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Abstract

Graphene, a discrete class of nanomaterial, has come into the
limelight after its discovery in 2004. Its unique physico-chemical
characteristics like electrical, optical, thermal properties and high
mechanical strength has piqued the curiosity of the scientific
community worldwide. These properties have been utilized for
innovative and novel applications in the field of nanoelectronics
and biomedicine. The review focuses on the opportunities and
prospects of graphene in biomedical field mainly drug and gene
delivery, photo thermal therapy, tissue engineering, bioimaging and
sensing.

Introduction

Graphene is a novel class of two dimensional mono-layer of
carbon atom, which is tightly packed into honey combed lattice.
These sp2 hybridized carbon sheets were discovered in 2004 by Giem
and Novoselov [1], for which they were awarded the 2010 Nobel Prize
in Physics. It is the basic building block of graphitic material of other
dimensionalities i.e. it can be wrapped up into 0D fullerenes, rolled
up into 1D carbon nanotubes and stacked one on top of the other into
3D graphite flakes. Ever since the discovery of graphene, it has created
waves in the scientific community owing to its unique properties
which has an enormous potential to serve a multitude of applications.
Due to its specific electrical properties, graphene based sensors are
used in nanoelectronics and sensing systems. Graphene and graphene
oxide have been explored with many molecular imaging techniques,
including magnetic resonance imaging, optical, photoacoustic and
radionuclide-based imaging [2-5]. The extraordinary electronic,
thermal, optical properties and superior mechanical strength are
utilized for biomedical applications as well.

Graphene materials can be broadly classified as graphene family of
nanomaterial (GFNs) which includes mono layer graphene, few layer
graphene (FLG), ultrathin graphite, graphene oxide (GO), reduced
graphene oxide (rGO), graphene quantum dots (GQDs) [6]. Mainly
GO, rGO and GQDs are used for biomedical purposes like drug
delivery, gene delivery, biosensing, bioimaging, tissue engineering
and cancer therapy [7-9]. GO is the highly oxidized form of graphene
containing carboxyl group (-COOH) in the edges and hydroxyl
(-OH) and epoxy (-O-) group in the basal planes, which makes GO

comparatively hydrophilic. On the other hand, rGO is obtained upon
reduction of GO using various reducing agents. It reduces the oxygen
content of GO, makes it more hydrophobic, introduces defects in
the lattice and also partially restores electrical conductivity. GQDs
are nanometer sized particles of graphene exhibiting certain unique
properties that are useful for imaging purposes. GQDs are synthesized
by top down (decomposition and exfoliation of graphite) or bottom
up (synthesis from polycyclic aromatic compounds) method [10].

Functionalization of GFNs is important for biomedical
applications. Due to the hydrophobic nature of graphene it is essential
to functionalize them to aid in their dispersion. Even though GO is
hydrophilic, the charge screening effect in the presence of salts leads
to aggregation of these particles in physiological buffer. Moreover,
functionalization with appropriate biocompatible coating ameliorates
their toxicity and also serves for the controlled release of drug in the
biological environment [11]. This can be done using covalent and
non covalent strategies. Covalent modification is possible due to
the presence of defects in the plane of rGO and GO [12]. The main
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Figure 1: Biomedical application of Graphene family of Nanomaterials (GFNs).
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methods of covalent modification are nucleophilic substitution,
electrophilic addition, condensation and addition. Non covalent
modification includes Van der Waals forces, electrostatic interation,
hydrogen bonding, coordination bonds and n-m interactions [12].

The fascinating properties of GFNs are channeled for application
in drug delivery, gene delivery, photo therapy, tissue engineering,
biosensing and bioimaging [13,6,7], as shown in Figure 1. This review
will discuss the different graphene based biomedical application and
the recent trends in this field.

Drug Delivery

GFNss are a particularly interesting candidate for drug delivery
applications. They have numerous advantageous properties and have
been explored in the biomedical field as nano-carriers for the delivery
of therapeutic drugs to the biological system. Due to their large surface
area, GFNs offers a superior drug loading capacity in comparison to
other nano-carriers. Monolayer of graphene presents a unique feature
where all the atoms are exposed to the surface and aids in high drug
loading capacity [11]. The presence of delocalized t electrons allows
n-nt stacking with other n electron rich drugs such as doxorubicin
(DOX) [14]. Non covalent interactions such as electrostatic and
hydrophobic interactions also enable loading of poorly soluble drugs
on to the graphene platform. GO has a characteristic amphiphilic
nature that enables entry through cell membrane. Hydrophilicity
arises due to the presence of oxygen containing functional group
and numerous unmodified graphenic domains in the plane makes
it slightly hydrophobic, thus making it amphiphilic. rGO, which is
obtained after reduction of GO is hydrophobic in nature. However,
it is characterized by the presence of defect in the lattice and residual
oxygen. The liphophilic nature of pristine graphene also facilitates the
penetration through biological membrane [5]. Nevertheless pristine
graphene needs to be functionalized to make it dispersible before any
biomedical application [13]. However despite their numerous unique
properties, there are some major limitations. The lateral dimension
and shape of graphene limits the entry into the cell and this can also
be regarded for their toxicity. Targeted delivery and appropriate
functionalization have been employed to overcome these issues.

It is essential to functionalize GFNs before using for drug delivery
to aid in dispersion, reduce toxicity and for controlled release of
drug. As mentioned above, covalent and non covalent approaches
were used in many studies to functionalize GFNs. In one of the
initial studies by Sun et al. [15], nano GO was covalently conjugated
with PEG and antibody Rituxan (anti-CD20) and then loaded with
DOX for targeted killing of cancer cells. More recently Miao and co
workers [16] employed EDC chemistry to synthesize PEG grafted GO
loaded with anticancer drug DOX and photo sensitizer chlorine e6
(Ce6) for combined chemo and photothermal therapy against cancer
cells. In a non-covalent approach, Depan et al. [17] synthesized folate
decorated GO for delivering DOX into the cancer cell. DOX, due to
the presence of aromatic benzene ring facilitates m-m stacking with
the delocalized m electrons present in GO. In another study carried
out by Wang et al. [18], cylic RGD modified chitosan and DOX was
loaded on to GO using simple non covalent methods and used for
drug delivery into hepatocellular carcinomas.

Numerous studies have utilized graphene as a nano carrier for
anti cancer drug delivery, targeted drug delivery and controlled
drug release. Chemotherapy is one of the major treatments for
cancer. However these chemotherapeutic agents adversely affect the
health by targeting rapidly dividing cells as well. To overcome that,
nanoparticles conjugated with chemotherapeutic agents are under
scrutiny. The enhanced permeation and retention (EPR) effect in
the tumor sites aid in passive translocation of nanoparticle to the
site of the tumor and their retention. Graphene has been loaded
with anticancer drugs like DOX [17,19,20], camptothecin [21-23],
paclitaxel [24], lucanthone [25] and others [26] successfully. In a
study by Zhang et al. [27], nano GO was loaded with two anti cancer
drugs- DOX and camptothecin via m-m interaction. It was then
functionalized with folate for uptake via folate receptor pathway in

the cancer cell. They found that the particles were successfully taken
up by MCF-7 cell lines and showed increased cytotoxicity.

Another main strategy of drug delivery is targeting to the specific
site such as tumor, across the blood brain barrier and other specific
organs/cells. One of the major focuses of targeted drug delivery is the
use of graphene conjugated with ligands such as folic acid [28-30],
transferrin [31], monoclonal antibodies [15, 32], RGD peptides [33,
34] and so on. In a recent study, it was shown that GQDs modified
with folate and DOX showed enhanced uptake via receptor mediated
endocytosis into HeLa cells and showed cytotoxicity [35]. In another
novel approach, graphene conjugated with iron oxide nanoparticle
was used for magnetic drug delivery to the target in various studies
[36-39].

Release of drug in a controlled and sustained manner is one
of the important aspects of a drug delivery system, so as to reach a
desired therapeutic level at the target site. Zhou et al. [40] formulated
a pH responsive graphene based nanocarrier for the release of DOX.
They utilized a charge reversal polyelectrolyte, citraconic anhydride-
functionalized poly (allylamine) (PAH-Cit), which gets cleaved into
cationic poly (allylamine) in acidic environment such as that found
inside the endosome. DOX was covalently linked to PAH-Cit. PAH-
Cit-DOX was conjugated with polyethyleneimine coated GO. Inside
the endosome or lysosome, cleavage of the polyelectrolyte occurred
and triggered release of DOX. Others have utilized redox responsive
[41] and near infrared (NIR) controlled [42] drug release.

Gene Delivery

Gene therapy is a promising approach for the treatment of
genetic disorders, viral infections as well as for cancer. The major
challenge is the development of a safe and efficient gene delivery
vector. Ideally the gene delivery vector should protect the nucleic acid
from degradation by the nuclease enzyme and have high transfection
efficiency. In recent years graphene has been explored as a vehicle for
gene delivery into the cells. It has been found that graphene shows a
strong attraction towards single stranded DNA (ssDNA) and RNA
due to strong m- interaction between the nucleic acid bases and the
delocalized m electrons of graphene. However, it shows less affinity
towards the double stranded DNA (dsDNA) as the DNA bases are
concealed within the double helix preventing n-n stacking [43]. In
addition to that, it was demonstrated by Lu et al. [44] that graphene
could protect oligonucleotides from degradation by cellular nuclease
due to steric hindrance effect.

In a study conducted by Kim et al. [45], DNAzyme delivery
system based on nano GO was developed for simultaneous sensing
and knockdown of hepatitis C viral gene in liver cells. DNAzyme (Dz)
is an RNA cleaving oligodeoxyribozyme which mediates catalytic
hydrolysis of target mRNA in sequence specific manner. Fluorescence
reporter dye FAM was conjugated to Dz and this was complexed with
nano GO. The fluorescence of FAM was quenched by a phenomenon
called Fluorescence Resonance Energy Transfer (FRET) due to
nano GO. The FAM-Dz/nano GO complex was able to enter into
liver cells and knockdown viral gene HCV NS3, which is required
for viral replication. Moreover, when the duplex is formed between
the viral gene and Dz specific for it, the fluorescence of the reporter
dye FAM was regained due to desorption from nano GO leading to
decreased affinity towards dsDNA. This allows for real-time sensing
as well. Zhi et al. [46] used a multifunctional nanocomplex composed
of polyethylenimine (PEI)/poly (sodium 4-styrenesulfonates) (PSS)/
GO called PPG for silencing a multidrug resitance gene miR-21. The
anticancer drug adriamycin and miR-21 targeted siRNA was loaded
into PPG. In vitro experiments on MCF-7 cell line showed that
this nano complex enhanced retention of adriamycin and effective
silencing of miR-21 gene. In another study, negatively charged GO
was bound to cationic PEI by electrostatic attraction forming a stable
GO/PEI complex rich in positive charge. This enabled the loading of
plasmid DNA and successful transfection into HeLa cells [47].

However, there is still a long way to go before graphene vectors
couldbe employed for gene delivery. For this, suitable functionalization
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and improved design of surface chemistry is required, which can pave
the way for unique graphene based drug delivery vectors.

Phototherapy

Phototherapy is one of the emerging forms of treatment for
cancer by photo ablation of cells. This is based on two main properties
of the photosensitizer upon exposure to light — 1) generation of
reactive oxygen species or ROS (photodynamic therapy, PDT) and 2)
generation of heat (photothermal therapy, PTT). Graphene has been
investigated for phototherapy owing to its unique properties.

In PDT, photosensitizers absorb light energy and transfer this
energy to the surrounding tissue oxygen. This leads to generation
of ROS that oxidizes cellular and sub-cellular compartments, finally
leading to tumor cell death. However, the success of PDT is limited
due to the hydrophobic nature of photosensitizers used. Zhou et
al. [48] overcame this by conjugating hyphocrellin, a hydrophobic
photosensitizer with GO via non covalent interactions thus enhancing
solubility. They found that hypocrellin-GO conjugate was taken up by
tumor cells and upon irradiation killed them by generation of singlet
oxygen. Miao et al. [16] showed improved efficacy of tumor killing by
co-delivery of anticancer drug with photosensitizers immobilized on
GO. PEG grafted GO was loaded with DOX and Ce6 photosensitizer
by physical adsorption and it was able to kill cancer cell efficiently.
Gollavelli and Ling [49] suggested that using photosensitizers
having the same NIR absorption range as graphene could facilitate
the use of single light phototherapy. They found that immobilizing
hydrophobic silicon napthalocyanin bis (trihexylsilyloxide) (SiNc4)
photosensitizer on to graphene helped to generate both PDT/
PTT effects simultaneously using a single wavelength of light and
effectively killing the tumor cell.

GO and rGO has optical absorption at the NIR region. In PTT,
upon exposure to laser, the material can generate heat and kill cells
by photo ablation. In one of the initial studies by Yang et al. [50],
they utilized this property of graphene for killing tumor cells in vivo.
Various tumor models were created in Balb/c mice and they were
injected with PEGylated nanographene sheets. They showed passive
tumor targeting and retention and showed no significant signs of
toxicity in the animals. Upon laser irradiation at a power density of
2 W/cm? 24 h after injection, it was seen that the temperature rose to
~ 50°C at the tumor site. It was seen that all irradiated tumor in mice
injected with nano graphene sheets disappeared completely within 1
week. Zhang et al. [51] used a combination of chemo-phototherapy for
killing cancer cells using graphene. DOX was loaded onto PEGylated
nano GO and used to kill tumor in mice. They found that laser
irradiation in addition to the chemotherapeutic effect of DOX, aided
in 100% tumor elimination in all the animals. In another interesting
study, dissociation of amyloid-p fibrils, a hallmark of Alzheimer’s
disease, was facilitated upon exposure to nano GO and subsequent
irradiation [52]. This study provides insight into designing graphene
based system for phothermal therapy of Alzheimer’s disease.
Nurunnabi et al. [53] showed that carboxylated photoluminescent
graphene nanodots (cGdots) can be used for phototherapy through
PTT and PDT and also facilitate imaging of tumor. They found that
upon laser irradiation, electrons of cGdots start to vibrate and form
an electron cloud, thereby generating sufficient heat to kill cancer cell
by PTT. In addition to that, cGdots having high level of unsaturation,
absorb light and transfer the energy to surrounding oxygen molecules
and unsaturated bonds. This results in generation of ROS and
subsequently kills cancer cells (PDT).

Tissue Engineering

Tissue engineering has emerged as an alternative approach for
the treatment of lost or malfunctioning organs. It is a multifunctional
field that applies the knowledge of engineering and biosciences
to develop a biological substitute that aids in regeneration of the
damaged tissue. In tissue engineering, a scaffold acts as an artificial
extra-cellular matrix (ECM) for the cells to adhere, migrate, proliferate
and differentiate on. Ideally a tissue engineered scaffold should

promote cell growth and proliferation, should be biocompatible with
the system, should be biodegradable, should be porous enough for
cells to adhere and form ECM and should be mechanically strong
[54]. Recently the prospect of graphene in regeneration therapy,
wound healing and stem cell therapy has been explored. Graphene
has superior mechanical strength which can be incorporated into
various scaffolds to increase the strength. A single layer of defect
free graphene is 200 times stronger than steel. In a single layer defect
free graphene, the Young’s modulus is 1000GPa whereas fracture
strength and Poisson’s ratio are 130GPa and 0.149 GPa respectively
[55,56]. Due to its superior mechanical strength, graphene has been
used to reinforce polymeric scaffolds. The Young’s modulus, tensile
strength and elastic modulus of graphene reinforced chitosan was
significantly high when compared to chitosan alone [57,58]. Sun and
Wu [59] developed a thermal and pH responsive hydrogel using GO
covalently linked to poly (N-isopropylacrylamide) (PNIPAM). The
cross linking reaction was found to increase the mechanical strength
of the GO/PNIPAM hydrogel.

The electrical conductivity of graphene is beneficial for cells that
require electrical stimulation for growth and differentiation like
neurons. Graphene is a zero band gap semi conductor. Electrons in
defect free graphene behave as massless dirac fermions and hence can
travel sub-micrometer distances by a phenomenon called ballistic
transport [1]. This makes graphene a superior electrical conductor.
The electrical conductivity of single defect free graphene is 10*S/
cm and that of graphene oxide is 10'S/cm at room temperature
[60]. Human neural stem cells (hNSC) are being used for neural
regeneration and brain repair and it is essential to direct their
differentiation towards neuronal cell rather than glial lineage.
Improved differentiation and proliferation of hNSCs was found
when cultured in a graphene substrate [61,62]. Park et al. [61] found
that neuronal marker Beta III tubulin (TUJ1) showed significantly
increased expression that glial cell marker (Glial fibrillary acidic
protein or GFAP), when grown over graphene substrate. It was also
found that there was an increase in laminin related cell adhesion
molecule receptor, which enhanced the adhesion of cells to substrate
[61]. Graphene being an excellent electrode was found to deliver
electrical currents which can be used for neural stimulation and
differentiation [62]. Similarly in mouse hippocampal neurons
cultured over a graphene substrate, neurite outgrowth was promoted
and increased expression of growth associated protein -43 (GAP-43),
which is involved in the neurite formation and regeneration, was
noticed [63,64]. Additionally when rat cortical neurons were plated
on to graphene and poly D lysine coated tissue culture polystyrene
dishes, no cytotoxicity was noticed [65]. Recent advancements in this
field utilized 3D foams coated with graphene by chemical vapour
deposition technique and favourable growth and differentiation
of NSCs were observed [66]. Taken together, graphene provides
improved cell attachment, biocompatibility and neural stimulation
for growth and differentiation of neurons. These properties can be
harnessed for making novel neural prosthetic devices.

The intrinsic unique properties have also been utilized in stem
cell therapy. Nayak et al. [67] investigated osteogenic differentiation
potential of human mesenchymal stem cells (hMSCs) grown on
graphene coated over different substrates. They found that the cell
growth and viability remained unaffected showing biocompatibility.
Moreover, hMSCs grown over graphene were able to differentiate
into osteogenic lineage in the absence of BMP-2 growth factor,
which was evidenced by the expression of osteocalcin (marker
for osteoblasts). Numerous other reports also show evidence of
osteogenic differentiation potential of stem cells grown over graphene
[68-70]. Graphene has also shown ability to induce differentiation
in induced pluripotent stem cells (iPSCs) towards endodermal
lineage [71], stimulated differentiation of hMSCs to adipocytes [72],
induce myoblasts to form myotube [73] and differentiate hNSCs to
neurons [61,66] and oligodendrocytes [74]. Lee et al. [75] proved
that the reason for accelerated stem cell adhesion, proliferation and
differentiation can be attributed to the mechanical and chemical
properties of graphene.
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The osteogenic differentiation potential is traced to the ability
of graphene and GO to preconcentrate osteogenic inducers like
dexamethasone and B-glycerolphosphate. Also it was found that GO
promoted adipogenesis of MSCs because of its high affinity towards
insulin, which is a main mediator of fatty acid synthesis. On the other
hand, graphene induced denaturation of insulin due to n-minteraction
hindering adipose differentiation. Also it was suggested that stem cells
subjected to physical stress as a result of the nano-topography can
enhance differentiation of stem cell to a specific lineage. The presence
of ripples and folds on the surface of graphene can therefore be a cue
to stem cell differentiation [73-75]. Furthermore, it was suggested
that graphite oxide having a size greater than 20nm at a concentration
of 0.005mg/ml was found to be biocompatible with mouse embryonic
stem cells (ESCs) and can be used for tissue engineering purposes
[76].

In addition to that, graphene and GO exhibits antimicrobial
activity, that is essential for wound healing applications. It has been
found that the antibacterial property is the result of synergistic
effect of membrane disruption and the oxidative stress caused by
the graphene particles. The sharp edges of graphene can perturb the
membrane and cause leakage of cellular contents, eventually leading
to cell death [77]. Liu et al. [77] also suggested that graphite, graphite
oxide, GO and rGO can be internalized by bacterial cells and cause
oxidation of GSH leading to oxidative stress in bacteria. Lu et al.
[78] used graphene doped chitosan nanofibers for wound healing
purposes. Presence of microbes in the wound can lead to delayed
wound healing. Hence graphene was used as an antimicrobial agent.
They proposed that electrons from graphene can easily enter and
damage the DNA of prokaryotic cells whereas the eukaryotic DNA is
protected by the nuclear membrane, thus preventing DNA damage.
It was also found by Sun et al. [79] that GQDs have peroxidase like
activity that converts hydrogen peroxide to hydroxyl radical. This
too aids in enhancing the antibacterial property and can be used for
wound disinfection. However, it was found by Chen et al. [80] that
graphene oxide shows a broad spectrum antibacterial and antifungal
activity by membrane perturbation and subsequent leakage of
electrolytes in the cell and cell death. The mechanism of graphene
interaction and toxicity to prokaryotic and eukaryotic pathogens
need to be understood further. Nonetheless, GFNs appears to be a
promising candidate for tissue engineering, stem cell therapy and
wound healing purposes.

Biosensor

A biosensor is used for the accurate, sensitive and selective
detection of analyte or biomolecule. This helps in the diagnosis of
genetic disorders, diseases, contaminations, microbial detection and
so on. GFNs are versatile and can be modified aptly for the desired
biosensing application. Due to its planar conformation graphene
provides a large platform for the interaction of probe and analyte
with minimum noise. Graphene based biosensors make use of two
strategies-1) probe molecule on graphene interacts with the analyte
(FRET based biosensing) and 2) a label free technique based on the
change in electrical property of graphene when it interacts with the
analyte (electrochemical biosensing) [81].

Electrochemical sensing using graphene is made possible due
to a phenomenon called Heterogenous electron transfer (HET) that
occurs at the edge and defect sight in the basal plane of graphene.
When graphene interacts with an analyte, electrons are transferred
from the graphene to the analyte for oxidation/reduction of the same,
which can be detected [82]. Song et al. [83] synthesized GO based
CuO nanocomposite electrode for the sensitive detection of glucose
by non enzymatic method. The Cu (II)/Cu (III) redox couple is
essential for the electrochemical detection of glucose, where electrons
are transferred from glucose to Cu. Graphene serves as a conducting
substrate enhancing sensitivity and accuracy. In a study by Kang
et al. [84], glucose oxidase was immobilized on graphene-chitosan
nanoplatform and used for the electrochemical sensing of glucose
molecules. Glucose oxidase maintained its native structure and
higher loading capacity of glucose oxidase was possible on graphene.

The higher sensitivity and accuracy of this biosensing platform was
attributed to large surface to volume ratio and good conductivity
of graphene. A more extensive discussion on the graphene based
electrochemical biosensors is reviewed by Fan and Wang [85].

Graphene based fluorescent biosensing has also been extensively
researched due to the fluorescent quenching ability of graphene,
called Fluorescence Resonance Energy Transfer (FRET). Graphene
contains delocalized m electrons that allow for accepting energy
from nearby molecules. Hence it can be an excellent quencher of
electronically excited molecules [86]. In one of the earlier studies,
thrombin detection was facilitated by an aptamer loaded on graphene
by m-nt stacking [87]. The aptamer, which is specific for thrombin
was conjugated with FAM, a fluorescent molecule. Loading of FAM-
aptamer onto graphene ensured close proximity of the fluorescent
dye to graphene which enables FRET from dye to graphene. This
allows efficient fluorescence quenching. The presence of thrombin
induces weak binding and conformation change in the aptamer
and subsequently the dye moves far away from graphene enabling
fluorescence recovery, thus aiding in thrombin detection. Similarly,
in 2013, Hu et al. [88] developed graphene based aptasensor for
detection of IgE. They were able to detect IgE at a range of 60-225 pM
and found that the detection limit was 22 pM. This was found to be
extremely sensitive when compared to the current detection methods
which has detection limit up to 2 nM.

Although the potential of graphene based biosensors are
numerous, it still requires extensive study and fabrication before use
in in vivo and in vitro detection.

Bioimaging

The excellent optical properties of GFNs make it an appealing
candidate for bioimaging purposes. It was shown by Sun et al. [15]
that GO exhibited photoluminescence (PL) at the NIR region,
which is useful for cellular imaging purposes due to the minimal
cellular auto-fluorescence in this region. Kim et al. [43] developed
GO -polyethylenimine nano-construct for the simultaneously
gene delivery and bioimaging. The PL property of GO is also due
to the presence of isolated poly aromatic structures. However, the
presence of carboxylic and epoxide functional group on GO induce
nonradiative recombination of electron-hole pair. This can cause low
emission in GO. Kim et al. [43] overcame this by conjugating GO
with polyethelenimine which restores its aromatic domains.

GQDs are nanometer sized fragments of graphene which
show unique electrical and optical properties. GQDs shows
quantum confinement effect, which results in a non zero band gap
and luminescence on excitation [10]. Zhu et al. [89] synthesized
GQDs by solvothermal methods and demonstrated their PL and
biocompatibility. They suggested that surface defect in addition to
quantum confinement contributed to the photoluminescence of
GQPDs. In a recent study, Nahain et al. [90] used GQDs conjugated
with hyaluronic acid for specific targeting and imaging of CD44
over expressed tumor in vivo. Hyaluronic acid functionalized GQDs
labeled human serum albumin were used to image pancreatic cancer
cells in vitro [91]. However, some of the drawbacks of using GQDs
for practical biological application are - 1) the use of one-photon
UV excitation which causes unavoidable damage to the biological
sample, 2) PL of GQD falls near the visible range, which is near to the
background of biological sample, making it impossible to distinguish
signals emitted by them and 3) PL of most GQDs depends upon pH
and ionic strength making them difficult to use in quantitative assays
[92]. So to address these shortcomings, Chen et al. [92] developed
pyrrole-ring modified GQDs which have an excitation wavelength
of 490nm and an emission wavelength of 550nm. It was found to
be stable at pH 4-10 and ionic strength 1.2molL"' KCI and the PL
emission was found to be excitation independent.

Hence these intrinsic properties of GFNs open new avenues
of research in the imaging field. However the research is still in its
infancy and has to go a long way before it can be marketed.
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Conclusion

GFNs have excited the scientific community over the past decade

since their discovery. The unique electronic properties, superior
mechanical strength, thermal properties and distinctive optical
properties have been harnessed in the biomedical field as well as
in nanoelectronics. However, there are still miles to go before any
graphenebased product can be commercialized. The reports on toxicity
of graphene family of nanomaterial are highly inconsistent. This
might be due to the difference in method of synthesis, raw materials
used, cell system used and so on. So a thorough biological evaluation
and standards are required for elucidating their interaction with the
biological system. Also the pharmacokinetics and biodegradation of
GFNs, on entering the body, needs to be well characterized before
commercialization. This paves way for innovative new research to
understand their interaction with the biological system and also to
tailor specific and biocompatible products for biomedical approaches.
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