm.nih.gov/pubmed/20712323
http://dx.doi.org/10.1098/rstl.1859.0013


Sensors 2017, 17, 2161 21 of 24

71. Staudenmaier, L. Verfahren zur darstellung der graphitsäure. Ber. Deutsch. Chem. Ges. 1898, 31, 1481–1487.
[CrossRef]

72. Boehm, H.P.; Clauss, A.; Fischer, G.O.; Hofmann, U. The adsorption behavior of very thin carbon films. Z.
Anorg. Allg. Chem. 1962, 316, 119–127. [CrossRef]

73. Jeong, H.-K.; Lee, Y.P.; Lahaye, R.J.W.E.; Park, M.-H.; An, K.H.; Kim, I.J.; Yang, C.-W.; Park, C.Y.; Ruoff, R.S.;
Lee, Y.H. Evidence of Graphitic AB Stacking Order of Graphite Oxides. J. Am. Chem. Soc. 2008, 130,
1362–1366. [CrossRef] [PubMed]

74. Marcano, D.C.; Kosynkin, D.V.; Berlin, J.M.; Sinitskii, A.; Sun, Z.; Slesarev, A.; Alemany, L.B.; Lu, W.; Tour, J.M.
Improved Synthesis of Graphene Oxide. ACS Nano 2010, 4, 4806–4814. [CrossRef] [PubMed]

75. Kovtyukhova, N.I.; Ollivier, P.J.; Martin, B.R.; Mallouk, T.E.; Chizhik, S.A.; Buzaneva, E.V.; Gorchinskiy, A.D.
Layer-by-Layer Assembly of Ultrathin Composite Films from Micron-Sized Graphite Oxide Sheets and
Polycations. Chem. Mater. 1999, 11, 771–778. [CrossRef]

76. Tung, V.C.; Allen, M.J.; Yang, Y.; Kaner, R.B. High-throughput solution processing of large-scale graphene.
Nat. Nano 2009, 4, 25–29. [CrossRef] [PubMed]

77. He, H.; Riedl, T.; Lerf, A.; Klinowski, J. Solid-State NMR Studies of the Structure of Graphite Oxide.
J. Phys. Chem. 1996, 100, 19954–19958. [CrossRef]

78. Dreyer, D.R.; Park, S.; Bielawski, C.W.; Ruoff, R.S. The chemistry of graphene oxide. Chem. Soc. Rev. 2010, 39,
228–240. [CrossRef] [PubMed]

79. He, H.; Klinowski, J.; Forster, M.; Lerf, A. A new structural model for graphite oxide. Chem. Phys. Lett. 1998,
287, 53–56. [CrossRef]

80. Gao, W.; Alemany, L.B.; Ci, L.; Ajayan, P.M. New insights into the structure and reduction of graphite oxide.
Nat. Chem. 2009, 1, 403–408. [CrossRef] [PubMed]

81. Ulrich, H.; Ernst, K. Untersuchungen über Graphitoxyd. Z. Anorg. Allg. Chem. 1937, 234, 311.
82. Ruess, G. Über das graphitoxyhydroxyd (graphitoxyd). Monatsh. Chem. Chem. Mon. 1947, 76, 381–417.

[CrossRef]
83. Scholz, W.; Boehm, H.P. Untersuchungen am graphitoxid. VI. Betrachtungen zur struktur des graphitoxids.

Z. Anorg. Allg. Chem. 1969, 369, 327–340. [CrossRef]
84. Nakajima, T.; Mabuchi, A.; Hagiwara, R. A new structure model of graphite oxide. Carbon 1988, 26, 357–361.

[CrossRef]
85. Erickson, K.; Erni, R.; Lee, Z.; Alem, N.; Gannett, W.; Zettl, A. Determination of the local chemical structure

of graphene oxide and reduced graphene oxide. Adv. Mater. 2010, 22, 4467–4472. [CrossRef] [PubMed]
86. Szabó, T.; Berkesi, O.; Forgó, P.; Josepovits, K.; Sanakis, Y.; Petridis, D.; Dékány, I. Evolution of Surface

Functional Groups in a Series of Progressively Oxidized Graphite Oxides. Chem. Mater. 2006, 18, 2740–2749.
[CrossRef]

87. Cai, W.; Piner, R.D.; Stadermann, F.J.; Park, S.; Shaibat, M.A.; Ishii, Y.; Yang, D.; Velamakanni, A.; An, S.J.;
Stoller, M.; et al. Synthesis and Solid-State NMR Structural Characterization of 13C-Labeled Graphite Oxide.
Science 2008, 321, 1815. [CrossRef] [PubMed]

88. Stankovich, S.; Dikin, D.A.; Piner, R.D.; Kohlhaas, K.A.; Kleinhammes, A.; Jia, Y.; Wu, Y.; Nguyen, S.T.;
Ruoff, R.S. Synthesis of graphene-based nanosheets via chemical reduction of exfoliated graphite oxide.
Carbon 2007, 45, 1558–1565. [CrossRef]

89. Xu, X.; Ray, R.; Gu, Y.; Ploehn, H.J.; Gearheart, L.; Raker, K.; Scrivens, W.A. Electrophoretic Analysis and
Purification of Fluorescent Single-Walled Carbon Nanotube Fragments. J. Am. Chem. Soc. 2004, 126,
12736–12737. [CrossRef] [PubMed]

90. Tao, H.Q.; Yang, K.; Ma, Z.; Wan, J.M.; Zhang, Y.J.; Kang, Z.H.; Liu, Z. In vivo NIR fluorescence imaging,
biodistribution, and toxicology of photoluminescent carbon dots produced from carbon nanotubes and
graphite. Small 2012, 8, 281–290. [CrossRef] [PubMed]

91. Song, S.-H.; Jang, M.; Yoon, H.; Cho, Y.-H.; Jeon, S.; Kim, B.-H. Size and pH dependent photoluminescence
of graphene quantum dots with low oxygen content. RSC Adv. 2016, 6, 97990–97994. [CrossRef]

92. Jiang, D.; Chen, Y.; Li, N.; Li, W.; Wang, Z.; Zhu, J.; Zhang, H.; Liu, B.; Xu, S. Synthesis of Luminescent
Graphene Quantum Dots with High Quantum Yield and Their Toxicity Study. PLoS ONE 2015, 10, e0144906.
[CrossRef] [PubMed]

http://dx.doi.org/10.1002/cber.18980310237
http://dx.doi.org/10.1002/zaac.19623160303
http://dx.doi.org/10.1021/ja076473o
http://www.ncbi.nlm.nih.gov/pubmed/18179214
http://dx.doi.org/10.1021/nn1006368
http://www.ncbi.nlm.nih.gov/pubmed/20731455
http://dx.doi.org/10.1021/cm981085u
http://dx.doi.org/10.1038/nnano.2008.329
http://www.ncbi.nlm.nih.gov/pubmed/19119278
http://dx.doi.org/10.1021/jp961563t
http://dx.doi.org/10.1039/B917103G
http://www.ncbi.nlm.nih.gov/pubmed/20023850
http://dx.doi.org/10.1016/S0009-2614(98)00144-4
http://dx.doi.org/10.1038/nchem.281
http://www.ncbi.nlm.nih.gov/pubmed/21378895
http://dx.doi.org/10.1007/BF00898987
http://dx.doi.org/10.1002/zaac.19693690322
http://dx.doi.org/10.1016/0008-6223(88)90227-8
http://dx.doi.org/10.1002/adma.201000732
http://www.ncbi.nlm.nih.gov/pubmed/20717985
http://dx.doi.org/10.1021/cm060258+
http://dx.doi.org/10.1126/science.1162369
http://www.ncbi.nlm.nih.gov/pubmed/18818353
http://dx.doi.org/10.1016/j.carbon.2007.02.034
http://dx.doi.org/10.1021/ja040082h
http://www.ncbi.nlm.nih.gov/pubmed/15469243
http://dx.doi.org/10.1002/smll.201101706
http://www.ncbi.nlm.nih.gov/pubmed/22095931
http://dx.doi.org/10.1039/C6RA21651J
http://dx.doi.org/10.1371/journal.pone.0144906
http://www.ncbi.nlm.nih.gov/pubmed/26709828


Sensors 2017, 17, 2161 22 of 24

93. Zhu, S.; Song, Y.; Zhao, X.; Shao, J.; Zhang, J.; Yang, B. The photoluminescence mechanism in carbon
dots (graphene quantum dots, carbon nanodots, and polymer dots): Current state and future perspective.
Nano Res. 2015, 8, 355–381. [CrossRef]

94. Cayuela, A.; Soriano, M.L.; Carrillo-Carrion, C.; Valcarcel, M. Semiconductor and carbon-based fluorescent
nanodots: The need for consistency. Chem. Commun. 2016, 52, 1311–1326. [CrossRef] [PubMed]

95. Peng, J.; Gao, W.; Gupta, B.K.; Liu, Z.; Romero-Aburto, R.; Ge, L.; Song, L.; Alemany, L.B.; Zhan, X.; Gao, G.;
et al. Graphene quantum dots derived from carbon fibers. Nano Lett. 2012, 12, 844–849. [CrossRef] [PubMed]

96. Pan, D.; Zhang, J.; Li, Z.; Wu, M. Hydrothermal Route for Cutting Graphene Sheets intoBlue-Luminescent
Graphene Quantum Dots. Adv. Mater. 2010, 22, 734–738. [CrossRef] [PubMed]

97. Dong, Y.; Wan, L.; Cai, J.; Fang, Q.; Chi, Y.; Chen, G. Natural carbon-based dots from humic substances.
Sci. Rep. 2015, 5, 1–8. [CrossRef] [PubMed]

98. Zhou, L.; Geng, J.; Liu, B. Graphene Quantum Dots from Polycyclic Aromatic Hydrocarbon for Bioimaging
and Sensing of Fe3+ and Hydrogen Peroxide. Part. Part. Syst. Charact. 2013, 30, 1086–1092. [CrossRef]

99. Nie, H.; Li, M.; Li, Q.; Liang, S.; Tan, Y.; Sheng, L.; Shi, W.; Zhang, S.X.-A. Carbon Dots with Continuously
Tunable Full-Color Emission and Their Application in Ratiometric pH Sensing. Chem. Mater. 2014, 26,
3104–3112. [CrossRef]

100. Sahu, S.; Behera, B.; Maiti, T.K.; Mohapatra, S. Simple one-step synthesis of highly luminescent carbon
dots from orange juice: Application as excellent bio-imaging agents. Chem. Commun. 2012, 48, 8835–8837.
[CrossRef] [PubMed]

101. Xu, J.; Zhou, Y.; Liu, S.; Dong, M.; Huang, C. Low-cost synthesis of carbon nanodots from natural products
used as a fluorescent probe for the detection of ferrum(iii) ions in lake water. Anal. Methods 2014, 6, 2086–2090.
[CrossRef]

102. Zhang, Z.; Pan, Y.; Fang, Y.; Zhang, L.; Chen, J.; Yi, C. Tuning photoluminescence and surface properties of
carbon nanodots for chemical sensing. Nanoscale 2016, 8, 500–507. [CrossRef] [PubMed]

103. Su, X.; Chan, C.; Shi, J.; Tsang, M.K.; Pan, Y.; Cheng, C.; Gerile, O.; Yang, M. A graphene quantum
dot@Fe3O4@SiO2 based nanoprobe for drug delivery sensing and dual-modal fluorescence and MRI imaging
in cancer cells. Biosens. Bioelectron. 2017, 92, 489–495. [CrossRef] [PubMed]

104. Ding, H.; Zhang, F.; Zhao, C.; Lv, Y.; Ma, G.; Wei, W.; Tian, Z. Beyond a Carrier: Graphene Quantum Dots as
a Probe for Programmatically Monitoring Anti-Cancer Drug Delivery, Release, and Response. ACS Appl.
Mater. Interfaces 2017, 9, 27396–27401. [CrossRef] [PubMed]

105. Iannazzo, D.; Pistone, A.; Salamo, M.; Galvagno, S.; Romeo, R.; Giofre, S.V.; Branca, C.; Visalli, G.; Di Pietro, A.
Graphene quantum dots for cancer targeted drug delivery. Int. J. Pharm. 2017, 518, 185–192. [CrossRef]
[PubMed]

106. Ambrosi, A.; Chua, C.K.; Bonanni, A.; Pumera, M. Electrochemistry of graphene and related materials.
Chem. Rev. 2014, 114, 7150–7188. [CrossRef] [PubMed]

107. Chen, D.; Feng, H.; Li, J. Graphene Oxide: Preparation, Functionalization, and Electrochemical Applications.
Chem. Rev. 2012, 112, 6027–6053. [CrossRef] [PubMed]

108. Zhou, L.; Mao, H.; Wu, C.; Tang, L.; Wu, Z.; Sun, H.; Zhang, H.; Zhou, H.; Jia, C.; Jin, Q.; et al. Label-free
graphene biosensor targeting cancer molecules based on non-covalent modification. Biosens. Bioelectron.
2017, 87, 701–707. [CrossRef] [PubMed]

109. Li, Y.; Wang, C.; Zhu, Y.; Zhou, X.; Xiang, Y.; He, M.; Zeng, S. Fully integrated graphene electronic biosensor
for label-free detection of lead (II) ion based on G-quadruplex structure-switching. Biosens. Bioelectron. 2017,
89, 758–763. [CrossRef] [PubMed]

110. Lee, D.-H.; Cho, H.-S.; Han, D.; Chand, R.; Yoon, T.-J.; Kim, Y.-S. Highly selective organic transistor biosensor
with inkjet printed graphene oxide support system. J. Mater. Chem. B 2017, 5, 3580–3585. [CrossRef]

111. Khadija, S.; Ahmad, I.A.; Naser, N.Q.; Falah, A.; Saleh, T.M.; Soleiman, H. Fabrication and characterization
of graphite oxide e nanoparticle composite based field effect transistors for non-enzymatic glucose sensor
applications. J. Alloy. Compd. 2017, 694, 1061–1066.

112. Esteban, P.; Christina, B.; Ciril, R.-R.; Fernando, B.; Omar, A.; Wolfgang, K. Enzyme-polyelectrolyte multilayer
assemblies on reduced graphene oxide field-effect transistors for biosensing applications. Biosens. Bioelectron.
2017, 92, 661–667.

http://dx.doi.org/10.1007/s12274-014-0644-3
http://dx.doi.org/10.1039/C5CC07754K
http://www.ncbi.nlm.nih.gov/pubmed/26671042
http://dx.doi.org/10.1021/nl2038979
http://www.ncbi.nlm.nih.gov/pubmed/22216895
http://dx.doi.org/10.1002/adma.200902825
http://www.ncbi.nlm.nih.gov/pubmed/20217780
http://dx.doi.org/10.1038/srep10037
http://www.ncbi.nlm.nih.gov/pubmed/25944302
http://dx.doi.org/10.1002/ppsc.201300170
http://dx.doi.org/10.1021/cm5003669
http://dx.doi.org/10.1039/c2cc33796g
http://www.ncbi.nlm.nih.gov/pubmed/22836910
http://dx.doi.org/10.1039/c3ay41715h
http://dx.doi.org/10.1039/C5NR06534H
http://www.ncbi.nlm.nih.gov/pubmed/26676688
http://dx.doi.org/10.1016/j.bios.2016.10.076
http://www.ncbi.nlm.nih.gov/pubmed/27839733
http://dx.doi.org/10.1021/acsami.7b08824
http://www.ncbi.nlm.nih.gov/pubmed/28782357
http://dx.doi.org/10.1016/j.ijpharm.2016.12.060
http://www.ncbi.nlm.nih.gov/pubmed/28057464
http://dx.doi.org/10.1021/cr500023c
http://www.ncbi.nlm.nih.gov/pubmed/24895834
http://dx.doi.org/10.1021/cr300115g
http://www.ncbi.nlm.nih.gov/pubmed/22889102
http://dx.doi.org/10.1016/j.bios.2016.09.025
http://www.ncbi.nlm.nih.gov/pubmed/27636559
http://dx.doi.org/10.1016/j.bios.2016.10.061
http://www.ncbi.nlm.nih.gov/pubmed/27816595
http://dx.doi.org/10.1039/C6TB03357A


Sensors 2017, 17, 2161 23 of 24

113. Lei, Y.M.; Xiao, M.M.; Li, Y.T.; Xu, L.; Zhang, H.; Zhang, Z.Y.; Zhang, G.J. Detection of heart failure-related
biomarker in whole blood with graphene field effect transistor biosensor. Biosens. Bioelectron. 2017, 91, 1–7.
[CrossRef] [PubMed]

114. Stebunov, Y.V.; Aftenieva, O.A.; Arsenin, A.V.; Volkov, V.S. Highly Sensitive and Selective Sensor Chips with
Graphene-Oxide Linking Layer. ACS Appl. Mater. Interfaces 2015, 7, 21727–21734. [CrossRef] [PubMed]

115. Ng, S.P.; Qiu, G.; Ding, N.; Lu, X.; Wu, C.M.L. Label-free detection of 3-nitro-L-tyrosine with nickel-doped
graphene localized surface plasmon resonance biosensor. Biosens. Bioelectron. 2017, 89, 468–476. [CrossRef]
[PubMed]

116. Jiang, W.-S.; Xin, W.; Xun, S.; Chen, S.-N.; Gao, X.-G.; Liu, Z.-B.; Tian, J.-G. Reduced graphene oxide-based
optical sensor for detecting specific protein. Sens. Actuators B Chem. 2017, 249, 142–148. [CrossRef]

117. Chiu, N.F.; Fan, S.Y.; Yang, C.D.; Huang, T.Y. Carboxyl-functionalized graphene oxide composites as SPR
biosensors with enhanced sensitivity for immunoaffinity detection. Biosens. Bioelectron. 2017, 89, 370–376.
[CrossRef] [PubMed]

118. Vasilescu, A.; Gaspar, S.; Gheorghiu, M.; David, S.; Dinca, V.; Peteu, S.; Wang, Q.; Li, M.; Boukherroub, R.;
Szunerits, S. Surface Plasmon Resonance based sensing of lysozyme in serum on Micrococcus
lysodeikticus-modified graphene oxide surfaces. Biosens. Bioelectron. 2017, 89, 525–531. [CrossRef] [PubMed]

119. Chiu, N.F.; Kuo, C.T.; Lin, T.L.; Chang, C.C.; Chen, C.Y. Ultra-high sensitivity of the non-immunological
affinity of graphene oxide-peptide-based surface plasmon resonance biosensors to detect human chorionic
gonadotropin. Biosens. Bioelectron. 2017, 94, 351–357. [CrossRef] [PubMed]

120. Rahman, M.S.; Anower, M.S.; Rahman, M.K.; Hasan, M.R.; Hossain, M.B.; Haque, M.I. Modeling of a highly
sensitive MoS 2 -Graphene hybrid based fiber optic SPR biosensor for sensing DNA hybridization. Opt. Int.
J. Light Electron Opt. 2017, 140, 989–997. [CrossRef]

121. Maurya, J.B.; Prajapati, Y.K.; Singh, V.; Saini, J.P.; Tripathi, R. Performance of graphene–MoS2 based surface
plasmon resonance sensor using Silicon layer. Opt. Quantum Electron. 2015, 47, 3599–3611. [CrossRef]

122. Wang, K.; He, M.-Q.; Zhai, F.-H.; He, R.-H.; Yu, Y.-L. A novel electrochemical biosensor based on polyadenine
modified aptamer for label-free and ultrasensitive detection of human breast cancer cells. Talanta 2017, 166,
87–92. [CrossRef] [PubMed]

123. Jiao, L.; Mu, Z.; Zhu, C.; Wei, Q.; Li, H.; Du, D.; Lin, Y. Graphene loaded bimetallic Au@Pt nanodendrites
enhancing ultrasensitive electrochemical immunoassay of AFP. Sens. Actuators B Chem. 2016, 231, 513–519.
[CrossRef]

124. Jain, U.; Chauhan, N. Glycated hemoglobin detection with electrochemical sensing amplified by gold
nanoparticles embedded N-doped graphene nanosheet. Biosens. Bioelectron. 2017, 89, 578–584. [CrossRef]
[PubMed]

125. Huang, Q.; Lin, X.; Zhu, J.J.; Tong, Q.X. Pd-Au@carbon dots nanocomposite: Facile synthesis and application
as an ultrasensitive electrochemical biosensor for determination of colitoxin DNA in human serum.
Biosens. Bioelectron. 2017, 94, 507–512. [CrossRef] [PubMed]

126. Deng, Z.; Long, H.; Wei, Q.; Yu, Z.; Zhou, B.; Wang, Y.; Zhang, L.; Li, S.; Ma, L.; Xie, Y.; et al. High-performance
non-enzymatic glucose sensor based on nickel-microcrystalline graphite-boron doped diamond complex
electrode. Sens. Actuators B Chem. 2017, 242, 825–834. [CrossRef]

127. Prinjaporn, T.; Weena, S.; Adisorn, T.; Charles, S.H.; Tirayut, V.; Orawon, C. Electrochemical paper-based
peptide nucleic acid biosensor for detecting human papillomavirus. Anal. Chim. Acta 2017, 952, 32–40.

128. Pan, L.-H.; Shin, H.K.; Lin, T.-Y.; Lin, C.-W.; Fang, P.-Y.; Yang, H.-W. An electrochemical biosensor to
simultaneously detect VEGF and PSA for early prostate cancer diagnosis based on graphene oxide ssDNA
PLLA nanoparticles. Biosens. Bioelectron. 2017, 89, 598–605. [CrossRef] [PubMed]

129. Kim, H.-U.; Kim, H.Y.; Kularni, A.; Ahn, C.; Jin, Y.; Kim, Y.; Lee, K.-N.; Lee, M.-H.; Kim, T. A sensitive
electrochemical sensor for in vitro detection of parathyroid hormone based on a MoS2-graphene composite.
Sci. Rep. 2016, 6, 1–9. [CrossRef] [PubMed]

130. Chu, Y.; Cai, B.; Ma, Y.; Zhao, M.; Ye, Z.; Huang, J. Highly sensitive electrochemical detection of circulating
tumor DNA based on thin-layer MoS2/graphene composites. RSC Adv. 2016, 6, 22673–22678. [CrossRef]

131. Cao, X. Ultra-sensitive electrochemical DNA biosensor based on signal amplification using gold nanoparticles
modified with molybdenum disulfide, graphene and horseradish peroxidase. Microchim. Acta 2014, 181,
1133–1141. [CrossRef]

http://dx.doi.org/10.1016/j.bios.2016.12.018
http://www.ncbi.nlm.nih.gov/pubmed/27984705
http://dx.doi.org/10.1021/acsami.5b04427
http://www.ncbi.nlm.nih.gov/pubmed/26358000
http://dx.doi.org/10.1016/j.bios.2016.04.017
http://www.ncbi.nlm.nih.gov/pubmed/27085521
http://dx.doi.org/10.1016/j.snb.2017.03.175
http://dx.doi.org/10.1016/j.bios.2016.06.073
http://www.ncbi.nlm.nih.gov/pubmed/27396822
http://dx.doi.org/10.1016/j.bios.2016.03.040
http://www.ncbi.nlm.nih.gov/pubmed/27037159
http://dx.doi.org/10.1016/j.bios.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28319902
http://dx.doi.org/10.1016/j.ijleo.2017.05.001
http://dx.doi.org/10.1007/s11082-015-0233-z
http://dx.doi.org/10.1016/j.talanta.2017.01.052
http://www.ncbi.nlm.nih.gov/pubmed/28213264
http://dx.doi.org/10.1016/j.snb.2016.03.034
http://dx.doi.org/10.1016/j.bios.2016.02.033
http://www.ncbi.nlm.nih.gov/pubmed/26897102
http://dx.doi.org/10.1016/j.bios.2017.03.048
http://www.ncbi.nlm.nih.gov/pubmed/28343103
http://dx.doi.org/10.1016/j.snb.2016.09.176
http://dx.doi.org/10.1016/j.bios.2016.01.077
http://www.ncbi.nlm.nih.gov/pubmed/26868935
http://dx.doi.org/10.1038/srep34587
http://www.ncbi.nlm.nih.gov/pubmed/27694822
http://dx.doi.org/10.1039/C5RA27625J
http://dx.doi.org/10.1007/s00604-014-1301-y


Sensors 2017, 17, 2161 24 of 24

132. Bratakou, S.; Nikoleli, G.-P.; Nikolelis, D.P.; Psaroudakis, N. Development of a Potentiometric Chemical
Sensor for the Rapid Detection of Carbofuran Based on Air Stable Lipid Films with Incorporated Calix[4]arene
Phosphoryl Receptor Using Graphene Electrodes. Electroanalysis 2015, 27, 2608–2613. [CrossRef]

133. Nikoleli, G.-P.; Nikolelis, D.P.; Tzamtzis, N.; Psaroudakis, N. A Selective Immunosensor for D-dimer Based
on Antibody Immobilized on a Graphene Electrode with Incorporated Lipid Films. Electroanalysis 2014, 26,
1522–1527. [CrossRef]

134. Jian, P.; Jian, W. Enhanced peroxidase-like activity of MoS2 graphene oxide hybrid with light irradiation for
glucose detection. Biosens. Bioelectron. 2017, 89, 652–658.

135. Nikoleli, G.-P.; Siontorou, C.; Nikolelis, D.; Bratakou, S.; Karapetis, S.; Tzamtzis, N. Biosensors Based on
Lipid Modified Graphene Microelectrodes. C 2017, 3, 9. [CrossRef]

136. Bratakou, S.; Nikoleli, G.-P.; Siontorou, C.G.; Nikolelis, D.P.; Karapetis, S.; Tzamtzis, N. Development of
an Electrochemical Biosensor for the Rapid Detection of Saxitoxin Based on Air Stable Lipid Films with
Incorporated Anti-STX Using Graphene Electrodes. Electroanalysis 2017, 29, 990–997. [CrossRef]

137. Nikoleli, G.-P.; Nikolelis, D.P.; Tzamtzis, N. Development of an Electrochemical Biosensor for the Rapid
Detection of Cholera Toxin Using Air Stable Lipid Films with incorporated Ganglioside GM1. Electroanalysis
2011, 23, 2182–2187. [CrossRef]

138. Nikoleli, G.-P.; Israr, M.Q.; Tzamtzis, N.; Nikolelis, D.P.; Willander, M.; Psaroudakis, N. Structural
Characterization of Graphene Nanosheets for Miniaturization of Potentiometric Urea Lipid Film Based
Biosensors. Electroanalysis 2012, 24, 1285–1295. [CrossRef]

139. Han-Min, T.; Suejit, P.; Jing, Z.M.; Pitter, M.C.; Michael, G.S. High Resolution Quantitative Angle-Scanning
Widefield Surface Plasmon Microscopy. Sci. Rep. 2016, 6, 1–11.

140. Helms, V. Principles of Computational Cell Biology; Wiley-VCH: Weinheim, Germany, 2008.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/elan.201500299
http://dx.doi.org/10.1002/elan.201400161
http://dx.doi.org/10.3390/c3010009
http://dx.doi.org/10.1002/elan.201600652
http://dx.doi.org/10.1002/elan.201100307
http://dx.doi.org/10.1002/elan.201200104
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Graphene-Based Materials: Fabrication Process and Properties 
	Pristine Graphene 
	Chemical Vapor Deposition 
	Liquid Exfoliation 
	Epitaxial Growth on SiC 

	Functionalized Graphene 
	Chemical Synthesis of Graphite Oxide and Graphene Oxide 
	Reduction of Graphene Oxide 

	Graphene-Based Quantum Dots 

	Engineering of Biosesnsor Devices Using Graphene-Based Materials and Current Progress 
	Engineering of Pristine Graphene-Biomolecule- based Biosensors 
	Engineering of Biomolecules-Functionalized Graphene Based Biosensors 

	Conclusions 

