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ABSTRACT

Since its discovery in 2004, graphene has enticed engineers and researchers from various fields to explore its possibilities
to be incepted into various devices and applications. Graphene is deemed a ‘super’ material by researchers due to its
extraordinary strength, extremely high surface-to-mass ratio and superconducting properties. Nonetheless, graphene
has yet to find plausible footing as an electronics material. In biomedical field, graphene has proved useful in tissue
engineering, drug delivery, cancer teraphy, as a component in power unit for biomedical implants and devices and as a
vital component in biosensors. Graphene is used as scaffolding for tissue regeneration in stem cell tissue engineering,
as active electrodes in supercapacitor for powering wearable and implantable biomedical devices and as detectors in
biosensors. In tissue engineering, the extreme strength of monolayer graphene enables it to hold stem cell tissues as
scaffold during in-vitro cell regeneration process. In MEMS supercapacitor, graphene’s extremely high surface-to-mass
ratio enables it to be used as electrodes in order to increase the power unit’s energy and power densities. A small yet
having high energy and power densities cell is needed to power often space constrainted biomedical devices. In FET
biosensors, graphene acts as detector electrodes, owing to its superconductivity property. Graphene detector electrodes
is capable of detecting target molecules at a concentration level as low as 1 pM, making it the most sensitive biosensor
available today. Graphene continues to envisage unique and exciting applications for biomedical field, prompting
continuous research which results and implementation could benefit the general public in decades to come.
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ABSTRAK

Sejak penemuannya pada tahun 2004, grafin telah menarik minat para jurutera dan penyelidik daripada pelbagai
bidang untuk mengkaji kebolehaplikasiannya di dalam pelbagai peranti dan penggunaan. Grafin dianggap sebagai
bahan super oleh penyelidik disebabkan kekuatannya yang amat tinggi, nisbah luas permukaan kepada jisim yang
sangat besar dan sifat superkonduktornya. Walau bagaimanapun, grafin masih belum diakui sebagai bahan elektronik.
Di dalam bidang bioperubatan, grafin telah digunakan di dalam kejuruteraaan tisu, penyampaian ubat, rawatan kanser,
sebagai komponen unit kuasa untuk implan dan peranti bioperubatan dan sebagai komponen penting di dalam pengesan
bio. Grafin digunakan sebagai perancah untuk pembinaan semula tisu di dalam kejuruteraan tisu sel induk, sebagai
elektrod aktif di dalam superkapasitor untuk menghidupkan peranti bioperubatan bolehpakai dan implan serta sebagai
unsur pengesanan di dalam pengesan bio. Di dalam bidang kejuruteraan tisu, kekuatan grafin selapis yang amat tinggi
membolehkannya memegang tisu-tisu sel induk sebagai perancah semasa proses pertumbuhan semula sel secara in-vitro.
Di dalam superkapasitor MEMS, nisbah luas permukaan kepada jisim grafin yang tinggi membolehkan penggunaannya
sebagai elektrod untuk meningkatkan ketumpatan tenaga dan kuasa unit tersebut. Sel kuasa yang kecil tetapi mempunyai
ketumpatan tenaga dan kuasa yang tinggi sering diperlukan di dalam peranti bioperubatan yang acapkali terbatas oleh
saiz yang kecil. Di dalam pengesan bio FET, grafin yang mempunyai sifat konduktiviti super berfungsi sebagai elektrod
pengesan. Elektrod pengesan grafin boleh mengesan molekul sasaran dengan kepekatan serendah 1 pM, menjadikannya
pengesan bio paling sensitif pada masa kini. Grafin terus merealisasikan kegunaan unik dan menarik di dalam bidang
bioperubatan, yang seterusnya menarik minat para penyelidik untuk terus menghasilkan penggunaan yang berguna
untuk masyarakat pada masa akan datang.

Kata kunci: Aplikasi bioperubatan; grafin; kejuruteraan tisu, pengesan bio FET, sokongan, superkapasitor

INTRODUCTION bonding in graphene, with bond length of approximately

Graphene is an allotrope of carbon which is made up ~ 0.142 nm (Yan et al. 2014). Graphene is the basic building
of monolayer of sp2 bonded carbon atoms arranged in ~ block for many other carbon allotropes such as carbon
honeycomb lattice (Tran & Mulchandani 2016; Wang nanotubes and graphite (Yan et al. 2014). Graphene can
et al. 2015). The carbon-carbon (C-C) bond is the basic be swaddled into zero dimensional fullerenes, rolled into
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carbon nanotubes (CNT) and found in nature as loosely
stacked form called graphite (Figure 1). First pristine
graphene was successfully produced by mechanical
exfoliation and electrically characterized in 2004 by
Andre Geim and Konstantin Novoselov at the University
of Manchester (Castro Neto et al. 2009). Until recently,
researchers faced difficulties in obtaining large surface area
graphene films using mechanical exfoliation technique.
Thus, in synthesizing graphene, many researchers studied
and experimented approaches such as chemical vapor
deposition (CVD) on metal substrates (Huang et al. 2010),
epitaxial growth on SiC (Hass et al. 2008) and reduction
from graphene oxide flakes (Pei & Cheng 2012). Graphene
fabricated by cvD demonstrated distinguished properties as
large-area and high-quality single or few layers graphene
has been successfully produced (Bae et al. 2010).
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Charge carriers in single layer graphene follows linear
energy dispersion relation and behave as chiral massless
particles (Dirac Fermions) (Craciun et al. 2011). Bands in
single layer graphene touch at two-conical points (K & K')
in Brillouin zone (Figure 2) as it exhibits zero band gaps
in its physical structure. These two independent points, K
and K’ in Brillouin zone are known as notch where valence
and conductance band touches (Craciun et al. 2011). This
allows single layer graphene to demonstrate ambipolar
characteristics, where charge carriers can alternate from
holes to electrons based on the gate voltage applied at room
and low temperature. Novoselov et al. (2007) experimented
and proved that charge carriers in single layer graphene
behave as Dirac fermions and complied to quantum half
effect (QHE), which makes it unique in electronic. However,
charge carriers in bi-layer graphene exhibits finite mass
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FIGURE 1. Graphene as the building block for many other carbon allotropes
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FIGURE 2. Schematic overview of unique properties of graphene and its application in biomedical applications



called massive Dirac fermions at charge neutrality point.
This is because parabolic bands in bi-layer graphene are in
contact at K and K’ points and shows a gapless state (Table
1). Hence, it remains as metallic at the neutrality points
and experiments conducted by researchers showed that
bi-layer graphene showed a gate-tunable band gap (Peres
2009). In contrast, trilayer graphene is the only semimetal
where conductance and valence bands are overlapped with
each other. Besides, comprehensive review on structures
of graphene showed that metallic properties of graphene
increases with the increasing number of layers in its
structures up to several layers (Taychatanapat et al. 2011).
At higher level stacking, graphene architectures with more
than 10 layers behaves more like bulk graphite and loses
graphene’s unique electrical properties (Choi et al. 2010;
Rakheja & Sengupta 2016).

In biomedical field, graphene have been utilized as
scaffolding in tissue engineering, as an internal component
of power unit for biomedical devices, in drug delivery
and cancer therapy and in biosensors, due to its ultra-high
sensitivity, unique morphological characteristics and strong
mechanical properties. The unique monoatomic structure
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of graphene offers remarkable physical properties such
as high mechanical strength with 1 TPa Young’s Modulus
and 130 G Pa tensile strength for single graphene layer
(Hwang et al. 2013), high transparency of 97.7% for
single layer, high conductivity and high carrier mobilities
up to 10° cm?V-'s™!, which is 2-3 orders of magnitude
higher than the conventional semiconductor such as
silicon (Hwang et al. 2013). These excellent physical
properties are advantageous in biomedical applications,
particularly in tissue engineering, where graphene is
utilized as a scaffolds for tissue growth (Goenka et al.
2014). In addition, extremely large surface area to volume
ratio, with high conductivity and high carrier mobilities
makes it an enticing material for supercapacitors (Tan
& Lee 2013). Furthermore, graphene is a bio inert
and chemically robust material. Chemical stability of
graphene eliminates the need of electrical passivation as
it resists oxidation in solution under low voltage. Apart
from this, the distinctive electronic properties of graphene
hold advantages particularly in bio sensing application
as graphene is highly sensitive to electric field and its
surrounding charges as each atom on its carbon sheet is

TABLE 1. Comparison of structural properties of single, bi and trilayer graphene

Single layer graphene Bi-layer graphene Trilayer graphene
(SLG)
Number of layers 1 layer 2 layers 3 layers
A, B4 °° o -0 o
Tilted view of the crystal A B o % oo W S o -
o—® ° o 0o 04 0, B8y -9
structpre e °°o o°° o 0o 04 o T S
(Craciun et al. 2011) %9 o0 o 0 g SB o~ A_9° o & °° ®
° :
d °o°o°°°o° o° °::°°°°°°°°°°°
O 6 © o © o ©
B
E E E
S::e}?;itelc band structure of \ conducion ‘
grap band ‘ f
*Dotted line(upon application of \f v/
perpendicular electric field) E=0 K £=0 71\ K E=0 MK
*Solid line(In the absence of ak
perpendicular electric field) valence
(Craciun et al. 2011) band
— -~ - -
M- K M- K o M= K

Characteristics of charge carrier
at room temperature

Unique properties

Massless particle
(Dirac Fermions)

Obeys quantum Hall
Effect (QHE)

Massive Dirac
Fermions
(exhibit finite mass)

Exhibit gate tunable
band gap

Semimetal Fermions

Semimetal with gate
tunable properties,
where valance and
conduction band is

overlapped




1128

exposed to the environment. Thus, graphene is favored for
sensitive detection of analytes in biosensing applications
(Figure 3).

FIGURE 3. Electronic band structure of single layer
graphene (Choi et al. 2010)

In terms of patents, up to 2015, there are in excess
of 6,000 graphene patents filed worldwide. Most of
the patents are filed within the United States, United
Kingdom, the EU, South Korea, Japan and China. The
global graphene market is expected to reach usD 113.7
million by 2020, with a growth rate of 34.8% per annum
(Figure 4) (Innova Research 2015). Rudimentary products
such as graphene oxide, monolayer and bi-layer graphene
are the most tradable carbon nanomaterials in the market
and are expected to make consequential revenue by
2020. Energy segment, especially superconductors and
batteries, is the fastest growing graphene application. Asia
Pacific region, led by China, demonstrates a rapid growth
in graphene market. In 2015, graphene market in China
exceeded RMB500 million, which is approximately 25%
of the global market during that period. The dominance
of Asia Pacific region is due to the presence of large
graphite mines and aggressive graphene research in China

and involvement of India, Japan and Korea in graphene
electronics applications. China has rapidly increases its
production of large area graphene films in the past three
years. Figure 5 shows the comparison of quality and
cost of graphene products manufactured by different
methods (Ren & Cheng 2014). The current market trend
is expected to continue for the next five to ten years.

The unique properties of graphene from the
standpoint of mechanical, electrical and morphological
characteristics will be explored in this paper. Application
of these properties in biomedical applications such as
in tissue engineering, supercapacitors for biomedical
devices and biosensors (for DNA, pathogens, protein
and small molecules detection) will be explored and
discussed. Furthermore, outlook and limitations of
practical use of graphene based devices will be presented
in the final section of this paper.

GRAPHENE AS SCAFFOLDING FOR STEM CELL BASED
TISSUE ENGINEERING
Tissue engineering is a multifaceted field that replaces
damaged tissues with biological substitutes which can
maintain, restore and improve function of corresponding
native tissues. Cells are the role player in the regeneration
of tissues and organ. Generally, differentiation of cells were
used in tissue regeneration. Stem cells have been used
widely as it provides long term proliferation, self-renewal
and differentiation into multiple types of cells (Ahadian et
al. 2016). Extracellular matrix (ECM) is vital in providing
mechanical support and biological cues for cells. Utilizing
graphene based scaffold is excellent on stem cell culture as
it mimics and recreates ECM for cells in vitro. Therefore,
graphene based scaffold has excellent mechanical
properties which enabled sustained proliferation, proper
adhesion and enhanced differentiation in stem cell based
tissue engineering. Among the diverse stem cells, neural
stem cells (NSCs) and neural differentiation on graphene
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FIGURE 4. Global graphene market revenues (and forecast). The revenue is forecasted to
grow at 34.8% from 2014 to 2020 (Innova Research 2015)
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FIGURE 5. Comparison of quality and cost of graphene products manufactured by different methods (Ren & Cheng 2014)

have emerged promisingly as it realizes the regeneration
therapy of varies neurological disorders and diseases
(Figure 6) (Akhavan 2016). In neural tissue engineering,
NSCs have the ability to differentiate into neural and glial
cells and acts as a crucial element in the regeneration of
neural tissues. Poly (L-lactide) acid (PLLA) and collagen are
the common nanomaterial scaffolds used for proliferation
and differentiation of NSCs (Lund et al. 2009; Yang et al.
2005). However, these nanomaterials are not electrically

conductive and not highly efficient in differentiating NSCs
into neural cells. This limitation outstands graphene to
be effectively utilized in neural tissue engineering as it
has high electrical conductivity and tunable electronic
properties.

Differentiation of human neural stem cells (hNSC)
towards neurons rather than glial cells determines the
success of stem cell therapy. Park et al. (2011) have showed
that (hNSC) cultured on graphene differentiated more
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FIGURE 6. Schematic overview of the emerging potential of graphene/stem cell-based
tissue engineering (Akhavan 2016)
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towards neurons than glial cells. Exceptional mechanical
properties such as high strength and stiffness attribute
graphene as a versatile material for differentiation of hNSC.
This study exemplified that graphene platform is a viable to
be used in stem cell therapy. In addition, this study showed
that stem cell adhesion on graphene surface is stronger than
that of the glass, in which allows more retention of NSCs
on graphene. It is also worthy to note that the efficiency
of differentiation of hNSC on graphene was higher than on
quartz (glass) substrate (Figure 7). Akhavan et al. (2014)
demonstrates that rGO films exhibits more differentiation
of hNscs than GO films. This better differentiation was
attributed by hydrophilicity and II- IT attachment of
ginsenoside molecules on the reduced sheets.

Graphene sheets (as 2-D scaffolds) have immense
potential in cell proliferation and differentiation. However,
for successful implementation of stem cells in clinical
applications, namely regeneration of body organs and
nervous system, 3-D scaffolds with desired topographies
are preferred. Li et al. (2013) developed a novel scaffold
which utilizes graphene foam as 3-D porous structure. This
3-D graphene foams were fabricated on Ni foam catalyst
by chemical vapor deposition method. Li et al. (2013)
reported that 3-D graphene foam not only is capable to
support NSC growth, but also enhances proliferation of
cells (by monitoring Ki67 expression, a cellular marker
for proliferation) compared to CVD grown 2-D graphene
sheets. Good electrical coupling was established in between
3-D graphene foam and differentiated cells. This study
demonstrated the potential of graphene foam in NSCs
research, neural tissue engineering and neural prostheses.
Graphene was demonstrated to be an excellent platform
to stem cell based tissue engineering especially for neural

tissue engineering. Its flexibility and strength makes strong
scaffolds with desired morphology, while extraordinary
electrical, morphological and chemical properties promotes
adhesion, differentiation and proliferation of various cells
in stem cell based tissue engineering applications.

GRAPHENE FOR POWERING IMPLANTABLE AND WEARABLE
BIOMEDICAL AND DEVICES

High power density, fast charging rate and extended life
cycles have made supercapacitors favored to be used
to power biomedical devices (Simon & Gogotsi 2008).
Graphene based supercapacitors has recently been explored
to power biomedical devices as it has the ability to store
high energy due to its extremely high surface area to mass
ratio (2630 m?g™") (Lee et al. 2013). Much emphasis has
been recently placed on research to investigate potential
use of graphene as an active material in supercapacitors
for effective energy storage (Kim et al. 2009).

In general, supercapacitors comprised of two
electrodes located in an electrolyte medium and separated
by a separator. In the presence of electrical energy,
supercapacitor allows accumulation of opposite charges
from electrolytes at the surface of dual electrodes to store
energy (Figure 8) (Iro et al. 2016). The energy, E stored
in the supercapacitor can be formulated as:

E= %cvz, (1)

where C is the capacitance; and V is the operating voltage
of supercapacitors (Abidin et al. 2011). Efficiency of
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FIGURE 7. (a) Neural differentiation of hNSCs, (b) Enhanced neural differentiation on graphene films as evident by TUJ
staining, (c) hNSCs grown more on graphene than glass, d) hNSCs on glass were gradually retracted and detached after
two weeks, while those on graphene remained stable even after three weeks of differentiation (Park et al. 2011)
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supercapacitors can be measured by energy density and
power density. Energy density indicates the ability of
superconductor to store energy and acts as power source,
while power density measures the ability of a power unit
to charge and discharge energy (Dreyer et al. 2010). Study
carried out by Liu et al. (2010a) showed that supercapacitors
performance is influenced by morphological characteristics
of graphene. They reported that curved graphene structures
able to produce higher capacitance than flat graphene sheet
(Figure 9). This is because curved graphene maintains
the mesoporous structures and provides room for
electrochemical accessibility of electrolytes which lead to
faster diffusion rate. In contrast, flat graphene sheet tends
to aggregate and prevents electrochemical double layer
formation and reduces specific capacitance. In another
study, researcher developed novel composites to increase
effective surface area, so that aggregation effect can be
overcome for better performance of supercapacitors (Wang
et al. 2016).

Cheng et al. (2011) demonstrated the use carbon
nanotubes (CNTs) to overcome graphene’s aggregations
effect for effective performance of supercapacitors. CNT
acts as spacer and reduces resistance within the electrodes
and allows ions to access pores of the graphene at higher
charging rates (Figure 10). This eventually prevents
graphene sheets from stacking on each other due to Van
der Waals force during drying process; and acts as a binder
to holds graphene sheets together. In recent studies, Wang
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et al. (2016) developed a novel method called modified
molten-salt method to prepare molten salt method derived
graphene (MNG) electrode with high capacitance and low-
self discharge rate. MNG electrodes fabricated from this
novel method prevents aggregation, restore conjugated
network and provides a platform for nitrogen doping and
activation in supercapacitors.

FIGURE 10. (a) Pristine graphene that undergoes aggregation
and (b) graphene-CNT composite that acts as spacers and
binders (Cheng et al. 2011)

Pengetal.(2015) demonstrated the use of laser induction
technology to produce laser-induced graphene from
polyimide films for the fabrication of 3-D supercapacitors,
namely vertically stacked graphene supercapacitors and
in-plane graphene microsupercapacitors. The stacked
configuration of graphene increases the energy densities
of the device which leads to superconductivity. It was also
proven that, laser induction on both sides of polyimide
films multiplies electrical performance of vertically
stacked supercapacitors while preserving its device
flexibility. This study highlights the capability of solid-
state polymeric electrolyte-based devices in exhibiting areal
capacitance of more than 9 mF/cm? at a current density of
0.02 mA/cm?, which is over twice that of conventional
aqueous electrolytes (Peng et al. 2015). Abidin et al.
(2015) demonstrated that interdigital electrodes achieved
maximum current response which is 5.5 A/m compared
to planar electrodes which only exhibits 0.025 A/m. This
study emphasized on the significance of electrodes structure
in electrical performances of the microsupercapasitors.
Surface area in interdigital electrodes are higher than planar
electrodes and it provides more room for redox activities

FIGURE 9. (a) SEM image of curved graphene sheets (scale bar 10pm) and (b) TEM image of flat
graphene sheets (scale bar 500nm) (Liu et al. 2010b)
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between electrodes (Abidin et al. 2015). The group, which
is from Universiti Kebangsaan Malaysia, is currently
working on vertical graphene interdigital supercapacitor
to power wearable and implantable biomedical devices.
The graphene based supercapacitor would have higher
energy and power densities compared to its conventional
counterpart.

Researchers from California Nano Systems Institute
recently announced hybrid energy storage which is a
merge of batteries and supercapacitors. They combined
laser-scribed graphene (LSG) with manganese oxide to
fabricate microsupercapacitor which is just one-fifth the
thickness of a sheet of paper. This minute device can
be incorporated into wearable or implantable devices.
Extreme temperatures or expensive fabrication processes
were not implemented in the fabrication of the device.
However, it holds six times higher energy capacity than that
of commercially available supercapacitors and more than
twice as much charge as thin-film lithium battery (Dubal et
al. 2015). Graphene, with extremely high specific surface
area (SSA) capable of achieving a capacitance up to 550 F/g
if it’s entire SSA if fully accessed in supercapacitors (Liu
et al. 2010a). Hence, the highest intrinsic capacitance and
SSA favored graphene based supercapacitors as superior
paradigm for powering biomedical devices.

GRAPHENE IN BIOSENSORS

Biosensors are defined by International Union of Pure
and Applied Chemistry (IUPAC) as ‘a device which uses
specific biochemical reactions mediated by isolated
enzymes, immunosystems, tissues, organelles or whole
cells to detect chemical or biological compounds, usually
by the use of electrical, thermal or optical signals’.
They are prominent analytical tools in healthcare,
environmental screening and monitoring food toxins and
pathogens due to affordability and simplicity. Graphene
provides significant advantages over current standards in
biosensing due to its unique properties which are ultrahigh
sensitivity and excellent stability. It demonstrated
excellent transducing properties by transmitting signals
to indicate presence of analytes in the environment with
the assistance of bioreceptors (Figure 11).

Among the variety of electrical biosensing
architectures, devices based on field effect transistors
have attracted much attention. A typical planar field
effect transistor (FET) consists of three metallic contact

Analyte Bioreceptor
N
£ o
a ¥ 3
o« o)

«c® .
o °3

conducting electrodes which are the source(S), drain (D)
and gate (G) electrodes, thin insulating layer (dielectric)
and semiconductor, latter being the active part where
charge carriers flow (Figure 12) (Zhang & Zheng 2015).
The current carrying channel is in direct contact with
environment and this provides better control on surface
charge (Chaudhary et al. 2016). Therefore, surface based
FET biosensors are more sensitive as it able to directly
translate interactions of biological molecules on its surface
into readable electrical signals (Cui 2013). Incorporating
carbon nanomaterial especially graphene as sensing
platform opens up opportunities for ultrasensitive, low-
cost, low-noise and portable electrical biosensors for
future device applications. The first top-gated graphene
FET with on-off ratio less than 2 was fabricated in 2007
by Lemme et al. In this work, effect of top gate FET on
carrier mobility of graphene was studied and compared
with universal mobility of silicon and literature data of
Silicon-On-Insulator (SOI) devices. This work showed that
carrier mobilities of graphene top gate electrode exceed
universal mobility of silicon and SOI, respectively. In
addition, it also played significant role in modulation of
drain current of FET and affects the performance of FET.
Hence, graphene based transistors can operate twice the
speed of comparable silicon transistors (Ali et al. 2015).

In 2009, researchers demonstrated the possibilities
of realizing four basic two-input logic gates with a single
graphene transistor. Graphene based transistors offers
unique property to operate at charge neutrality points.
This work offers attractive alternative for implementing
logic gates operations as it offers minimal transistor
count (Sordan et al. 2009). In addition, researchers at
MIT Lincoln Lab demonstrated integration of hundreds of
transistors on a single chip. Researchers discovered that a
trend in the mobility of the device indicates the promising
quality of graphene in future electronic technology.
Minimum conduction between the source and drain is
correlated with thickness of graphene film. Excellent thin
film properties contribute to high carrier mobility and
conduction of device. In contrast, in silicon technology
mobility degrades as a function of thickness at nanometer
scale (Kedzierski 2008). Therefore, graphene based
devices offers high carrier mobility and provides excellent
conductivity which make it more suitable to be used in
electronic devices, especially in biosensors. Numerical
simulations by Fiori and Tannaccone (2009) showed that
nanoribbons or bilayer graphene with larger band gap

Transducer

Measurable
signal
]
Detector
Electric
signal

FIGURE 11. Schematic diagram illustrating working principles of biosensor (Amine et al. 2006)
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FIGURE 12. A typical planar field effect transistor (Zhang & Zheng 2015)

than monolayer graphene in FET added advantage to its
performance, especially in tunnel FET. Large ratios can
be obtained for ultra-low voltage applications (~100mV).
This simulation proves that graphene based FET devices
are more superior for biosensors as compared to other
carbon nanomaterials such as carbon nanotubes (CNT)
and nanowires. The random distribution of carbon
nanotubes (CNT) across its substrate significantly restricts
its feasibility in electronic devices and biosensing. CNTs
are quite challenging to be manipulated during device
fabrication, particularly in precise positioning on a chip
(Kang et al. 2007). On the other hand, graphene is in
planar form and offers larger detection area as compared
to CNTs. This in turn allows highly developed top-
down cMOS and compatible process flows (Lemme et
al. 2007). In addition, sensitivity of CNT based devices
are impaired by the presence of metallic tubes as it is
difficult to separate metallic tubes from semiconducting
CNTs. Moreover, graphene offers ease of functionality in
biosensors as compared to CNT based biosensors. This is
because functionalization of enzymes on the flat graphene
is more effective and uniform than on small nanotubes. In

contrary, functionalization steps on CNT alters the tube-
to-tube contact and lead to loss of some nanotubes in the
network (Huang et al. 2010).

In general, CNT based biosensors experienced
microfluidic shock and drifted from its electrical
performances as it’s immersed in biological solutions.
Lu et al. (2009) introduced a novel method to overcome
this hurdle (Peng et al. 2015). In contrast, graphene based
biosensors demonstrates ultrahigh sensitivity compared
to 1-D CNTs. Its high quality two-dimensional (2-D)
structures and crystal lattice screens charge fluctuations
yields higher charge carrier mobilities and enables very
low detection limit compared to CNT based sensors
(Zhang & Cui 2011). Yang et al. (2010) have discussed
the significance of using graphene over carbon nanotubes
(CNT) as transducing channel in biosensor design.
Detection performances of graphene and carbon nanotubes
based electronic biosensors, especially the FET type, are
summarized in Table 2. Graphene demonstrates better
sensitivity as its limit of detection is lower compared to
carbon nanotubes for detection of analytes comprise of
DNA, protein, small molecules and pathogens.

TABLE 2. Detection performances of graphene and carbon nanotubes based devices

Carbon. Analyte Limit of detection Ref
nanomaterials
Glucose 0.1 to 10 mM (Viswanathan et al. 2015)
Glucose 0.1 to 10 mM (Viswanathan et al. 2015)
Nose target odorant 0.04 tM (Mannoor et al. 2014)
Steroid hormone 447 nM (Ping et al. 2015)
Nucleolin on cancer cell One thousand cells (Feng et al. 2011)
DNA 10 fM (Ping et al. 2015)
DNA 1fM (Ping et al. 2016)
Graphene DNA 3nM (Guo et al. 2011)
DNA 100 nM (Xu et al. 2014)
DNA 1pM (Ohno et al. 2010)
(Rakheja & Sengupta 2016) 13 pM (Mao et al. 2013)
1gE protein 47 nM (Ohno et al. 2010)
IgE protein 13 pM (Mao et al. 2013)
Prostate specific antigen 0.11 ftM (Zhang & Cui 2011)
Arginine Vasopressin 1 pM - 100 pM (Yang et al. 2016)
HRP 0.4 ng/mL (Lu et al. 2009)
Carbon Arginine Vasgpressip 43 pM (Nguyen etal. 2011)
Nanotube Prostate spec.lﬁc.antlgen (PSA-ACT) complex 1.0 ng/mL (Kim et al. 2009)
(CNT) H63D mutation in HFE gene 1 pM (Star et al. 2006)
IgE protein 250 pM (Chen et al. 2013)
Human IgG 0.2 ng/mL (Mao et al. 2011)




1134

Recently, much efforts have been made to fabricate
graphene based FET for DNA detection. In 2011, researchers
from the University of California have fabricated graphene
based FET for DNA detection. Graphene synthesized by
chemical vapor deposition (CVD) was used as conducting
medium as it has large surface area and provides higher
sensitivity compared to graphene derived from mechanical
exfoliation and chemical reduction. Graphene layer was
functionalized with 1-Pyrenebutanoic acid succinimidyl
ester to ensure high conductivity and sensitivity of the
device. The device achieved detection limit as low as 3
nM (Guo et al. 2011). In another study, Chen et al. (2013)
demonstrated a gold transfer technique to fabricate CVD
grown graphene based FET for DNA detection. This novel
technique eliminates the common defect (PMMA residues)
as a result of conventional PMMA assisted transfer, which
degrades the sensing performance of the graphene
biosensor. Hence, detection limit down to 1 pM was
achieved in their work. In 2014, Xu et al. used amplification
technique to fabricate graphene based FET to achieve
100 fM detection limit. They demonstrated the usability
of graphene as both electrodes and sensing elements
in DNA detection. This approach opens up pathway for
implementation of electrical multiplexed graphene DNA
biosensor arrays. However, contamination of graphene
surface and complex immobilization process limits the
conductance of the graphene biosensor (Dong et al. 2010.
In order to overcome this complication, Zheng et al. (2015)
developed a novel method by introducing directional
transfer technique to fabricate graphene based FET for
DNA detection. Single layer graphene (SLG) obtained from
chemical vapor deposition (CVD) technique was transferred
to the sensor surface in directional manner. This technique
provides solution to overcome contamination on graphene
surface which was caused by conventional fabrication. This
SLG FET achieved detection limit of 10 fM.

In recent studies, researchers reported development of
scalable DNA biosensors based on back-gate graphene FET
with detection limits as low as 1 fM. The use of graphene
as transducing material and length of DNA oligomers
attributes to the sensitivity of the sensor. Functionalization
of the sensor with well-controlled chemical allows superior
selectivity against non-complementary DNA oligomers.
Surface area of the chemically treated sensor was fully
covered with single stranded probe DNA, which leads to
high selectivity of the device (Figure 13). The researchers
discovered that graphene transferred by electrolysis
bubbling method restricts contamination, doping and
defects caused by graphene transferring process. Hence,
this study overcome conventional limitation and paves
the way for development of highly sensitive, selective
and scalable DNA biosensors (Ping et al. 2015). The zero
band gap property of graphene enables it to be used in FET
based biosensors. Ohno et al. (2010) reported fabrication
of FET using single layer graphene for selective electrical
detection of IgE protein. They reported the dissociation
constant of 47 nM based on the variation of drain current
in accordance with the concentration of 1gE protein. This

indicates the good affinity and reliability of graphene as
a transducing medium in protein detection. Ohno et al.
(2009) demonstrates the potential of graphene based FET in
electrolyte medium for detection of bovine serum albumin
(BSA). GFET immersed in an electrolyte demonstrates
high transconductance (> 30 times) than in vacuum state
and detection limit of 3 nm was achieved successfully.
However, instability of Dirac point was reported due to
contamination from the residue of EB resist and defects of
SiO

"

FIGURE 13. Surface area of chemically treated sensor was fully
covered with single stranded probe DNA (Ping et al. 2016)

Zhang and Cui (2011) reported another approach in
fabricating graphene based cancer biosensor for detection
of prostate specific antigen (PSA) using layer-by-layer (LBL)
self-assembly technique. The cancer sensor reported was
fabricated on PET (Polyethylene terephthalate) flexible
substrate with lithographic patterned gold electrodes. 1.5
wt. % poly diallydiamine chloride (PDDA), 0.3 wt. % poly
styrene sulfonate (PSS) and polyelectrolytes were used
in this study, with an addition of 0.5 M sodium chloride
to enhance surface properties. The sensors were then
immunized by immobilization of anti-PSA on the surface
with label free method. Graphene based label free cancer
sensor offers detection of PSA in large detection range
from 4 fg/mL to 4 ug/mL. As comparison, CNT sensor
is only capable of detecting PSA of 4 ng/mL. Ultrahigh
sensitivity self-assembled graphene based biosensor
could be achieved due to the following factors: Low
electronic noise; the porous defoliation profile of self-
assembled graphene promises more sensing area per
unit volume; two dimensional crystal line structure. The
results showed that detection limit and range of label
free self-assembled graphene sensor exceed most of the
existing detection techniques (Lu et al. 2009; Zheng et al.
2005). In another study, researchers explored strategies to
overcome difficulties associated to direct detection of low-
biomolecular weight molecules in biosensing application.
They utilize aptamers based competitive affinity assay
in graphene based FET to detect small molecule steroid
hormone dehydroepiandrosterone sulfate (DHEA-S).
Aptamers hybridized on the surface of graphene undergoes
disruption in the presence of DHEA-S hormones. This leads



to changes in conductance of graphene and detection limit
of 44.7 nM was reported. This work demonstrated the
usability of aptamers based competitive affinity assay for
specific, sensitive and quantitative detection low weight
biomolecules (Wang et al. 2015).

Recently, Mao et al. (2013) demonstrated fabrication of
graphene based sensor with unique graphene morphology
for sensitive detection of protein. Vertically orientated
graphene (VG) sheets were grown on FET sensor electrode
through PECVD technique. Next, Au-NP antibody conjugates
were deposited on its surface. Researchers showed that
this method is simple, stable and repeatable compared to
conventional drop-casting method which has high noise
level and poor stability due to weak adhesion between
graphene sheet and sensor electrodes. This VG FET sensors
has low detection limit which of ~2 ng/mL or 13 pM and
good response time as compared to graphene/CNT based
electronic sensors. In another recent study, Gao et al.
(2016) investigated performance of vertically grown CVD
graphene in the detection of dopamine, guanine, uric acid
and adenine. They reported that simultaneous detection
of these four species was successfully achieved with low
detection limit. VG CVD graphene exhibits high electro
catalytic activities and resolved oxidation peaks of the
species into four distinct peaks as it has large surface area
and effects of edge structures. Therefore, VG graphene
synthesized by PECVD techniques has large surface area
for biomolecules interaction and highly conductive porous
network for electrochemical reactions of analytes which
makes it more feasible to be implemented in graphene
based biosensing architectures (Ge et al. 2015; Gonzdlez
et al. 2012; Hassan et al. 2014).

Graphene based sensors are also efficient in pathogen
detection. Recently, Mannoor et al. (2014) printed graphene
biosensor on a biodegradable silk substrate and placed it
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on tooth surface for pathogen detection. Self-assembly and
disassembly of antimicrobial peptides on graphene surface
was used to detect presence of pathogens. They discovered
that coupling of these peptides and graphene nanosensor
incorporated with resonant coil enables it to transmit
signals for wireless detection. Changes in graphene
resistance indicate the presence of pathogens (Figure
14). Types of receptors such as aptamers or antibodies
immobilized on conducting channel for detection of target
molecules influences biosensors performance, especially
in FET architectures. Aptamers are synthetic short single
stranded oligonucleotides composed of RNA or DNA, which
exhibits exclusive properties that can substitute antibodies
in specific detection of target molecules. Aptamers offer
high sensitivity as it reduces screening effect and its length
is within Debye length. Debye screening length is known
as range or distance between immobilized target molecules
and the surface of sensing platform which is separated by
the screen of counter ion electrons attracted towards the
sensing surface, called ‘electrical double layer’ (Figure
15) (Adzhri et al. 2016) A typical Debye length at room
temperature is 5 nm in 5-10 mM buffer solution (Ohno
et al. 2010). Receptor and ligand reaction should occur
within Debye length in order to ensure mobile charges on
conducting channel are not affected by charges located
outside Debye length. Therefore, receptors with height
less than 5 nm are preferable to be immobilized on FET
for sensing. Adzhri et al. (2016) experimentally studied
the significance of length of probes on performance of
FET sensor. They demonstrated that aptamer with shorter
length than Debye screening effect length yields better
conductivity and has higher performance (Figure 16) (Kang
et al. 2007).

In comparison with antibodies, aptamers offers more
advantages as promising receptor in functionalization

FIGURE 14. Graphene based biosensor fabricated on bioresorbable silk can be transferred on surface
of tooth for bacteria detection (Mannoor et al. 2014)
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FIGURE 15. Effect of charge screening at the electrical potential of the device
(Adzhri et al. 2016)
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FIGURE 16. An aptamer-based immobilizer compared with
an antibody-based immobilizer by Debye length. Shorter
immobilizers yield better conductivity (Kang et al. 2007)

process. Aptamers are selected by in-vitro process
namely systematic evolution of ligands by exponential
enrichment (SELEX). Once the sequence is shown, these
aptamers can be reproduced with high and consistent
output by chemical synthesis method (Urmann et al.
2017). Hence, this results in mass production of aptamers
with cost effective technique for functionalization process
(Machashi et al. 2007). Besides, aptamers are stable
for long term storage as compared to antibodies, which
are highly sensitive and denatured easily upon contact
with surface. They can also be reproduced at 55°C
and established sustainability of the sensor produced.
Researchers in Universiti Kebangsaan Malaysia utilizes
single layer graphene to produce FET based anti-diuretic
hormone (ADH) sensor to regulate body water content
in patients using artificial kidney. Graphene serves as
a conducting channel in the FET biosensor. Receptors
immobilized on graphene surface captures targeted
analytes. The adsorption of molecular analytes on the
immobilized receptors generates changes in graphene
conductivity which can be determined by measuring
drain current in the FET. Therefore, conductance changes
in graphene used as a tool to detect presence of targeted
analytes in blood. This in turn would enable the sensor
to regulate and control body water content in patients
treated using dialysis or artificial kidney.
Transconductance of conventional FET depends
linearly on gate voltage or surface potential. In
sub-threshold regime, device conductance depends
exponentially on gate voltage and results in higher
analyte binding sensitivity. Gao et al. (2016) compared
and studied the sensitivity of FET pH sensor in both linear
and sub-threshold regimes. Absolute signal change of
conductance, AG in sub-threshold regime is small and
it does not reflect the intrinsic device sensitivity. Hence,
the group introduced dimensionless parameter AG/G to

compare device sensitivities. Figure 17 shows that device
undergoes much larger change in subthreshold regime
than in other medium. Therefore, this work showed that as
noise is exponentially reduced in this regime, significant
enhancement of sensitivity is capable of achieving in
subthreshold regime (Zhang & Zheng 2015). Hence,
subthreshold regime is a promising regime to measure the
performance of the FET sensors for biosensing. In general,
graphene has been demonstrated by various groups to be
a highly promising material to be implemented in highly
sensitive biosensors for various biological molecules
detection.

AGIG (%)
- 888888 3

time (s)

FIGURE 17. Real time pH sensing. The device in the sub
threshold regime shows much larger AG/G change
versus pH (Zheng et al. 2015)

CONCLUSION

This paper highlights the unique properties of graphene
and its potential as an enticing material for biomedical
applications. By taking advantage of graphene strength, the
material has been utilized as scaffolding to regenerate and
restore tissues and organs efficiently. On the other hand,
graphene’s high surface to mass ratio and superior electrical
conductivity enables it to be used in supercapacitors to
power up biomedical devices. The ultrahigh sensitivity
of graphene makes it possible to be used in transducing
channel for the detection of analytes in biosensors. Despite
this remarkable progress, graphene based biosensors
particularly GFET has yet to be commercialized. This is due
to device-to-device heterogeneity of electronic properties
(Liu & Guo 2012) and difficulty in incorporating individual
sensors in functional devices. In addition, conventional
measurements of graphene based biosensors are carried
out by ideal medium such as pure buffer solutions, whereas
real biological samples are exposed to interference and
fouling effects. Toxicological assessment has to be taken
into consideration before applying graphene biosensors
in biomedical applications. Nonetheless, graphene
promises unique applications in the biomedical field, that
implementation could be materialized and publicly used
in decades to come.
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