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ABSTRACT: Graphene nanomaterials have been considered as a novel class of
nanomaterials that show exceptional structural, optical, thermal, electrical, and mechanical
properties. As a consequence, it has been extensively studied in various fields including
electronics, energy, catalysis, sensing, and biomedical fields. In the previous couple of
years, a significant number of studies have been done on graphene-based nanomaterials,
where it is utilized in a wide range of bioapplications that includes delivery of small
molecule drugs/genes, biosensing, tissue engineering, bioimaging, and photothermal and
photodynamic therapies because of its excellent aqueous processability, surface
functionalizability, outstanding electrical and mechanical properties, tunable fluorescence
properties, and surface-enhanced Raman scattering (SERS).Therefore, it is necessary to
get detailed knowledge about it. In this review, we will highlight the various synthesis
procedures of graphene family nanomaterials including graphene oxide (GO), reduced
graphene oxide (rGO), and graphene quantum dots (GQDs) as well as their biomedical
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applications. We will also highlight the biocompatibity of graphene nanomaterials as well as its possible risk factors for
bioapplications. In conclusion, we will outline the future perspective and current challenges of graphene nanomaterials for

clinical applications.
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1. INTRODUCTION

In the last few decades, nanoscience and nanotechnology have
been developed as a new prospect across many scientific
disciplines because of their specific optoelectronic and
physicochemical properties. Invention of nanoscience and
nanotechnology is one of the largest revolutions since the
beginning of modern science and technology." In this context,
carbonaceous nanomaterials like graphene, carbon dot,
graphene quantum dots (GQDs), graphene oxide (GO), and
reduced graphene oxide (rGO) have attracted much attention
over the last decades owing to their unique properties such as
large surface area, superior mechanical properties, and
exceptional thermal or electrical conductivity and optical
property.zf6

Graphene is a one-atom-thick 2D carbonaceous nanoma-
terial. It contains sp”-hybridized carbon atoms with honey-
comb structure. Since the revolutionary discovery by Geim and
Novoselov in 2004, graphene has emerged as a new field of
research because of its unique properties.” These one-atom-
thick single-layer graphene sheets have several unique
properties, like very high electron transport capability at
room temperature,” high elasticity® and thermal conductivi?f,4
high mechanical strength,” tunable optical properties,”"’
quantum Hall effect at room temperature,'' and tunable
band gap.'” Unlike graphene, several fascinating properties also
showed by double-, few-, and multilayer sheets of graphene.
Subsequently, graphene is a conductive transparent nanoma-
terial, with low cost and substantial green environmental
impact, which makes it suitable for catalysis,"’ sensing,14
energy,15 drug delivery,16 and electrical and bioelectronics
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applications.'” Recent progress in the biomedical applications
of graphene nanomaterials already provides us some of the
sustainable biomedical devices such as deep brain stimulators'®
and blood glucose sensors.'””’ Besides these biomedical
devices, graphene nanomaterials also have been used in tissue
engineering,u’22 gene therapy,23 cell imaging,24 and bioelec-
tronics.”” Although many successful implementations of
graphene nanomaterials have already been done in the field
of physics, chemistry, and biology, it is an extremely hot topic
of research for researchers with many applications yet to come
in near future.

In this concern, a versatile range of nanomaterials including
nanoparticles, quantum dots, nanowires, and nanosheets have
emerged in the past few years, with extensive progress in
synthesis, characterization, and processing. One of the main
reasons to evaluate these efforts is how the size, composition,
and structure of these nanomaterials lead to novel optical,
electronic, mechanical, thermal, and magnetic properties.
These enhanced and extraordinary physical and chemical
properties of such nanomaterials open up exclusive oppor-
tunities in the field of biology.

In this review, we mainly discuss biomedical applications of
graphene family nanomaterials, as well as their synthesis
procedure, biocompatibility, and biomedical applications
including biosensors, bioimaging, tissue engineering, drug
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Figure 1. (1) SEM images of hydrogen arc discharge-exfoliated graphene sheets (GS): (a) GS with a transparent wormlike morphology, (b) top
view, and (c) side view of the GS, (d) magnification of a part of the GS in panel c. Reproduced with permission from ref 5. Copyright 2009
American Chemical Society. (2) Morphological changes of 6H—SiC(0001) during graphene growth: (a) Initial surface after H-etching imaged by
AFM. The step height is 15 A. (b) AFM image of graphene on 6H-SiC(0001) with a nominal thickness of 1 ML formed by annealing in UHV at a
temperature of about 180 °C. (c) AFM image of graphene on 6H—SiC(0001) with a nominal thickness of 1.2 ML formed by annealing in Ar (p =
900 mbar, T = 1650 °C). (d) LEEM image of a sample equivalent to that of c revealing macro-terraces covered with graphene up to S0 ym long
and at least 1 ym wide. Reproduced with permission from ref 36. Copyright 2009 Nature Publishing Group.

delivery, gene therapy, photodynamic and photothermal
therapy, and their future perspective.

2. SYNTHESIS OF GRAPHENE AND
GRAPHENE-BASED NANOMATERIALS

Graphene mainly has four forms, which are graphene itself, the
oxidized form of graphene, ie, GO, the reduced form of
graphene oxide, ie.,, rGO, and graphene quantum dots, i.e.,
GQD, which has a size less than 20 nm. GO is the oxidized
form of chemically modified graphene and it can be
synthesized by rapid oxidation of crystalline graphite followed
by some dispersion methods or sonication of colloidal
suspensions of graphite oxide in a wide variety of organic
solvents,”® whereas high temperature under reducing con-
ditions will convert GO to reduced graphene oxide. In this
section, we mainly focus on the relevant synthesis procedures
of these nanomaterials.

2.1. Synthesis of Graphene. There are several reported
synthesis procedures for the synthesis of graphene, includin
mechanical exfoliation,” chemical vapor deposition (CvD),”
plasma-enhanced chemical vapor deposition (PE-CVD),*
cleavage of natural graphite,” hydrogen arc discharge,’®
epitaxial growth of electrically insulating material like boron
nitride,* solution-processable methods,” ™* and the micro-
wave synthesis method (see Figure 1).*%

Graphene was first synthesized by mechanical exfoliation in
2004.” This simple cost-effective synthesis procedure created
an explosive growth in the research field of graphene and
consequently demands graphene flakes, which are valuable for
research to clarify graphene properties. But unfortunately,
graphene flakes are usually available in few micrometers in this
method with irregular shapes due to their deterministically
uncontrolled azimuthal alignment. To overcome this problem,
researchers developed the CVD technique to synthesize
graphene flakes in large-scale production. CVD is generally
carried out from carbon-containing gases in a catalytic
converter, where metal surfaces act as a catalyst, or by surface
segregation of carbon at high temperature and then dissolved
in bulk of metals like Ni, Cu, etc.””’

The first interpretation of single-layer graphite was reported
by May in 1969.*° Since then, a lot of research experiments
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have been performed to synthesize single- or few-layer graphite
by surface segregation of carbon throughout the annealing
period of various carbon doped metals, e.g., Fe, Pt, Co, Ni, Pd.
A study done by Yu and his co-workers showed that an
atomically cleaned single-crystal Ni (111) surface in absence of
grain boundaries can produce more uniform and thinner few-
layered graphene, whereas polycrystalline Ni with grain
boundaries formed multilayer graphene. Here, grain bounda-
ries act as a nucleation site. They also noticed that different
cooling rates substantially affects the quality, number of
defects, and thickness of graphene. Another very important
observation they reported is that annealing of the Ni surface in
a H, atmosphere before graphene synthesis produces more
uniform graphene films. They explained the reason behind this
phenomenon: that hydrogen removes impurities like S and P
that cause local alteration of carbon solubility in metals and
affecting graphene thickness.”” Land and his co-workers used
hydrocarbon decomposition on Pt (111) surface to synthesize
single-layer graphite,"’ whereas ambient pressure CVD on
polycrystalline nickel produced 1—12 layer graphene films."'
By using CVD technique, Colombo and his co-worker
synthesized large-area graphene films on the order of
centimeters on the copper surface using methane as s source
of carbon.” The reason behind this phenomenon is explained
as being based on differential solubility of carbon in metal. The
solubility of carbon in nickel much greater than copper
(solubility of C in Ni is 1.3 at % at 1000 °C,*” whereas in the
case of copper, it is less than 0.001 at % at 1000 °C™).
Similarly, large-area monolayer and multilayer graphene films
were synthesized by Chen et al,, specifically bilayer graphene
films on commercial Cu—Ni alloy foils, by CVD using
hydrogen and methane as precursors. They also noticed that
the quality and thickness of graphene obtained on Cu—Ni foils
substantially dependent on decomposition temperature and
cooling rate.” Graphene can be also prepared by surface
segregation of C atoms under ultrahigh vacuum at 1400 K on a
Ru(0001) surface** and by low pressure CVD on an Ir(111)
surface.”® In another work, Ruoff and his co-workers
discovered that the single crystals graphene can be synthesized
by low-pressure CVD technique on a copper foil.*®
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Although exfoliated graphene flakes exhibit electrical trans-
port properties like CVD based graphene but when it comes to
single graphene domain, grain boundary plays an important
role. This is the main reason behind the variability of electron
mobility that is frequently observed in CVD-based graphene.
In addition to the CVD technique, another technique, i.e.. the
epitaxial growth technique, is also used to produce large-scale
monolayer graphene where graphene is grown on a single-
crystal silicon carbide (SiC) wafer by vacuum graphitization.

Compared to the above techniques, the epitaxial growth
method simply provides the fabrication of low-defect-density,
large-scale graphene films on a semi-insulating SiC surface and
it can be used without transfer to any insulating substrate.”” In
the year of 1978, Tairov and Tzvetkov developed a modified
sublimation growth process for 6H-SiC.** A few years earlier in
1975, Tooren and his group showed that segregation of silicon
from SiC (0001) single crystal leads to the formation of a
graphite layer on the SiC surface. They also noticed that under
ultrahigh vacuum (<1 X 107" Torr) and at elevated
temperature, Si-face consist with monocrystalline graphite
layer, whereas C-face consists with polycrystalline graphite
layer.*’

Graphene formation starts on the top of the SiC surface and
proceeds inwards. One graphene layer is formed from
decomposition of approximately three SiC bilayers. Initially,
a carbon-rich surface layer also called buffer layer reconstruc-
tion starts where carbon atoms situated isostructurally to the
graphene; however, there are neither sp” structure nor covalent
bonds attached to underlying Si atoms. This silicon layer acts
as an insulator and does not show graphene-like electronic
properties. It is also observed that the sublimation rate of SiC
is reduced drastically, when an inert gas atmosphere (up to 1
bar) is introduced, and graphene starts to grow at temperature
more than 1400—1500 °C, at this temperature carbon atom
form high-quality graphene (only 1—2 layers) due to greater
mobility of C atoms.”® Synthesis of graphene by reduction of
graphite oxide is another easy route of graphene synthesis. Wei
and his co-workers demonstrated a green and sustainable
approach for the synthesis of graphene.”® They synthesized
graphene nanosheets from exfoliated graphite oxide by Fe
reduction. Fe eliminates, oxygen functionalities from graphite
oxide and produce graphene. This technique offers a large
scale, eco-friendly and cost-effective production of graphene. In
2008 Mullen and his group discovered another novel approach
for synthesis of 2D graphene nanoribbons.”’ They produced
graphene nanoribbons with the help of Suzuki-Miyaura
coupling reaction using 1,4-diiodo-2,3,5,6-tetraphenylbenzene
and 4-bromophenylboronic acid as a starting material. They
developed graphene nanoribbons up to 12 nm in length, and
further microscopic studies also confirmed that these nanorib-
bons have a high tendency to self-assemble.”’ Graphene
nanoribbons were also synthesized by electron beam
irradiation on poly(methyl- methacrylate) nanofibers. This
low-temperature, one-step synthesis process provides a
designed and controlled way to obtain graphene.”” Pénicaud
and their group manufactured graphene from graphite by
liquid-phase exfoliation technique. In this process, they first
dispersed graphite in organic solvents followed by exfoliation.>
Recently, another large-scale graphene synthesis process was
developed by Stride research group.”® They synthesized
graphene from ethanol reduction by sodium followed by

pyrolysis.
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Recently, solution-processable synthesis of graphene has
gained tremendous attraction because of its several advantages
like eco-friendliness, scalability, and easy synthesis method
compared to CVD or epitaxial growth or hydrogen arc
discharge. In this concern, Wallace and co-workers reported for
the first time solution-processable synthesis of graphene sheets
in large scale. They synthesized graphite oxide from graphite
by a modified Hummers method. They then purified the
graphite oxide by dialysis followed by dispersion using
ultrasonication to get GO. After that, they removed the
unexfoliated graphite oxide by centrifugation and finally the
GO dispersion treated with hydrazine and ammonia solution
to get processable graphene sheets. During the reaction they
maintained the hydrazine to GO ratio at about 7:10, which is
optimal for synthesis.”” Shams et al. synthesized solution
processable few layer graphene nanosheets from dead camphor
leaves. They used a greener approach for the synthesis of
graphene sheets. For the synthesis they used dirt free vacuum-
dried camphor leaves as a starting material and heated in a
vacuum oven under nitrogen atmosphere up to 1200 °C at 10
°C/min and maintained for 4 min. After that they cooled the
product and mixed with D-tyrosine and trichloromethane with
sonication for 15 min followed by centrifugation to precipitate
large carbon particles to acquire the few layer graphene
sheets.”® In a recent work, Verramani et al. also reported the
synthesis of a solution-processable graphene sheetlike porous
activated carbon (GPAC). For the preparation of GPAC, they
cut the Bougainvillea glabra flowers into small pieces, washed
with water, and dried in an oven at 100 °C. They then
preheated the dried material at 200 °C for 6 h. After that, they
carried out activation process where they mixed the preheated
carbon powder with 10% ZnCl, and stirred at 60 °C under a
N, atmosphere for 24 h followed by carbonization in a tubular
furnace for 3 h in a N, atmosphere. Finally, they washed the
carbonized product with HCl and distilled water for
neutralization and drying.>

The microwave synthesis method is another newer synthesis
process for graphene. Hazmi and co-workers reported the
synthesis of monolayer, bilayer, and multilayered graphene
using precise microwave power and temperature. In detail, they
treated graphite flakes with ice cold glutaric acid to separate
out graphite flakes at a distance equal to the glutaric acid
molecule (0.88 nm). After that, they dispersed the pretreated
graphite flakes in methanol and introduced in Teflon autoclave
and finally placed into a microwave oven. The microwave
power, time, and reaction temperature determine the faith of
the graphene layers.”*

In addition to these, there are some other graphene synthesis
methods having various advantages and disadvantages that are
listed in Table 1.

2.2. Synthesis of Graphene Oxide (GO) and Reduced
Graphene Oxide (rGO). One of the most significant
branches of graphene research concerns with GO and rGO.
GO contains many oxygen functionalities, as it is prepared by
oxidation of graphite and reduction of graphene oxide produce
reduced graphene oxide. Until now there have been three well-
known methods for synthesis of GO, Boride,*” Staudenma-
ier,* and Hummers methods,” or by slight modifications of
these procedures. In all these procedures, oxidation of graphite
involves at different level. Boride performed a reaction
involving a mixture of nitric acid (HNO;) and potassium
chlorate (KClO;) to oxidize graphite and produced graphite
oxide.®” Nearly four decades later, Staudenmaier modified and
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Figure 2. Representation of the synthesis procedures of GO followed starting with graphite flakes (GF). Under-oxidized hydrophobic carbon
material recovered during the purification of IGO, HGO, and HGO+. The increased efficiency of the IGO method is indicated by the very small
amount of under-oxidized material produced. Reproduced with permission from ref 73. Copyright 2010 American Chemical Society.

improved Boride’s method by adding several aliquots of
chlorate during the course of the reaction. Staudenmaier also
added some concentrated sulfuric acid to increase the acidity
of the reaction medium. This slight modification in the
procedure resulted in overall oxidation of graphite similar to
Boride’s method but performed more efficiently in a single
reaction vessel.”® Sixty years later, Hummers developed
another alternative method to synthesize GO by reacting
graphite with sodium nitrate (NaNO;), concentrated sulfuric
acid (Con H,S0,), and potassium permanganate (KMnO,).””
Apart from these well-known methods, researchers have
developed a few modified methods such as the addition of
one or two additional oxidizing agents during synthesis steps to
synthesize GO based on previous methods as discussed earlier;
however these three methods remain the main methods for
synthesis of GO.”® Although it has been observed that the final
products of these reactions show a wide range of variance
depending not only the specific oxidants used but also depends
on reaction conditions of the medium and graphite source.
Both Boride and Staudenmaier treated with potassium chlorate
(KClO;) and concentrated nitric acid (con HNO,) for their
method. Nitric acid is one of the most common oxidizing
agents used for chemical reactions; it also reacts significantly
with aromatic carbon surfaces and forms various oxide
containing species like ketones, lactones, carboxyls, etc.

In the case of Hummers method, a mixture of potassium
permanganate and sulfuric acid is used. Potassium permanga-
nate reacts with sulfuric acid and form dimanganeseheptaoxide
(Mn,0,), this bimetallic heptaoxide is much more reactive
than its monometallic tetraoxide analogue and it is well-known
that this bimetallic heptaoxide detonates when placed in
contact with organic compounds or when heated temperature
higher than 35 °C.”"7* Tour and his group developed an
improved GO production method based on Hummers
method.”” They found that excluding NaNO;, if the amount
of KMnO, is increased and a mixture of 9:1 H,SO,/H;POare
used then it improves the effectiveness of the oxidation process
as shown in Figure 2. Polar oxygen group, that present in GO
provide it good hydrophilicity, so it can be exfoliated in many
polar solvents, particularly in water. GO offers a wide range of
possibilities for the manufacture of the chemically modified
graphene in industrial scale.”*
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Other than the Hummers and modified Hummers methods,
researchers recently came with some alternative rapid and
improved synthesis methods, like a microwave synthesis
method for the preparation of GO. As an example, Wang et
al. synthesized GO nanosheets by microwave irradiation. Their
synthesis method involved conc. H,SO,, graphite flakes, and
KMnO,. They mixed it in a three -necked flask and placed it in
a microwave oven for 150 s in a cycle of 30 s. After that, they
stopped the reaction by adding 15 mL of 30% H,0, followed
by centrifugation and discarded the supernatant to get GO.
Finally, they ultrasonicated the mixture to get a homogeneous
suspension of GO.”® He and co-workers also reported one pot,
one step microwave assisted synthesis of GO with a yield of
120%. Unlike previous work, they used conc. HNOj; along with
conc. H,SO,, graphite flakes, and KMnO, for the preparation
of GO. Under microwave irradiation of 300 W for 40 s,
graphite flakes turned into GO.” In addition to the microwave
synthesis method, Grossman and co-workers reported another
improved synthesis method for preparation of GO.”” Briefly,
they demonstrated that a mild thermal annealing procedure
(50—80 °C) can enhance the sheet properties in GO produced
by Hummers method in a large scale without affecting the
oxygen content preserved and without involving any other
chemical treatment. The thermal annealing facilitate to
transform the mixed up sp>—sp’ hybrid phases into a distinct
oxidized and well-ordered graphitic phases which resulted in
improved optical and electronic properties than as synthesized
GO produced by Hummers method. Yamaguchi et al. also
revealed that oxygen functionalization of GO can be controlled
by thermal annealing, which produces GO with enhanced
electronic properties.78

To date, only a few preparation methods have been reported
for reduced graphene oxide (rGO). Most researchers used
hydrazine hydrate for synthesis of rGO from GO.”~%
However, some other reducing agents also used for the
preparation of rGO. Paredes and his group compared effect of
different reducing agents on graphene oxide. They used
ammonia, potassium hydroxide, sodium borohydride, pyro-
gallol, ascorbic acid(vitamin-C) and hydrazine monohydrate as
reducing agents and reached in a conclusion that ascorbic acid
is the ideal substitute for hydrazine for reduction of the GO.**

DOI: 10.1021/acshiomaterials.8b00376
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Figure 3. (1) Optical photographs of the reducing process by immersing a GO film into different reducing agents for different times at room
temperature. (a) Three liquid reducing agents: SO mM NaBH, aqueous solution (NaBH,), 85% N,H,-H,O solution (N,H,), and 55% HI acid
solution (HI). (b—d) GO films reduced by the three agents for 10 s, 10 min, and 16 h. (e—g) Enlarged views from b, which show that the
phenomenon occurred after 10 s immersion of GO films to the three liquid reducing agents. (2) Optical photographs and mechanical properties of
the GO films reduced by different chemical agents. (a) As assembled GO film. (b) 1 h HI acid-reduced GO film at 100 C. (c) Stress—strain curve
of the GO film and HI acid-reduced GO film. (d—f) Hydrazine vapor-, N,H,-H,O, and NaBH,-reduced GO films. (d—f) Scale bar is S mm.

Reproduced with permission from ref 84. Copyright 2010 Elsevier.

Lee and his co-workers are used NaBH, for reduction of GO
and found that, the electrical resistance of rGO reduced by
NaBH, is much lower than reduced by hydrazine. They
proposed that it might be formation of C—N groups in case of
hydrazine, which can act as donors, recompensing the hole
carriers in rGO but on the other hand in case of NaBH,
reduction the interlayer spacing between two graphite oxide
layer expanded to some extent by the formation of transitional
boron oxide complexes and then contracted by subsequent
removal of hydroxyl and carbonyl groups with boron oxide
complexes.”

Cheng research group reported a unique method for
reduction of GO.** They used hydrohalic acid for reduction
of GO. They demonstrated that hydrohalic acid can reduce
GO very effectively at 100 °C for 1 h without destroying their
flexibility and integrity images are shown in Figure 3. They also
checked electrical conductance of the produced rGO and
figure out that its electrical conductance is much better than
other rGO produced by other methods. Other than these
studies, some research groups tried to understand the
theoretical framework of the oxygen bonds during the
reduction process of GO to rGO. Such as, Kumar et al
investigated the impact of oxygen clustering on the thermal
reduction of graphene oxide.*” They found that the number of
oxygen and carbon atoms can be altered during the synthesis of
rGO, depending on the degree of oxygen clustering without
hampering the reduction temperature. Shen et al.* and Niu et
al.*” also tried to reveal the effect of low-temperature thermal
treatments during the synthesis of rGO from GO. Shen et al.
demonstrated that during the low-temperature thermal
reduction process that the decomposition of functional groups
present in GO occurs in 4 distinct steps ranging from below
160 °C to above 300 °C,*° whereas Niu et al. demonstrated
that rGO can be prepared effectively by thermal treatment of
GO at 200 °C.*” To date, these methods have been the most
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significant and well-known methods for the synthesis of
graphene oxide (GO) and reduced graphene oxide (rGO).

2.3. Synthesis of Graphene Quantum Dots (GQDs).
The latest member of the graphene family is graphene
quantum dots (GQDs) ,which are smaller in size, ranging
from 3 to 20 nm®*** with sp>—sp® carbon bonds similar to
graphene and possessing large surface area, and better surface
grafting using 7—7 conjugation and surface functionalization.*®
In addition to the above properties, GQDs exhibit new
phenomena due to quantum confinement and edge effects that
are similar to C-dots. Typically, GQDs contain hydrophilic
functional groups such as hydroxyl and carboxylic acid at the
edge, which are similar to graphene or graphene oxide, thus
imprinting them with excellent water solubility and sub-
sequently allowing them to be modified with various organic,
inorganic, and biological species according to requirement.
Because of these superior properties, GQDs have been
considered as one of the most promising nanomaterials and
significant research efforts are being put toward synthesizing
low-toxicity GQDs using eco-friendly alternative methods,
which is a major concern with other quantum dots (CdSe, PbS,
CdS, etc.). In this regard, there are mainly two approaches to
synthesize GQDs, namely, the top-down method and bottom-
up method. Top-down method includes chemical ablation
from graphene and electrochemical exfoliation. Bottom-up
approaches consists of cage opening of fullerene and solution
chemistry synthesis, microwave synthesis etc. Below, we shall
do a small discussion about various synthesis methods of
GQDs.

2.3.1. Top-down Methods. Chemical ablation from
graphene is one of the most common GQD synthesis
techniques. It includes hydrothermal, solvothermal, hydrazine
hydrate reduction method, etc.

In 2010, Wu and his co-workers synthesized GQDs from
graphene oxide sheets by hydrothermal method where large
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graphene oxide sheets were cut into small one by controlled
oxidation in a mixture of sulfuric acid and nitric acid under
mild ultrasonication. The oxidized small graphene sheets were
then reduced to GQDs under hydrothermal condition at a
temperature of 200 °C for 10h.”" Shen et al. reported GQDs
surface passivation with polyethylene glycol by hydrothermal
reaction, using small GO sheets and polyethylene glycol as a
starting material.”’ Yang group made green fluorescent GQDs
by solvothermal method with PL quantum yield as high as
11.4% and average diameter of 5.3 nm and height of 1.2 nm,
from which they concluded that most of the GQDs are single
or bilayerd.” In addition to this, GQDs were also synthesized
by hydrazine hydrate reduction method from small graphene
oxide sheets. Zhu and his group synthesized GQDs by
hydrazine hydrate reduction of GO with their surface
passivation by PEG diamine.”” For this method, at first they
oxidized GO with HNOj; cut into small pieces, then these
small GO sheets were passivated with PEG diamine and finally
reduced by hydrazine hydrate to get the GQDs. The diameter
of the synthesized GQDs lies between 5 and 19 nm, suggesting
that the formation of monodisperse GQDs. Prior to this work,
Chhowalla and co-workers discovered that fluorescence
intensity of the GO thin film was changed after each
incremental when it is exposed to hydrazine-vapor (from 20
s up to 60 min).”*

Pang’s group synthesized GQDs by electrooxidation of
graphite in aqueous solution (see Figure 4). They electro-

Figure 4. (a) Blue fluorescence of N-GQDs upon UV light exposure.
(b) Schematic structure of the GQDs. (c) TEM images of N-GQDs.
Reproduced with permission from ref 98. Copyright 2012 American
Chemical Society.

chemically oxidized a graphitic at 3 V against a saturated
calomel electrode with a Pt wire counter electrode in a
NaH,PO, aqueous solution.” Chi group also prepared GQDs
electrochemically.”® They performed the experiment in an
electrochemical cell consisting a graphite rod as working
electrode, a Pt mesh as a counter electrode and Ag/AgCl
electrode as reference electrode at pH 7.0 phosphate buffer
solution. Li et al. reported an electrochemical synthesis
procedure for green-luminescent functional GQDs with a
uniform size of 3—5 nm. GQDs were formed by electro-
chemical oxidation of graphene film electrode in phosphate
buffer solution. Due to oxygen-containing functional groups on
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its surface it gained high stability in the aqueous medium. The
aqueous dispersion of GQDs are stable up to 3 months.”’

Qu and co-workers reported a simple electrochemical
approach for N-doped GQDs with oxygen group functional
groups.” They used graphene film as a working electrode, Pt
wire and Ag/AgCl act as a counter and reference electrode.
The electrolyte was 0.1 M TBAP in acetonitrile. The
synthesized N-GQDs have uniform diameter of 2—5 nm
with a topographic height of 1—2.5 nm suggesting that each N-
GQD consist of 1-5 graphene layers.

2.3.2. Bottom-up Methods. The Loh group reported a
mechanistic approach for synthesis of a series of atomically
defined GQDs by metal catalyzed of fullerene. They
synthesized different geometrically shaped GQDs such as
triangular, parallelogram, hexagonal, and trapezoid-shaped on a
Ru surface using Cg molecules as a starting compound.
Although the formation of different-shaped GQDs was
temperature dependent. They suggested that GQDs are
formed through the opening of C¢, cage on ruthenium surface
through the strong interaction between Ru surface-carbon
atoms of Cg.

The fragmentation of embedded fullerene molecules at
elevated temperature then produces carbon cluster and
subsequently under GO diffusion and aggregation to form
GQDs.'” Chua et al. also synthesized ultrasmall graphene
quantum dots by cage opening of Buckminster fullerene. For
synthesis fullerene and sodium nitrate were stirred with sulfuric
acid. Then the mixture was cooled to 0 °C temperature after
that potassium permanganate (7.5 g) was added for a period of
2 h. The mixture was then cooled and treated with H,O, to
remove the unreacted potassium permanganate and manganese
dioxide followed by neutralization with NaOH. The size of the
GQDs are 3—5 nm as depicted in Figure 5.9 Among other

Figure S. Illustration of the oxidation and cage-opening of fullerene
C60 with treatment of strong acid and chemical oxidant. On the right
side below luminescence of graphene QDs excited with a blue laser
pointer (405 nm). Reproduced with permission from ref 99.
Copyright 2015 American Chemical Society.

bottom up methods it is the most common approach for
synthesis of GQDs. Li and co-worker’s synthesized large scale
graphene quantum dots by a solvothermal method using
dendritic arene precursors. Their as-prepared GQDs were
made with graphene moieties containing 168, 132, and 170
conjugated carbon atoms.'”’ Mullen and his co-workers
reported multicolour photoluminescent GQDs with a uniform
size of ~60 nm diameter and thickness of 2—3 nm using
unsubstituted hexa-peri-hexabenzocoronene as the precur-
sor.'” Zhao and his co-workers synthesized GQDs with an
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average diameter of 4.66 + 1.24 nm by solution chemistry
pyrolysis using L-glutamic acid as a precursor.'”” The quantum
yield of the synthesized GQDs as high as 54.5%.

Recently, Hu and co-workers prepared strong blue
fluorescence emitting GQDs having 14% quantum yield
using aspartic acid and NH,HCO; as precursor with the
help of microwave mediated pyrolysis technique.'”* On the
other hand, Zhu and his team also reported the synthesis of
GQDs having 11.7% quantum yield and greenish-yellow
luminescence from GO nanosheets but they obtained GQDs
by simultaneous cleaving and reduction of GO nanosheets
under acidic condition without using any external reducing
agent. The diameter of the synthesized GQDs lies between 2
and 7 nm with an average diameter of 4.5 nm. The topographic
height of the GQDs were mostly between 0.5 and 2 nm with
an average height of 1.2 nm, suggesting that most of the GQDs
are single or bilayered."”

3. CYTOCOMPATIBILITY ASSESSMENTS OF
GRAPHENE NANOMATERIALS

Since the revolutionary discovery of graphene, graphene
nanomaterials have gained tremendous attention in all the
fields of science and technology. Until now, different types of
graphene nanomaterials have been devolved in terms of their
sizes, shapes and surface functionalization which endow them
with different physical chemical and biomedical characteristics.
So in vitro cytocompatibility investigations are very essential in
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order to develop graphene-related biomedical devices/
materials as well, as it is very crucial for further in vivo studies
of graphene nanomaterials.

Cytocompatibility of graphene and graphene based nano-
materials with living cells and microorganisms play a crucial
role for bioapplications. More specifically the cytocompatibility
of graphene nanomaterials significantly depends on their
physical and chemical properties (such as hydrophobicity,
number of graphene sheets, size) and concentration.'’'?” The
hydrophilic and nanosize graphene forms (e.g-GO, GQDs) are
found to be less toxic compared to that of hydrophobic and
large size graphene. As an example, Cui and co-workers
reported that in the presence of GO, human fibroblast cells
decreases the viability slightly (less than 20% when exposed for
4 days) at a concentration of less than 10 pg/mL; however,
higher concentration and longer exposure time lead to a
significant amount of cell death. They found that GO
concentrations more than 50 pg/mL are obviously cytotoxic
even after only 1 day of exposure (>20%).'”® The possible
explanation of this phenomenon is due to the formation of
agglomeration in physiological medium through 7—z inter-
actions between the GO layers. As a result, aggregated
macroparticles are failed to enter into the cells and entrapped
on the cell membrane and leads to disruption of the
cytoskeleton, membrane deformation and increase in inter-
cellular stress which consequently leads to cell death. These
factors also applicable for other graphene family nanomaterials.
So in order to get good and long-term stability as well as low

DOI: 10.1021/acshiomaterials.8b00376
ACS Biomater. Sci. Eng. 2018, 4, 2653—-2703


http://dx.doi.org/10.1021/acsbiomaterials.8b00376

ACS Biomaterials Science & Engineering

cytotoxicity for bioapplication purposes, the graphene nano-
materials should be stable in biological media without
formation of any aggregation, and it is already well-established
that proper functionalization of graphene nanomaterials can
increase its stability in biological media and consequently
increase the cytocompatibility. In this concern, Koyakutty and
co-workers reported that cytocompatibility of pristine
graphene can be increased signiﬁcantly when it is subjected
to carboxyl functionalization. "> They discovered that 24 h
exposure by the carboxyl-functionalized graphene at a
concentration of 300 ug/mL did not significantly affect the
viability of Vero cells. In another work, they studied the
cytocompatibility and immune response of both pristine
graphene and functionalized graphene.''’ They observed that
the macrophage cells (RAW 264.7) uptake was much higher
amount for functionalized hydrophilic graphene compared
with hydrophobic pristine graphene, which was mainly
retained at the cell surface and induces ROS-mediated
apoptosis above the S50 pg/mL concentration, whereas
functionalized graphene showed better cytocompatibility with
no stress effect up to 75 pug/mL concentration. However,
despite the cytocompatibility improvement of graphene
through hydrophilic functionalization, the reactive oxygen
species (ROS) production in mammalian cells by all forms of
graphene nanomaterials is a major drawback in biological
application. Therefore, care should be taken seriously when
using graphene materials for biomedical applications.'""""*
The synthesis methods of graphene on the hydrophilicity of
graphene and consequently its cytotoxic effects were also
found. For example, graphene synthesized by CVD increased
apoptosis, the level of lactate dehydrogenase, and generation of
ROS in neural cells.""?

Graphene nanomaterials, especially hydrophilic forms of
graphene (e.g., GO) can strongly promote cell adhesion. More
specifically, a number of studies have been done where
graphene and its derivatives act as a substrate for various types
of cells including stem cells.""* Hong and co-workers showed
the formation of neuron cells instead of glial cells through
differentiation of human neural stem cell by laminin coated
graphene without using any biological cues''* as shown in
Figure 6, where enhanced neural differentiation observed in
the presence of graphene films.

Chen et al. also exhibited the differentiation of induced
pluripotent stem (iPSC) cells in the presence of graphene and
graphene oxide. They found similar behavior of iPSC toward
glass substrate and graphene with respect to cell adhesion and
differentiation, whereas GO showed better adhesion and
differentiation compared to that of bare graphene.''” Besides
hydrophobicity, physical dimensions of the graphene-based
nanomaterials, especially size and number of graphitic layers,
also play a crucial role in determining their cytocompatibility.
The correlation of cytocompatibility with size was further
observed by Haynes and co-workers. They synthesized
different sizes of graphene and graphene oxide followed by
observation of their biological effects on human erythrocytes
and skin fibroblasts."'" They found the hemolytic activity of
human erythrocyte cells by both graphene and GO in a dose-
dependent manner. Interestingly, it was found that smaller-
sized GO sheets showed very high hemolytic activity compared
to that of large-sized GO sheets. When compared between
graphene and graphene oxide sheets, GO sheets are dispersed
much better because of their functional groups, whereas
graphene tends to aggregate and showed much lower amounts
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of hemolytic activity. In a recent study by Chen and co-
workers, where they demonstrated that the cell capture
capability of the functionalized graphene oxide nanosheets
can be enhanced by 54—92% through oxygen clustering.''®
More specifically, their system is highly sensitive toward Class
II MHC-positive cells from murine whole blood at room
temperature, which is almost double of the efficiency offered
by other devices made directly using as-synthesized GO. In
addition to that, clustering of oxygen during the phase
transformation of GO improves substance adherence proper-
ties, which ultimately results in enhanced stem cell differ-
entiation.''” Size is another crucial factor that determines the
cytotoxicity of nanomaterials. In this context, Yue et al
demonstrated the role of the lateral dimension (i.e., 350 nm
and 2 pm) of GO in terms of cellular responses and cell
viability.''® They examined the ability to internalize GO in six
different cell lines and found that only two phagocytic cell lines
are capable of internalizing both types of GO. In comparison
with size-independent uptake, the intercellular phenomenon
and cytokine profiles were significantly affected by lateral
dimension, specifically, microsized GO induced much stronger
inflammation responses than nanosized GO; in other words,
nanosized GO demonstrated more cytocompatibility than
microsized GO. Fan and co-workers studied the uptake
mechanism and cytocompatibility of GQDs on human neural
stem cells (hNSCs).""” From their result, they concluded that
the GQDs were internalized in to the hNSCs through
endocytosis pathway although the cellular uptake was
concentration and time dependent. Additionally, they found
no significant change in the cell viability, differentiation,
metabolic activity, and proliferation of hNSCs after treatment
with GQDs.

4. BIOCOMPATIBILITY OF GRAPHENE
NANOMATERIALS IN VIVO

To access the full potential of graphene-based nanomaterials
for biomedical applications, it is necessary to know its
biocompatibility in vivo. At present, very few number of
studies have been highlighted on the in vivo biocompatibility
by graphene nanomaterials. Similar to cytocompatibility, in
vivo biocompatibity of graphene nanomaterials also depends
upon physicochemical properties (e.g., includes size, surface
functionalization), concentration biodegradation and another
very important parameter which does not present in case of in
vitro, that is route of administration.

Girish et al. addressed for the first time the crucial issue of
biodegradability of pristine graphene by help of confocal
Raman imaging, which is very important criteria for any in vivo
biological applications of graphene.'”” Their study revealed
that time-bound spectral alterations such as increase in I/Ig
ratio, formation of defective D’ band and widening of D and G
bands of graphene, embedded in different organs such as liver,
kidney over a time of 8—90 days. This is due to the increase in
structural disorders in graphene phagocytosed by macro-
phages. In the case of spleen bound samples most enhanced
amount of disorder was observed, which leads to complete
amorphization after 3 months of intravenous injection. Their
findings suggest that the possible biodegradability of graphene
in vivo may have a greater impact on the practical applications
of graphene in the field of biology and medicine. In vivo
toxicity study of graphene oxide (GO) showed that the
intravenous GO administration increased the accumulation of
GO largely in lung and liver for longer time although it was
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dose-dependent.'*" The accumulation may be occurred due to

instability and nonspecific binding of GO with different
proteins. After injection, the blood flows to the lung initially
and hence results more accumulation of GO in lung compared
to other body organ. Singh et al. used GO and rGO to analyze
the effect on blood platelets.'** They reported for the first time
atomically thin GO sheets caused strong aggregatory responses
in platelets through activation of a family of Src kinases and
subsequent release of calcium from intercellular compartments.
Furthermore, they noticed that intravenous administration of
GO in mice induced extensive pulmonary thromboembolism.
This behavior was linked with the charge distribution on the
surface of GO as the aggregation properties were significantly
decreased when it is converted to rGO.

Toxicity of graphene and graphene oxide can be reduced
significantly in case of pristine graphene after liquid phase
exfoliation and further decreased when the unoxidized
graphene is well-dispersed with the block copolymer Pluronic
as shown in Figure 7. Mutlu and co-workers demonstrated that
covalent oxidation of graphene play a major role to its
pulmonary toxicity and they suggested that dispersion of
pristine graphene in Pluronic provides a pathway for the safe
handling and potential biomedical applications of graphene
nanomaterials. > Another in vivo biocompatibility study of
GO was done by Zhang et al, where they observed that
compared with other carbon nanomaterials, GO showed long
blood circulation time (half-time 5.3 + 1.2 h), and very little
uptake by reticuloendothelial system.'** Also, no pathological
changes were observed in major organs, when mice were
exposed to 1 mg/kg body weight of GO for 14 days. In
addition to this, GO exhibited good biocompatibility with red
blood cells. The difference in oxidation states of GO also plays
a crucial role to in vivo biocompatibility. In this context,
Langer and co-workers evaluated the biocompatibility of GO
with two different oxidation states followed by implantation in
subcutaneous and intraperitoneal tissue sites.' >’ They
suggested that GO is moderately biocompatible in vivo in
both tissue sites, with the inflammatory reaction in feedback to
implantation consistent with a typical foreign body reaction.
Notably, reduction in the degree of oxidation resulted in easier
immune cell infiltration, uptake and clearance following the
both tissues implantation. Furthermore, the toxicity of
graphene nanomaterials can be reduced effectively through
functionalization of GO by nontoxic biomolecules or varying
the size of GO during the synthesis steps. Additionally, degree
of oxidation also plays an important role to determine the
toxicity of GO. In this concern, Liu and co-workers showed
that in vivo toxicity of GO can be modulated through chemical
modification.'*® For example, PEGylation of GO reduces toxic
effect in mice. In another study, they observed the effect of
long-term biodistribution of '*°I labeled nanographene sheets
functionalized with polyethylene glycol and systematically
examined the toxicity over time. They found that PEGylated
NGS mainly accumulate in the reticuloendothelial system
including liver and spleen after intravenous injection and
gradually released by both renal and fecal excretion. PEGylated
NGS do not cause any significant toxicity at a dose of 20 mg/
kg to the treated mice in a period of 3 months as verified by
hematological analysis, blood biochemistry, and histological
experiment. Researchers also explored the mechanism of stress-
induced toxicity of graphene oxide, modified with PEGylated
poly-L-lysine on C. elegans as an in vivo model.'*” On the basis
of their result, they proposed multiple mechanistic pathways
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Figure 7. Aggregated graphene induces patchy fibrosis in mice. Mice
were treated with highly purified and dispersed preparations of
graphene in 2% Pluronic F 108NF (Dispersed), aggregates of
graphene in water (Aggregated), or GO in water (Oxide) by
intratracheal instillation and 21 days later, the lungs were examined
for markers of fibrosis. (a) Trichrome stained lung sections. (b) Sirius
Red-stained lung sections (bottom panels are photomicrographs
obtained using a polarizing filter). (c) Total lung collagen determined
by picrosirius red precipitation of whole lung homogenates (GD,
dispersed graphene; GA, aggregated graphene; GO, graphene oxide).
Representative images from four or more animals per group are
shown, N = 8 for picrosirius red precipitation, differences between
groups are not significant. Reproduced with permission from ref 123.
Copyright 2011 American Chemical Society.

for the toxicity. When the nematode treated with a
concentration range of between S and 20 yg/mL no changes
were observed in means of longevity, impairment of
locomotion, cell wall damage and reproducibility but polymer
factionalized GO significantly affect the resistance of
nematode. More specifically under oxidative or heat stress
conditions and leading to death. The excessive amount of ROS
generation diminished the inherent antioxidant defense system,
thus provoking dramatic toxic effect on C. elegans under
pathophysiological condition. In conclusion, the toxicity of
graphene based nanomaterials in in vivo is mainly dependent
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Figure 8. (a) Cyclic voltammograms of different components with graphene and without graphene. (b) Chronoamperometric response of
graphene/AuNPs/chitosan-modified electrode in N,-saturated phosphate buffer on injecting the concentration of H,0, in 0.2 mM steps at working
potential of —0.2 V. The inset is amperometric response to H,O, concentration. Error bars = + standard deviation. (c) Cyclic voltammograms at
graphene/AuNPs/GOD/ chitosan-modified electrode in real blood sample and PBS mixing solutions containing 2.5, 3.5, 4.5, 5.5, 6.5, and 7.5 mM
glucose from down to up. Inset is the calibration curve corresponding to amperometric responses. Scan rate: 0.05 V s™'. Error bar = + standard
deviation. (d) Cyclic voltammetric measurements at graphene/AuNPs/chitosan-modified electrode in O,-saturated phosphate buffer containing
various concentrations of glucose: 2, 4, 6, 8, 10, 12, 14, and 16 mM from bottom to top. The inset is the calibration curves corresponding to
amperometric responses at —0.2 and 0.5 V. Scan rate: 0.05 V s™". Error bars= + standard deviation. Reproduced with permission from ref 136.

Copyright 2010 Elsevier.

on the size, dose, exposure duration, as well as numbers of
graphene sheets. More significantly, the surface properties of
graphene-based nanomaterials such as functionalization/
chemical structure play an important role in determining its
toxicity; size, shape, synthesis method, biodegradation, and
route of administration also play a very crucial role in
determining biocompatibility of graphene nanomaterials.

5. BIOMEDICAL APPLICATIONS OF GRAPHENE
NANOMATERIALS

5.1. Biosensor. Because of the unique properties of
graphene family nanomaterials, they are extensively used as
biosensors. Recently, a number of electrochemical, fluorescent,
and field-effect transistor biosensors have been developed
based on the graphene nanomaterials by various research
groups as discussed below.

5.1.1. Electrochemical Biosensor. In the last few decades,
high specificity and sensitivity of graphene material have made
it a tremendously attractive compound as electrochemical
biosensors among other biosensors. The specificity of electro-
chemical biosensor lies on the fact that different molecules
oxidize or reduce at different potential window. In the case of
graphene-based electrochemical biosensor, electron transfer for
oxidation or reduction processes occurs between the graphene
and analyte molecules, and this heterogeneous electron transfer
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process happens at the edges and corners of the graphene or at
the defect sites of basal plane.'”® The large surface area of
graphene provides enormous number of corners edges and
defects which can act as superior electroactive sites.'””
Graphene has been extensively used for glucose sensors
because diabetes has become a worldwide public health threat.
For glucose sensing, glucose oxidase (GOx) enzyme (which
acts as an oxidizing agent) is used as a biorecognition element,
where it oxidizes glucose to gluconic acid and transfers
electrons to oxygen, which is dissolved in the solution and then
converts into hydrogen peroxide, which can easily be detected
electrochemically. However, there are several examples where
direct electron transfer can take place from enzyme without
need of O, as an electron acceptor.””’ Generally, ultrathin
multilayer graphene nanosheets have been employed as a
transducing material for the biosensing of glucose.'*" There are
several reported examples where direct electron transfer occurs
from glucose oxidase. GO has also been used for the
recognition of glucose. Its biocompatibility with GOx led to
formation of a stable glucose sensor with a sensitivity of 8.045
mA cm~2 M~1."** In another work, Niu and his co-workers
discovered a novel glucose biosensor based on direct electron
transfer process in graphene/ionic liquid/glucose oxidase
system.'*” Their system showed a linear response up to 14
mM. Incorporation of CdS nanocrystal with graphene system
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provide very low detection limit of 0.7 mM with a linear
response between 2 to 16 mM.">* Razmi and his co-workers
made a simple low cost electrochemical glucose biosensor
based on GOx-GQDlcarbon ceramic electrode (CCE)."*® To
fabricate the biosensor at first they simply coated the GQDs on
carbon ceramic electrode by drop casting method. The GQD-
modified carbon ceramic electrode (CCE) was activated and
coated with GOx to form the sensor. Their electrochemical
biosensor responds efficiently between 5 and 1270 M glucose
concentrations with the detection limit of 1.73 M and
sensitivity of 0.085 mA cm™> M™". Excellent performance of
the biosensor attributed to large surface to volume ratio,
excellent biocompatibility of GQDs, porosity of the GQDI
CCE, abundance of the hydrophilic edges as well as
hydrophobic surface in GQD which enhances the enzyme
absorption on the electrode surface.

There are also some other enzymatic detection methods
which have been reported based on 6graphene/Gold
nanoparticles(AuNPs)/chitosan composite.'*® As depicted in
Figure 8, the modified graphene/AuNP/chitosan showed
electrode good cyclic voltammograms response, chronoam-
perometric response and amperometric response with good
linearity. Not only glucose biosensor there are several other
biologically important molecules/macromolecules such as
nicotinamide adenine dinucleotide (NADH), DNA, hemoglo-
bin, cholesterol, catechol, hydrogen peroxide, ascorbic acid,
uric acid, dopamine, etc. which can also be measured by
graphene-based electrochemical biosensor. A brief detail of
these sensors has been described below.

NADH is a very essential coenzyme that participates in more
than 300 types of dehydrogenase enzymatic reactions.””’
Electrocatalytic oxidation of NADH has been studied as part of
the development of dehydrogenase-based biodevices. How-
ever, its electrooxidation at bare glassy carbon (GC) electrodes
in neutral solutions occurs at a high over potential (ca. 0.5 V)
because of electrode fouling and slow electron transfer
kinetics."*® So the effective oxidation of NADH at low
potentials would lead to the path of development of NADH-
based biosensors. Li and his co-workers studied the electro-
chemical behavior of NADH on reduced graphene sheet films.
They showed increased electron transfer kinetics and excellent
electrocatalytic activity compared with normal GC electrodes.
They observed that the oxidation of NADH occurs on bare
GC electrode at 0.75 V and the required voltage becomes
significantly low to the 0.42 V using the reduced graphene
sheet films/glassy carbon (rGSF/GC) electrode.'*” Zhang and
his group also prepared a NADH biosensor based on
noncovalent functionalized graphene with water-soluble
electro-active methylene green (MG)."”” The oxidation of
NADH at bare GC electrode occurs at +0.55 V. However, the
voltage changes to +0.40 V and +0.14 V for chemically reduced
graphene (CRG) and CRG functionalized with MG electrodes,
respectively. Shan et al. reported low potential electrochemical
detection of NADH as well as ethanol with the help of the
ionic liquid-functionalized graphene (IL-graphene) modified
electrode. The IL-CS-GR-modified electrode displayed good
linearity from 0.25 to 2 mM and a high sensitivity of 37.43 yA
mM~! em=2140

For the treatment of genetic diseases, especially at their
initial stages, it is very important to recognize the mismatched
DNA base pairs as it is an important parameter for the
diagnosis of these diseases. Recently, electrochemical sensors
have gained enormous attention because of their potential to
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recognize the defected DNA specifically with an elevated
signal-to-noise ratio.'*' Recognition of DNA is possible
directly through oxidative signals of DNA bases or by using
electro-active labels.'** Direct detection of DNA is simple and
label-free, but its sensitivity is much poorer than label-free
DNA assays. In addition to that, conventional carbon
materials, such as glassy carbon and graphite, give analytically
useful signals with adenine (A) and guanine (G) bases while
providing poor signals with cytosine (C) and thymine (T). It is
reported by Zhou et al. that the chemically reduced graphene
oxide provides far better electrochemical activity than glassy
carbon and graphite for all four bases."” In a similar type of
work. Loh and his team exhibited direct voltammetric
detection of DNA on an epitaxial graphene. In fact, they
discovered that an anodized epitaxial graphene voltammetric
sensor can simultaneously detect all four DNA bases in double-
stranded DNA (dsDNA) without any prehydrolysis steps and
it can also differentiate single-stranded DNA (ssDNA) from
dsDNA. Their result revealed that graphene with high edge
plane defects leads to a significantly higher response than
pristine graphene.'** So it was suggested that electrochemically
oxidized graphene or graphene with large amounts of defects
could be an efficient platform for highly sensitive electro-
chemical sensing. Pumera and his group also proved that large
number of defects on graphene surface, beneficial for the
electrochemical detection of DNA using stacked graphene
platelet nanofibers.'* Just like graphene, GQDs also possess
excellent conductivity due to its excellent graphitic like
structure. On the basis of this property, Li et al. fabricated a
simple but eflicient electrochemical platform to detect specific
sequence of ssDNA by using GQD-modified electrode. The
ssDNA inhibited electron transfer between electrochemically
active species Ferricyanide/Ferrocyanide ([Fe(CN)( > /%)
and the electrode after the probe molecules were strongly
adhered to the surface of the modified electrode via their
interaction with GQDs. The obtained signal currents of
[Fe(CN)¢]>"/* increased significantly with the target
molecules thus various electrochemical sensor can be
developed based on this model platform.'*®

Hemoglobin (Hb) is the most significant part of blood as it
is the carrier of O, throughout the circulatory system in animal
body. Change of Hb concentration in blood can cause several
major diseases and even death. Therefore, precise determi-
nation of Hb content in human blood is medically very
essential. In 2010 Chen and his co-workers used a chitosan-
(CS)-graphene(GR) composite electrode for the electro-
analysis of Hb.'""” The cyclic voltammogram of Hb at the
CS—GR/GC electrode exhibited a well-resolved redox peak
compared with a bare CS/GC electrode. The current response
of Hb at the GR modified CS/GC electrode amplified linearly
with scan rate from 30 to 150 mV s signifying a well surface-
controlled electrochemical process. Wang et al. reported an
ionic liquid-modified graphene electrochemical sensor for the
detection of Bovine hemoglobin (BHb).'** They optimized
the conditions for the detection of BHb successfully at very
low detection value of 3.09 x 107! g/L and a wide range from
1.0 X 107" to 1.0 X 107 g/L (R = 0.998). In another work,
Luo and his team used novel graphene-molecular imprinted
polymers composite (GR-MIP) as recognition element for
selective and sensitive detection of BHb.'"” They revealed that
under optimized experimental conditions the electrochemical
sensor can detect BHb in a concentration range of 1.0 X 10~
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Figure 9. Amperometric response of (a) the cholesterol with the GNS-nPt electrode and (b) cholesterol ester biosensors. An aliquot of H,0, was
injected into the stirred supporting electrolyte (PBS, pH 7.2) as indicated by the arrow. The potential of the electrode was held at 400 mV.
Reproduced with permission from ref 153. Copyright 2010 American Chemical Society.
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hybridization-induced probe liberation from GO. (c) GO-based fluorescence DNA assay. Fluorescence spectra of P1 in the absence (black) and
presence of the complementary target T1 of SO nM (red), and random sequence R1 of S0 nM (blue). (d) Fluorescence spectra for P1 in the
presence of GO before (black) and after (red) incubation with T1. (e) Kinetic study for the fluorescence change of the FAM-tagged probes (20
nM) with different lengths in the presence of GO: 17 base pairs (bp; black); 34 bp (red); S1 bp (blue). (f) Kinetic study for the fluorescence

change of the GO-bound P1 in the presence of T1 of various amounts (1

0, 20, 30, 40, SO pmol). The excitation and the emission wavelengths are

494 and 526 nm, respectively. Reproduced with permission from ref 166. Copyright 2010 Willey.
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mg mL™" to 1.0 X 107" mg mL™" with detection limit of 2.0 X
107° mg mL™.

Accurate determination of H,0, is very important in the
field of chemistry, biology, clinical control and for environ-
mental safety.">" Electrochemical methods are more precise
and convenient for this than other conventional methods.'*
Zeng et al. reported Sodium Dodecyl Benzenesulfonate
(SDBS)-GR/Horse Radish Peroxidase(HRP) modified elec-
trode for the recognition of H,0,.">" The biosensor exhibited
high electrocatalytic activity to H,0, with high sensitivity,
selectivity, low detection limit, wide linearity, and fast
response. The reaction mechanism of the catalytic process is
summarized below.

HRP(Red) + H,0, — HRP(Ox) + H,0

HRP(Ox) + Hydroquinone
— HRP(Red) + Benzoquinone

Benzoquinone + 2e~ + 2H" — Hydroquinone

Zhu and his co-workers synthesized a novel H,0, biosensor
based on Au-graphene-HRP chitosan composites that
remained stable after 30 measurement without significant
loss of sensitivity.">” The range of detection was 5 X 107 to
5.13 X 1073 M, with a detection limit of 1.7 X 107° M (S/N =
3). Ganesh and co-workers in another work developed a HRP
immobilized GQD based platform for the detection of
H,0,.">* Their electrochemical sensor showed an excellent
selectivity values of 0.905 and 7.057 uA/mM with detection
limit of 530 nM and 2.16 uM along with a fast response time of
2-3 s.

Cholesterol and its ester are very crucial constituents of all
animal body. Increased level of cholesterol in human body can
cause life threatening coronary heart diseases artherosclerosis
and cerebral thrombosis as shown in Figure 9. Therefore,
pinpoint accurate detection of cholesterol levels is clinically
very important.153

Raj and his co-workers developed a highly sensitive
amperometric biosensor based on a hybrid material derived
from nanoscale Pt (nPt) and graphene for the recognition of
H,0, and cholesterol. The biosensing platform was developed
by immobilizing cholesterol oxidase and cholesterol esterase
on the surface of the GR/nPt hybrid material. In the case of
H,0,, the detection limit is 0.5 nM with a linear range up to 12
mM (Figure 10). The detection limit and sensitivity of the
electrode toward cholesterol ester were 0.2 uM and 2.07 + 0.1
uA/ (UM cm?), respectively.'>> In another work, Chailapakul
and his group developed a novel paper-based cholesterol
biosensor using graphene/polyvinylpyrrolidone/polyaniline
nanocomposite. Under optimum conditions, their biosensor
can detect up to 1 M cholesterol with a liner range from 50
UM to 10 mM."**

Uric acid (UA), one of the major end products of purine
metabolism in body fluids such as blood serum and urine,
participates in many vital biological process. High concen-
tration of UA in the human body can cause many diseases like
renal failure, Lesch-Nyhan Syndrome, gout, and so on.">® So it
is very important to measure the UA acid concentration in
terms of clinical disease diagnosis. Wang and his group made
an electrode based on manganese(Ill) porphyrin-graphene
oxide composite materials that is capable of detecting UA with
high sensitivity and stability. The sensor showed a linear
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response between 0.5 and 500 yM and can detect up to 0.30
#M."*° Liang et al. reported an ultrasensitive uric acid sensor
constructed by gold microcluster/sulfonate-functionalized
graphene-modified GC electrode having minimum detection
value of 0.12 M and a range from 0.2 to 50 uM."7

Not only a biologically important molecule, even with
proper modifications of graphene, it can detect cancer cells. In
this regard, Qu and his co-workers developed a label-free
electrochemical aptasensor for detection of cancer cells based
on functionalized graphene'*” through conjugation of AS1411
aptamer because of its specific target toward nucleolion as it is
overexpressed on cancer cell surface. The aptasensor sensed
specifically the cancer cells compared to normal cell using very
low number of cells. In another work, Qu’s group reported a
graphene-based peptide electrochemical sensor for early stage
diagnosis of cyclin-A2 in cancer cells.">” Castillo-Leon and co-
workers also made a peptide nanotube-folic acid-modified
graphene electrode for selective detection of cancer cells.'®’
They found the limit of detection is 250 HeLa cells per mL
with an incubation time of only 10 min.

Apart from these, graphene has also been used for
electrochemical immunosensing. Generally, it is not possible
to detect antibody—antigen directly electrochemically; for this
cause, electrochemically active labels must be used. Mainly,
there are two strategies in which graphene can be used for
immunosensing. In the first case, graphene can be used as an
electrode surface for selective and sensitive detection of
electroactive labels.'®" This strategy was applied for the
graphene-enhanced recognition of a-fetoprotein, which is a
cancer biomarker. Graphene sheets were modified by function-
alized carbon nanospheres labeled with horseradish peroxidase-
secondary antibodies."®" In the second strategy, graphene was
used as a label bearing nanocarrier.'®> Using this second
strategy, Lin and co-workers developed an ultrasensitive
immunosensor that can detect phosphorylated protein pS3.
In detail, they used functionalized GO linked with HRP and
p53*% signal antibody (p53*?Ab,) at a high ratio of HRP/
p53°%2Ab,. After a sandwitch type immunoraction, the HRP-
pS3*2Ab,-GO captured onto the electrode surface and
produced amplified electrocatalytic response due to the
reduction of enzymatically oxidized thiamine in the presence
of H,0,, which is far better than other traditional sandwich
type electrochemical sensors.'®

5.1.2. Fluorescence Biosensor. Fluorescence spectroscopy
provide us a very sensitive platform for biomolecular detection.
Graphene can be employed in various ways as a substrate in
fluorescence detection systems. For an example, the
fluorescence quenching principle was employed for the
aptamer-based detection of thrombin.'®® Zhang et al. reported
a graphene-based fluorogenic biosensor that can detect sugar
ligands and glycoprotein on cancer cells.'®* Vaish and his
group developed a label-free estriol biosensor based on
graphene oxide.'® Estriol is one of the estrogens that has
been considered medically important. The presence of estriol
in urine or plasma is not only used to determine the pregnancy
but also used as an important diagnostic marker for various
diseases including insulin resistance, osteoporosis, and even
breast cancer. The sensor can detect up to 1.3 nM
concentration of estriol under physiological condition. Here
GO act as a fluorescence quencher and quenched efficiently
estriol through fluorescence resonance energy transfer (FRET)
mechanism. Fan and his group used graphene oxide as a
platform for multicolour fluorescent sensing of DNA'®
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Figure 11. (a) Schematic representation of the boron-doped graphene quantum dots (BGQDs). (b) Proposed “aggregation-induced PL increasing”
mechanism for the glucose-specific sensing by BGQDs. Reproduced with permission from ref 176. Copyright 2014 American Chemical Society.

(Figure 10). Because of the extraordinarily high quenching
efficacy of GO, the fluorescent ssDNA probe exhibits negligible
background fluorescence, whereas strong emission is noticed
when it forms a double helix with the specific targets, leading
to a high signal-to-background ratio. More importantly because
of the large surface area of GO, it allows simultaneous
quenching of multiple DNA probes labeled with different dye,
which leads to detection of multiple DNA targets in the same
solution. Liu and his group developed a fluorogenic glucose
biosensor platform depending upon FRET from up-converting
nanocrystal to graphene oxide.'®” The sensor showed a linear
response between 0.56 and 2 uM with a detection limit of
0.025 uM. From the series of graphene nanomaterials, GQDs
are most often used as a fluorescent sensor because of their
excellent photoluminescent properties.

Similar to Fan and co-workers, Lu et al. also demonstrated
that, GO based system can be a very eflicient platform for
sensitive and selective detection of DNA and proteins.'*® In
case of their system, the sensing mechanism relies on the
interaction between GO and dye-labeled single-stranded DNA
which leads to quenching of the dye fluorescence. When a
target DNA binds with the dye-labeled DNA, the labeled DNA
detached from GO surface and consequently restores the dyes
fluorescence which confirms the DNA quantification. Yang and
co-workers designed NGO with molecular beacon (MB),
which can specifically detect surviving transcript, which has
received sg%nlﬁcant attention because of its use in cancer
diagnosis.'®” In detail, they observed that NGO can absorb MB
and quenched the background fluorescence of MB, whereas in
the presence of target DNA, fluorescence intensity increased
significantly. The result suggested that, the target DNA
efficiently bind with MB on NGO surface and subsequently
release of MB from NGO. Zhang et al. reported graphene
quantum dot based a universal fluorescence biosensor for
detection of microRNAs (mRNAs)."”’ The sensing mecha-
nism relies upon the excellent fluorescence performance of
GQDs, and instinct base pairing specificity of molecular bacon
probes and exclusive FRET from GQD to fluorescent dyes
labeled on pyrine-molecular bacon probes to realize qualitative
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and quantitative detection of miRNAs. The biosensor platform
exhibited excellent selectivity, good stability, and a wide
detection range from 0.1 nM to 200 nM with a detection limit
of 100 pM. Pang’s group fabricated a highly selective and
sensitive aptasensor for detection of Mucinl (MUCL1), which
is a well-known tumor biomarker."”" In their work, graphene
oxide quenched the fluorescence intensity of single stranded
fluorescently labeled MUCI specifically, whereas the quenched
fluorescence is restored significantly upon the addition of
MUCI. Their aptamer sensor can sense a wide range from 0.04
to 10 mM of MUCI having lowest detection concentration of
28 nM. On the other hand, Seo and his team made a graphene
oxide based immune-biosensor array for pathogen sensing,
where a rotavirus-specific primary antibody was chemically
conjugated through amide linkage with graphene oxide.'”
After capturing the rotavirus, the detection of pathogen was
carried out using fluorescence resonance energy transfer
(FRET) between graphene oxide sheets and gold nano-
particles. Here graphene oxide act as energy donor. Their
pathogen sensor with high specificity, sensitivity (1000 pfu
mL), and very rapid detection time serve as a promising
alternative probe to the conventional time-consuming
laborious pathogen detection methods. Ran et al. reported a
novel quick method for the detection of Ag" ion and biological
thiols such as cysteine, homocysteine and glutathione
selectively with the help of GQDs decorated by Ag
nanoparticles.'”> Their GQD-based sensing platform can
detect up to 3.5 nM concentration of Ag" ions, 6.2 nM of
cysteine, 4.5 nM of homocysteine, and 4.1 nM of glutathione.
The detection of biological thiols is very important because
they play a major role in biological processes and are also
responsible for causing many diseases like cancer, AIDS,
cardiovascular diseases etc. In another study, Wang and his
group produced a fluorescent blood glucose sensing system
based on hemin functionalized graphene quantum dots.'”* The
noncovalent interaction between hemin and GQDs made
H,0, to destroy GQDs passivated surface and consequently
quenched the fluorescence intensity of GQDs. Under the
optimized conditions, it can detect up to 0.1 yM glucose with a
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Table 2. List of Various Types of Biosensors Based on Graphene Nanomaterials®

sensing element sensor type sensor platform detelclglc:; (EZM) linear range (mM) refs
glucose electrochemical GOx/AgNPs/PAMAM/rGO/GCE 4.5 0.03—1.89 187
glucose electrochemical GOx/AuNCs/HS-graphene SH/Au 100 0.3—-0.8 188
glucose electrochemical Cu,0 NCs/rGO/GCE 20.8 0.3-3 189
glucose electrochemical Cu,O-PtNCs/rGO/GCE 0.01 0.0005—-12 190
glucose electrochemical Ionic liquid doped screen-printed electrode (IL-SPE)/ER-GO/ 1 0.05—-12 191
GOx-BSA mixture/GA
glucose electrochemical GCE/graphene/GOx 10 +2 0.0001-10 192
glucose electrochemical GCE/ER-GO-MWCNT)/GOx 4.7 0.01-6.5 193
glucose electrochemical GCE/ERGO/gold—palladium bimetallic nanoparticles 6.9 0.0069-3.5 1o
(AuPdNPs) /GOx
glucose electrochemical GCE/gaphene-CdS nanocomposite/ GOx 700 2—-16 1
glucose electrochemical GCE/poly(1-vinyl-3-butylimidazolium bromide)-graphene 267 0.8—20 195
(poly(ViBulm+Br-)-Gr)/GOx
glucose electrochemical GCE/[amine terminated ionic liquid (IL-NH2)-sulfonic acid ~ 3.33 0.01-0.5 196
(SO;7)-functionalized graphene (S-RGO)]/GOx/Nafion
glucose electrochemical GCE/Graphene-(3-Aminopropyl) triethoxysilane (APTES)/ 1.4-27.9 17
GOx/Nafion
glucose electrochemical GCE/Graphene/AuNPs/GOx/Nafion 1 0.001-30 198
glucose electrochemical GCE/CS-ferrocene/GO/GOx nanocomposite 7.6 0.02—6.7 199
glucose electrochemical GCE/CS-functionalized graphene platelet-GOx (GP-GOx) 20 2-22 200
glucose electrochemical GCE/functional SiO,-coated GO/AgNP/GOx 310 2-12 201
glucose electrochemical GCE/rGO-titanium dioxide nanocluster (TDN)/GOx/CS 4.8 0.032—1.6 202
glucose electrochemical GCE/NiO composites/graphene 1 0.005—-2.8 203
glucose electrochemical GCE/nickel nanoparticles/graphene 1.85 0.005—-0.55 204
glucose photoelectrochemical ~ ITO/graphene-Cd QDs 7 0.1-4 208
glucose electrochemical CuO-graphene 1 0.001-8 206
glucose electrochemical CuNPs/graphene 0.5 0.005—4.5 207
glucose electrochemical polypyrrole/graphene/GOx 3+05 0.002—0.04 208
NADH electrochemical rGO/GC 0.33 0.01-0.6 209
NADH electrochemical graphene-Au nanorod LS 0.005—-0.337 210
NADH electrochemical Au-TiO,/graphene 0.2 0.01-0.24 21
NADH photoelectrochemical ~ graphene-TiO, nanohybrids 0.003 0.00001-2 2
NADH electrochemical AuNPs-1GO 0.00113 0.00005-0.5 s
NADH electrochemical ADH/IL-graphene/chitosan-modified electrode S 0.25-2 140
NADH electrochemical rGO-AuNPs-PAH-screen printed electrode 35 0.01-0.2 0.2—5 e
NADH electrochemical PLM-PNR-MWCNT-GO 0.0133 0.0000133—0.195 Hs
0.208—0.581
NADH electrochemical DMEF exfoliated graphene 1.9 0.05-0.36 e
DNA electrochemical GCE-graphene/cDNA1/tDNA/Au-cDNA2 0.000072 0.0002—0.5 2
DNA electrochemical chitosan-graphene/AuNPs/CILE 3.33 x 1078 Ix107°—1x10° %
DNA electrochemical polyaniline/graphene 1x107* 1x107°—1x10° 2P
DNA electrochemical 3D-N-doped graphene/Fe;O, nanoparticles 3.63 x 107° 1x 1078 -1 220
DNA electrochemical graphene/polyaniline nanowire 325 x 1077 212 X 1077 — 2!
212 x 107
DNA electrochemical GCE/graphene/cDNAItDNAIrDNA.AuNPs 1x 107 222
hemoglobin electrochemical MIPs/IL graphene/GCE 3.09 x 107" 1.0 x 1071 — 223
g/L 1.0 X 107 g/L
hemoglobin electrochemical graphene-molecular imprinted polymers 20x 1078 g/L 1.0 X 107 19
—-1.0 x 107* g/L
H,0, electrochemical Cyt ¢/GO-MWCNT/Au NP 27.7 x 107¢ 1.0 X 1078 — 224
1.4 x 1077
H,0, electrochemical rGO-MWCNT-Pt/myoglobin 6 x 107° 1.0 X 1078 — 225
1.9 x 1077
H,0, electrochemical rGO-carboxymethyl cellulose/Hb 0.08 0.000083—-0.01394 226
H,0, electrochemical Hb/Au/GR-CS 0.35 0.002—0.935 227
H,0, electrochemical rGO-PMS@AuNPs 0.06 0.0005—50 228
H,0, electrochemical graphene/MnO, 0.8 0.005—0.6 229
H,0, electrochemical HRP-functionalized graphene-Ag S 0.025-19.35 230
H,0, electrochemical HRP/CeO,-rGO 0.021 0.0001-0.5 231
H,0, electrochemical HRP-MoS,-graphene 0.049 0.0002—1.103 22
H,0, electrochemical Au-PEI/GO 0.2 0.0005—1.68 233
H,0, electrochemical AuNPs-N-GQDs 0.12 0.00025—13.327 234
H,0, electrochemical Cu,O/N-doped graphene/Nafion-modified GCE 0.8 0.005-3.5 235
2668 DOI: 10.1021/acsbiomaterials.8b00376
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Table 2. continued

sensing element sensor type sensor platform detelclglcil o(itM) linear range (mM) refs
H,0, electrochemical rGO-Cu,O nanocomposite 0.37 0.001—-1.47 236
H,0, electrochemical rGO/Ag—Pd/GCE 1.1 0.00S- 14.65 237
cholesterol electrochemical graphene/polyvinylpyrrolidone/polyaniline nanocomposite 1 0.05—10 154
cholesterol electrochemical graphene-CHOD-CHER-PtNPs 0.2 0.005—-0.035 153
Uric Acid electrochemical N-doped graphene 0.045 0.0001-0.02 238
uric acid electrochemical Nafion-AgNPs-rGO 82 0.01-0.8 239
uric acid electrochemical Pt-rGO 0.45 0.01-0.13 240
uric acid electrochemical graphene-modified carbon fiber electrode 0.132 0.000194-0.04968 .
cancer cells electrochemical functionalized graphene aptasensor 794 cells/mL 1Xx10° —1x 10° 158

cells/mL
cancer cells electrochemical graphene-peptide nanotube-folic acid 250 cells/mL 160
thrombin fluorescence aptamer-labeled graphene 0.0000313 625 x 1078 — 163
1.875 x 1077

glycoprotein fluorescence N-acetyl glycosaminyl rhodamine coupled GO 534 cells/mL 50000—300000 cells/ 164

receptor ml
estriol fluorescence GO 0.0013 0.0013-0.01 165
DNA fluorescence GO-Fluorophore tagged probe 0.00001 166
glucose fluorescence GO—-CS-ConA-UCP 0.025 0.00056—0.002 167
miRNAs fluorescence GQDs- Py-MBs 0.000 1x107 —2x107* 22
mucin 1 (MUC 1)  fluorescence GO-MUC 1 specific aptamer 0.028 0.00004—0.01 7
glucose fluorescence hemin-functionalized GQDs 0.1 0.009-0.3 174
protein kinase fluorescence phosphorylated peptide—graphene quantum dot (GQD)-Zr**  0.03 unit mL™"  0.1—1.0 unit mL™" 17
glucose fluorescence boron-doped GQDs 10 0.05—10 176
immunoglobulin -G fluorescence graphene-mIgG-GQDs 10 ng/mL 0.2—12 pg/mL 17
DNA fluorescence GQDs-cDNA-CNTs 0.0004 0.0000015-0.000133  '7*
carcinoembryonic FET graphene-anti-CEA 100 pg/mL 243

antigen
DNA FET single-crystal graphene domain-PBASE-probe DNA 0.000001 25x107 —1x10° **
glucose FET graphite oxide- Cu/AgNPs 1 0.001-30 i
urea FET rGO-PEI-urease 1 0.001—-1 246

“GOx, glucose oxidase; AgNPs, silver nanoparticles; PAMAM, polyamidoamine; AuNCs, gold nanocubes; NCs, nanocubes; PtNCs, platinum
nanocubes; PPy, polypyrrole; AgNPs, silver nanoparticles; QDs, quantum dots, ADH, alcohol dehydrogenase; IL graphene, ionic liquid-
functionalized graphene; PAH, poly(allylamine hydrochloride); PLM, poly(luminol); PNR, poly(neutral red); GCE, glassy carbon electrode;
cDNA, captured probe; rDNA, receptor probe; tDNA, target DNA; CILE, carbon ionic liquid electrode; MIP, molecular imprinted polymer;
MWCNT, multiwalled carbon nanotube; PMS, mesoporous silica; HRP, horseradish peroxidase; CHER, cholesterol esterase; CHOD, cholesterol
oxidase; SPE, screen-printed electrode; CS, chitosan; ConA, concanavalin A; UCP, up-converting phosphor; Py-MBs, pyrene-functionalized
molecular beacons; mlIgG, mouse antihuman immunoglobulin G; CNTs, carbon nanotubes, CEA, carcinoembryonic antigen; PBASE-1,

pyrenebutanoic acid succinimidyl ester; PEI, polyethylenimine.

range of detection from 9 to 300 M. Qiu group developed a
simple but very eflicient photoluminescent GQDs based
platform for protein kinase sensing.'”> They used aggregation
behavior of phosphorylated peptide—GQD conjugates in the
presence of Zr*" ion. The sensing mechanism relies on the fact
that when substrate peptide was phosphorylated by CK2, the
introduced Zr*" ion serve as a linkage between the
phosphorylated sites of phosphopeptides via the multi-
coordinative interactions between Zr*" and phosphate groups.
Which results in extensive aggregation of the GQDs and
effective PL quenching, thus the activity of protein kinase
could be facilely monitored with detection limit of 0.03 unit/
mL. Qiu group also developed a boron doped graphene
quantum dot (BGQD) (structure as shown in Figure 11a) for
the detection of glucose selectively with high sensitivity using
the abnormal aggregation induced photoluminescence en-
hancement property of BGQD.'”® The sensing mechanism
relies on the formation of a rigid five membered ring BGQDs—
glucose aggregates through the reaction between cis-diol units
of glucose and two boronic acid groups of BGQDs surfaces,
and thus resulting in a great boost in the PL intensity as shown
schematically in Figure 1la. The sensor demonstrated a
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relatively wider linear range (0.05—10 mM) with detection
limit of 0.01 mM at pH 10 phosphate buffer.

A universal immunosensing platform was demonstrated by
Zhao and his group depending upon the interaction between
graphene and functionalized graphene quantum dots.'”” The
sensing mechanism relies upon the fact, when graphene was
added to the mouse antihuman immunoglobulin G-conjugated
GQDs (mIgG-GQDs) solution, both the z—z stacking
interaction between graphene and GQDs and the nonspecific
binding interaction between mIgG and the graphene surface
brought graphene and GQDs into LRET (luminescence
resonance energy transfer) proximity to facilitate the PL
quenching of GQDs. The addition of human IgG would bind
the mIgG due to the specific antibody—antigen interaction,
which successively increased the distance between mlIgG-
GQDs and graphene interface, thus hampering the LRET
process and then producing a restoration of PL. Qian et al.
constructed a DNA nanosensor based on GQDs and carbon
nanotubes.'”® Due to the FRET process between GQDs-
labeled probe and oxidized carbon nanotubes is simply
achieved by self-assembly through z—z interaction. The
nanosensor can discriminate complementary and mismatched
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Figure 12. Enhanced cardiac repair by MSC-GO implantation (14 days after implantation). (a) Fibrosis evaluated based on a histological analysis
with Masson’s trichrome staining. Blue indicates fibrosis. (b) Infarcted area evaluated based on the TTC staining of heart sections. The infarcted
area is marked with a yellow line. (c) Tissue apoptosis in the infarcted zone as evaluated by TUNEL staining (brown). Scale bars, S0 ym. *p < 0.05
compared to any group. Reproduced with permission from ref 258. Copyright 2015 American Chemical Society.

DNA sequences with high sensitivity and good reproducibility
with an ultralow detection limit of 0.4 nM. From the above
discussion we can say that, due to the eflicient acceptor
characteristics in FRET process by graphene, GO, RGO
enormously used in biosensor fabrication, as well as due to
excellent photoluminescent characteristics of GQDs, it is also
extensively used to develop fluorescence biosensor.

5.1.3. Biofield Effect Transistor. Recently, field-effect
transistors (FET) have received a great attention in the field
of biosensing as they can offer fully automated electronic
detection that is completely integrated with the electronic
chips produced by semiconductor companies. So, it is not only
academia that is fascinated by these devices, but there is a
growing interest (and investment) from industry as well.'?®
FET-based biosensors relies upon bioconjugation phenomen-
on between analyte molecules at the gate of the FET."”” Upon
bioconjugation between the probe and analyte biomolecules,
the electric charge distribution alters the charge carrier density
at the bioconjugation layer and the conductivity of the channel
between the source and drain,"”® which ultimately leads to
sensing signals. Graphene is an ideal material for the
fabrication of FET biosensors because of its semiconductor
nature with zero band gap although the band gap can be tuned
according to requirement by surface modification.'® As
discussed above, FET transistor is ideal for the detection of

charged molecules, so graphene-based FETs can be perfect for
DNA sensing because of its charged phosphate backbone.'®" Li
and co-workers showed CVD grown graphene sheets can be
used for DNA hybridization."®* The change in gate voltage was
enough for the detection even at very low concentration of 10
nM of single stranded DNA (ssDNA). To increase the
sensitivity of the probe, they decorated gold nanoparticles on
the graphene surface, which led to a linear increase in the
response to 500 nM. Their results suggests that the high
sensitivity as well as linear response of the FET sensor due to
the complementary DNA that is present in FET sensor. In
another work Stine et al. developed a FET biosensor based on
rGO modified with DNA for real time detection of ssDNA
with 10 nM detection limit."**

It is quite possible that modifying graphene sheets with
metal nanoparticles increases the number of probe biomole-
cules at the FET gate. It is advantageous in terms of the
linearity of the response. Such an approach is not only used for
DNA detection but also used for immunosensing. Chen and
co-workers designed a FET biosensor which can detect specific
protein.'®* They used thermally reduce GO sheets decorated
with AuNP-antibody (anti-immunoglobulin G) conjugates to
construct the sensor. This functions act as a specific
recognition site for the detection of immunoglobulin G
(IgG). When a bioconjugation event occurs, a substantial
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changes occur in the electrical characteristics of the FET,
which are used as an analytical signal. Ohno group constructed
a label free biosensor based on aptamer-modified graphene
FET."*® The analyte protein is immunoglobulin-E (IgE) which
is an antibody subclass found in mammals. Although the
amount of IgE in human serum is normally much less (several
nM), it significantly increases in individual with atopic
dermatitis, allergic asthma, and other immune deficiency
diseases. The mechanism is that when IgE proteins are
attached with aptamer-modified graphene surface, there is a
significant alteration in electrical characteristics of the FET.
Their fabricated sensor specifically detect IgE protein whereas
other proteins are not detected. Pak and his co-workers
developed a silk fibroin-encapsulated graphene FET enzymatic
biosensor that utilizes silk protein as both device substrate and
enzyme immobilization material for glucose sensing.'*® Their
fabricated biosensor showed a wide linear range of glucose
detection from 0.1 to 10 mM, which covers the reference range
of medical examinations of diabetes diagnostics. So from the
above discussion, it can be said that graphene nanomaterials
can be effectively employed for the fabrication of FET
biosensor. Table 2 summarizes the graphene-based materials
for biosensing application.

5.2. Tissue Engineering. Tissue engineering is an
emerging field of research that involves the expertise from
medicine to biology, from chemistry to engineering for the
development of artificial tissue construct which may solve the
shortage of organ damaged through various diseases or
accidents globally.”*”~**" Biomaterials can act as a mimic of
extracellular matrix (ECM) for cellular support followed by
proliferation and differentiation, cellular functions, and
modulate cell—cell interactions.”*”**" Because of the different
mechanical, physical, electrical, and biological properties of the
tissues presented in our body, the extraordinary mechanical,
electrical, and physical properties of graphene-based nanoma-
terials have inspired many researchers to use them in the field
of tissue regeneration.”””> The applications of graphene
nanomaterials in the field of tissue engineering have been
discussed briefly in the next section.

5.2.1. Cardiac Tissue Engineering and Regeneration. Over
the last few decades, myocardial infarction or coronary artery
diseases cause the major death globally. The blockage in
coronary arteries results the less blood supply is myocardium
and simultaneously arise various heart functional problems,
which is also known as cardiac ischemia. In case of cardiac
ischemia, the patient feels severe chest pain due to release of
toxin from the cardiomyocyte cells death through either by
necrosis or apoptosis processes. Because the regeneration of
cardiac tissues is limited, the damage or injury is almost
permanent.””® Cardiac tissue possesses exceptional mechanical
properties and systematized contractile properties due to its
properly arranged anisotropicity as well as its electrical
conductivity having 0.005 S/m and 0.1 S/m in transverse
and longitudinal direction, respectively. The presence of
aligned collagen nanofibers with a diameter in between 10
and 100 nm results the high mechanical properties of the
myocardium.”****° It is already reported that stem cells can be
applicable for the regeneration of injured myocardium in the
presence of microenvironmental signals. Previous report
showed that graphene and graphene family nanomaterials
can regulate the differentiation lineage of stem cells in vivo
through morphological signals and electrical conductivity due
to the presence of conjugated pyrene ring in graphene
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structure.”*® In a latest study done by Kim and co-workers,
where they showed that, graphene can stimulate the
cardiomyogenic differentiation of mesenchymal stem cells
(MSCs) even in absence of cardiomyogenic differentiation
inducers.””” In presence of GO flakes, the survival rate of
MSCs was enhanced drastically as shown in Figure 12 and it
may be explained by the fact that GO protected the cells from
the generation of reactive oxygen species (ROS) in in vivo.”*®
Not only that, they also showed that after implantation of
MSC- GO, it increased the cardiac repairing process
drastically. Ahn and co-workers reported that, incorporation
of rGO within the MSCs spheroids enhances cardiac repair
into infarcted hearts compared to the injection of rGO flakes
or MSC spheroids only.”>” They also proposed that the high
conductivity nature of rGO flakes might increase the affinity
toward fibronectin and improved cardiac repair in MSCs
spheroids. One of the major advantage of such type of
composite delivery systems is that, cells and nanoparticles can
be precisely placed at the injured tissue site in a more accurate,
systematic and sustainable manner. In this concern, Khadem-
hosseini group developed a 3D cardiac tissue mimics through
layer by layer assembly technique using cells and functionalized
graphene.”®” The GO sheets serve as an adhesive layer that
facilitates the formation of multi array with interlayer
connectivity. In another study, Khademhosseini and his co-
workers synthesized a highly elastic hydrogel using GO and
methacryloyl-substituted recombinant human tropoelastin
(MeTro).”®" The synergistic effect of these two materials
significantly increased ultimate strain, reversible rotation and
the fracture energy. In addition to that, developed composite
material carry electrical current which can be effectively used
for cardiac tissue engineering.

In summary, we can say that graphene-based nanomaterials
can hold great promise for cardiac tissue engineering
application due to its unique properties. Most of the polymeric
hydrogels that are used in cardiac tissue engineering
applications, their mechanical properties are much weaker
than desired value but incorporation of graphene nanomateri-
als (except GQDs) in those hydrogels may increase both
mechanical properties as well as surface functionality by
various ways. Furthermore, the cell signaling property of
hydrogel is increased because of the presence of electrical
conductivity of graphene nanomaterials and consequently
enhance the signal propagation that is very essential in cardiac
tissue regeneration. Therefore, graphene nanomaterials are
quite appropriate for cardiac tissue engineering applications
but the biodegradation and biocompatibility needs to be
improved in the near future.

5.2.2. Bone Tissue Engineering and Regeneration.
Graphene nanomaterials have been widely used without or
in a composite material as bone implants or scaffolds to
enhance the propagation rate of bone tissue repair and
regeneration as it enhance the cellular adherence, proliferation,
and osteoblast differentiation.””” It is already well-established
that graphene-based materials can differentiate of human
mesenchymal stem cells (hMSCs) into osteogenic lineage even
in absence of any external osteogenic stimuli such as**> insulin-
like growth factor 1 (IGF-1)."** It is observed that the
presence of graphene enhance the osteogenic differentiation
through increase the local concentration of dexamethasone via
m—n interaction between the basal plane of graphene and the
aromatic rings that are present in biomolecules.”**
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Chemistry.

The scaffold containing graphene or its derivatives can
increase osteoconductivity through inherent z conjugation and
resulted cellular osteogenic differentiation followed by
biomineralization for bone regeneration. But, the presence of
calcium carbonate known as biominerals synergistically
enhance the biomineralizatio in conjugation with graphene
and GO sheets.”® In a recent study done by Zou and co-
workers synthesized a self-supporting graphene hydrogel
(SGH) film with excellent cell adhesion, spreading and
proliferation.”*® In addition to that when it was implanted in
a rat, the SGH film exhibited minimal fibrous capsule
formation, a mild host tissue response and no obvious toxicity
was observed indicating the biocompatibility and nontoxicity
of the film. Rosa and his team reported that high elastic
modulus of graphene-based materials can be a driving force for
spontaneous osteoblastic differentiation.””” Lee and his co-
workers showed when rGO was combined with hydroxyapatite
(HAP) it enhanced osteogenic differentiation of MC3T3-El
cells.”*® Surface functionalization of GO with different
compounds such as carrageenan can also accelerate the
nucleation of hydroxya;)atite and results in the enhancement
of biomineralization.®” Previous study showed that carra-
geenan functionalized GO (GO-Car) not only increased the
cell adhesion and proliferation of MC3T3- E1 cells but also
improved osteogenic differentiation. In vitro studies clearly
showed that GO-Car composite effectively enhanced HAP
mineralization. Xie et al. reported a simple method to
synthesize free-standing graphene/hydroxyapatite hydrogel
based on colloidal synthesis method with unexpected
homogeneity in their 3D structure.”’® The hydrogel showed
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excellent mechanical properties, high electrical conductivity,
high specific surface area, and good cell compatibility. In
another study Han group showed that the reduced graphene
oxide-coated hydroxyapatite composites can stimulate sponta-
neous osteogenic differentiation of hMSCs which was
confirmed by alkaline phosphatase activity and osteoblastic
differentiation markers.””' They suggested that rGO coated-
HAP composites can be successfully utilized as a dental and
orthopedic bone fillers. In a recent study, Chatterjee and his
co-workers fabricated strontium decorated graphene/polycap-
rolactone (RGO-Sr/PCL) composite for bone regeneration.

They discovered that osteoblast proliferation and differ-
entiation significantly increased in the presence of RGO-Sr
nanoparticles. The improved bone tissue formation in the
scaffolds was due to release of strontium ions in the culture
medium from the scaffolds containing the hybrid nano-
particles. In another study, they synthesized PCL/polyethyle-
nimine functionalized GO (PCL/GO_PEI) composite for
bone formation.”> From in vitro studies, they confirmed that
incorporation of PEI functionalized GO in PCL not only
enhanced focal adhesions and proliferation of hMSCs with the
composite but also induced osteogenesis and mineralization as
shown in Figure 13. This type of cellular response was
attributed to the multiple free amine and oxygen containing
functional groups presented in PCL/GO_PEI composite along
with increased nanosized roughness on the surface. The amine-
and oxygen-containing polar functional groups of the GO_PEI
further promote the adsorption of osteogenic factors for
improved differentiation. Liane and co-workers discovered that
the incorporation of calcium silicate (CaSiO;) in graphene
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enhanced the osteoblastic differentiation syner§istically
compared to that of bare calcium silicate ceramics.”’

Apart from these, the mechanical properties of biological
grade ceramics, glasses, polymeric hydrogels can be improved
by incorporation of graphene based nanomaterials without
hampering their structures or biocompatibilities.””* Suhai and
co-workers reported on the improvement in mechanical
properties of nano-58S bioactive glass through incorporation
of graphene for bone repair and regeneration. The optimum
compressive strength and fracture toughness reached 48.65 +
3.19 MPa and 1.94 + 0.10 MPa m'? respectively in the
presence of graphene content of only 0.5 wt %.””* Some other
study revealed that self-supporting graphene hydrogels possess
with much higher tensile strength of 69 + 5 MPa,  whereas
conventional polymer hydrogels were reported to have much
less tensile strength, with a range between 0.01 and 10 kPa.?’®
In addition of GO not only increase the mechanical properties
but also enhance the cross-linking density of the scaffold
system. In this context, Kolanthai et al. demonstrated that,
incorporation of GO in a scaffolds made with alginate,
chitosan, and collagen enhanced both mechanical strength as
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well as cross-linking density of the scaffold system, which
ultimately leads to the improvement of osteoblast cell
attachment and proliferation.276 Therefore, graphene nanoma-
terials may be a promising nanomaterial in the field of bone
tissue engineering.

5.2.3. Cartilage Tissue Engineering and Regeneration.
The main component of human cartilage is extracellular matrix
(ECM) having various proteins including glycosaminoglycan
(GAG), collagens, proteoglycans, and noncollagenous proteins.
It is a resilient elastic tissue and the chondrocytes cells are
embedded within the ECM in highly ordered manner.””” The
main role of articular cartilage is not only for frictionless
movement with the help of synovial fluid but also to withstand
our body weight. Due to avascular and acellular nature of
cartilage tissue, it is also unable to regenerate itself once it
becomes damage or injure.”*® To overcome this problem,
MSC-based cellular therapy has gained tremendous attention
in hospitals/clinic center to regenerate cartilage tissues. To
introduce the cellular repairing process, we have used graphene
nanomaterials as a scaffold material for the stem cell therapy of
cartilage tissue regeneration, based on its stimulation effects on
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Figure 15. (1) (a) Optical images (400X magnification) of neurons after a 7 day culture on GO, GO-MPC, and GO-DMAEMA films (from left to
right) and (b) SEM images (2000X magnification) of neurons after a 7 day culture on GO, GO-MPC, and GO—DMAEMA films (from left to
right). (2) Immunochemistry staining fluorescent hippocampal neuron images (400X magnification) after a 7 day culture on (a) GO, (b) GO-
MPC, and (c) GO—DMAEMA films. Reproduced with permission from ref 284. Copyright 2013 American Chemical Society.

cell growth, differentiation, proliferation and outstanding
mechanical properties.

For cartilage tissue regeneration, graphene was not only used
as biocomposites but also showed activity like growth factor
and resulted enhanced cell and protein activity toward
MSCs.””®*” In this context, Qian group synthesized a novel
GO reinforced 3D porous scaffold by free radical copoly-
merization of methacrylated chondroitin sulfate (CSMA) and
poly(ethylene glycol) methyl ether-¢-caprolactone-acrylate
(PECA) in the presence of GO for cartilage tissue
regeneration.””® The obtained pore size, porosity, swelling
capability, compression modulus and conductivity of the
scaffold were showed perfect mimic to natural extracellular
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matrix (ECM) of cartilage. After implantation the scaffold in
knee defect of rabbit, the cartilage defect was completely
repaired after 18 weeks in the presence of GO based scaffold
compared to without GO scaffold as shown in Figure 14. In
another work, Kim and his team showed that graphene oxide
can be utilized as both a cell adhesion substrate and a protein
such as growth factor delivery system for chondrogenic
differentiation of adult stem cells. They utilized GO sheets
(0.5—1 um) to absorb fibronectin (FN, a cell-adhesion
protein) and protein transforming growth factor-$3 (TGF-
p3) followed by formation of pellets with human adipose-
derived stem cells (hASCs) suspension using hanging-drop
method. The hybrid pellets of hASC-GO showed elevated
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chondrogenic differentiation of hASCs compared to only cell
pellet.””” Graphene-based materials not only improve mechan-
ical properties but also increase electrical conductivity through
its inherent pr—pz conjugation. In a recent study, Lee et al.
showed that graphene-cell biocomposites can be used as a
source of preconcentrate growth factors for chondrogenic
differentiation.”®® They assembled bone marrow derived
mesenchymal stem cells (MSCs) with GO solution to form
graphene—cell biocomposites. They also found that the
increasing concentration of GO significantly accelerated the
extent of differentiation. Although beyond a certain concen-
tration of GO, it dropped down the chondrogenesis because of
increased diffusional barrier and cytotoxic effects.

5.2.4. Neural Tissue Engineering and Regeneration. The
nervous system is one of the very crucial part in our body
which plays one of the most important role in our body as it
transmits signals to synchronize between brain and other parts
of the body. At the cellular level, the nervous system is defined
by the presence of a distinctive type of electrically sensitive
cells called neurons. Neurons act in such a manner that they
sustain a certain voltage difference across their membranes
through ion pumps that produce a concentration gradient of
ions such as sodium, potassium, chloride, calcium, etc.”® In
detail, neurons, transfer signals in the form of electrochemical
waves traveling along very tinny fibers often called axons, by
utilizing different chemical neurotransmitters such as acetyl-
choline via a specific synapse structure.”®' In this context, the
inherent electrical conductivity of graphene as well as its
tunable biocompatibility make it an essential carbon material
to mimic the complex signaling processes which are related to
our nervous system.

Interestingly, embryonic stem cells (ESCs) showed the
ability to differentiate into neurons in the presence of graphene
nanomaterials.”®* In this concern, Le and co-workers made a
thorough investigation on the differentiation of mouse ESCs to
dopamine neurons in the presence of graphene and GO.**”
They observed that ESCs differentiated into neurons, on the
GO sheets more than two times faster than that differentiated
of graphene. In addition to that, they found that the
differentiation of ESCs into dopamine neurons increased in a
dose dependent manner of GO. More specifically, the total
number of differentiated dopaminergic neurons at the
minimum treated concentration of GO (1 ug/mL) was
improved three times when it was treated with a concentration
of GO (100 pg/mL).

Hong and co-workers discovered for the first time the
fundamental aspects of graphene nanomaterials on the human
neural stem cells (hNSCs)."'* In details, they cultured hNSCs
in a medium containing both 2D graphene film and growth
factors, where the hNSCs showed enhanced differentiation
compared with the control group. The graphene served as an
excellent cell-adhesion layer during the long-term differ-
entiation process and induced the differentiation of hNSCs
more toward neurons than glial cells. The Wang research
group studied how the surface charge of grazphene oxide can
affect the neuronal outgrowth and branching.”** In detail, they
modified graphene oxide by primary amine (—NH,) or
sulfonic acid (—SO3;H), or methoxyl-terminated (—OCHS,)
functional groups. Subsequently, they used the resulting
graphene oxide as substrates for culturing for primary rat
hippocampal neurons to examine neurite outgrowth and
branching. The result demonstrates that positively charged
graphene oxide (primary amine terminated) to be more
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beneficial for neurite outgrowth and branching than neutral
(methoxy terminated) and negatively (sulfonic acid termi-
nated) charged graphene oxide. In another work, Wang and
co-workers showed biomimetic choline-graphene oxide
comgosites can be used for neurite outgrowth and branch-
ing.”** They constructed biomimetic graphene oxide compo-
sites by covalently binding an acetylcholine-like unit
(dimethylaminoethyl methacrylate, DMAEMA) or phosphor-
ylcholine-like unit (2-methacryloyloxyehtyl phosphorylcholine,
MPC) with GO surfaces to enhance neurite outgrowth and
branching. The number of neurites and average neurite length
on GO-DMAEMA and GO-MPC composites were signifi-
cantly improved compared to GO itself as shown in Figure 15.
In addition to that, analysis of growth-associate protein-
43(GAP-43) by Western blot showed that GAP-43 expression
was significantly enhanced in biomimetic GO composite
groups compared to GO groups, which promote neurite
outgrowth and branching. Weaver et al. synthesized a
nanocomposite composed of conducting polymer poly(3,4-
ethylenedioxythiophene) (PEDOT) and graphene oxide (GO)
nanosheets.”” The GO/PEDOT material is nontoxic and
enhanced neural stem cells (NSCs) differentiation toward
neuronal lineage. Researchers also observed that aligned
graphene substrate not only has the ability to enhance
neuronal differentiation but also enhance neurite outgrowth
to form a well-organized interconnected neuronal net-
work.”****” Lee and co-workers found that GO-coated silica
nanoparticle monolayer can improve human neural stem cells
(hNSCs) differentiation as well as can induce outstanding
axonal alignment.”®” In another work, they established a new
concept: by changing combinatorial patterns of GO, we can
control differentiation of the human adipose-derived mesen-
chymal stem cells (hRADMSCs).”® Specifically by generating
GO grid patterns, they showed the highly efficient conversion
of mesodermal stem cells to ectodermal neuronal cells with
30% conversion efficiency, due to the ability of the grid
patterns to mimic interconnected/elongated neuronal net-
works. Similarly, in another work Akhavan group demonstrated
that graphene nanorigids on a SiO, matrix containing TiO,
nanoparticles (NPs) can be used as a photocatalytic stimulator
in the accelerated differentiation of human neural stem cells
(hNSCs) into two-dimensional neural networks.”®” The
number of two-dimensional neural networks on reduced
graphene oxide nanoribbon (rGONR) grid/TiO2 NPs/SiO2
increased ~5.9- and 26.8-fold under dark and photo
stimulation, respectively compared to the number of cells on
quartz substrates after 3 weeks of differentiation. In addition to
that, graphene-based materials not only promote the differ-
entiation of neural cells but they can also be used in neural
interface preparation and electrical recording because of their
exceptional electrical properties.”” Therefore, researchers have
developed graphene based multichannel neural probe using a
facile one-step electrochemical method through an ion (CI7)-
induced process. The design of probe includes a neural-
chemical interface with close electrostatic interaction between
the positively charged Au®* and negatively charged GO sheets.
The rGO/Au,0O; nanohybrid deliver very fast electron
transferring on tissue/electrode interfaces by tuning different
deposition scan rates.””’

Although a graphene-based platform is widely utilized to
fabricate 3D scaffolds™” or films,”" there is still a huge scope
in order to improve the flexibility and functionality of graphene
and graphene-based nanomaterials for neural tissue engineer-
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Figure 16. C2C12 cells on graphene (G)/SiO, (S) chips in DM with and without IGF-1. (A) Without IGF-1. Fluorescent images of the C2C12
cells on graphene and SiO,. Column 1 shows the cells on the border of graphene and SiO, regions of the chip for days 2 and 4. Column 2 shows
the cells on graphene and column 3 shows the cells on SiO,. Row 1 shows the C2C12 cells on day 2, while row 2 shows the cells on day 4. Cells
were stained for anti-MHC (green) and nucleus (blue) and these were used for the calculation of the fusion index. The dashed white bar in column
one is the border of SiO, and graphene surfaces on the chip. Scale bar is 100 # m. (B) With IGF-1. Quantifi cation of (C) fusion index, (D)
myotube area fraction, and (E) cell density for C2C12 cells on graphene and SiO,. Significance: ** p < 0.01 and * p < 0.0S. Data are represented as
mean + SE (n = §). Reproduced with permission from ref 295. Copyright 2014 Willey.

ing applications. The positive impact of graphene based
materials have been confirmed in electrical stimulation of
neural cells for the development of new neural cells, growth
and differentiation. In addition to these facts, the tunable
electrical and surface properties of graphene based materials
are suitable for regeneration of neuronal tissuelike structures in
order to align the arrangement of neurons. So from the above
properties of graphene-based materials, graphene-based
materials might have enormous possibilities for neural tissue
engineering applications.

5.2.5. Skeletal Muscle and Skin Tissue Engineering.
Skeletal muscle is one of the major muscle types including
cardiac muscle and smooth muscle. Like neural tissues, skeletal
muscle tissues also have insufficient regeneration capabilities,
so the loss is almost permanent if they are severely injured. For
skeletal tissue engineering, nowadays stem cell based treat-
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ments are frequently used in the presence of suitable scaffold
materials for better cell growth and differentiation. In this
context, graphene based materials can serve as excellent
platform for skeletal tissue engineering due to its excellent
flexibility, very high electrical conductivity, outstanding
mechanical properties with ultralow density.””> Lu and his
co-workers designed a new-generation three-dimensional
porous carbon material that consists of carbon nanotube,
nanofiber, and graphene sheets. This next-generation carbon
nanomaterial is capable of substantial shape deformation. Even
after 1000 compressions, the nanohybrid can still fully recover
to its original volume and retain 70% of the maximum stress
value.””?

Graphene family nanomaterials showed enhanced adhesion,
differentiation, and myogenesis of skeletal muscle cells.””*
Khademhosseini and his group demonstrated that C2C12

DOI: 10.1021/acsbiomaterials.8b00376
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myoblasts cells showed enhanced cell adhesion and growth on
ultrathin thermally reduced graphene (TR-Graphene) films
compared to those on graphene oxide (GO) and glass slide
substrates.””*

Patterned graphene substrate can also increase cellular
alignment which resulted in increased contractile power of
skeletal muscle tissues.”” Bajaj et al. reported that C2C12 cells
efficiently differentiate on graphene and this differentiation
potential of C2C12 cells was further improved by the addition
of IGF-1 as shown in Figure 16.°”> They showed that by
patterning islands on graphene oxide surfaces they can restrict
most of the myotubes on the graphene surfaces. This
phenomenon leads to spontaneous alignment of the myotubes.
They also established that the myotubes formed on these
graphene surfaces were highly functionalized and responded
efficiently to electrical pulse stimulations. Their cumulative
findings suggest that graphene can be applied for the
development of artificially engineered functional skeletal
muscles.

Skin tissue engineering are complicated, because of
complicated wound structure, excretion of sweat and formation
of extracellular matrix (ECM) of the skin tissue. Materials that
contains micropore and high surface to volume ratios are
considered for skin tissue engineering.””® Because of the high
surface to volume ratio and protein adsorption properties,
grapheme-based materials would be a promising material in
this field. In this context, researchers already showed that GO
decorated hybrid fiber sheets composed of both poly(lactic-co-
glycolic acid) (PLGA) and collagen (GO-PLGA/col) can offer
good hydrophilicity as well as surface tension which can
stimulate the cell attachment behavior and proliferation of
human dermal fibroblasts (HDFs) on the scaffold. The use of
collagen and GO enhanced the hydrophilicity of the scaffold as
well as biochemical interactions with the HDFs compared to
integrin-ECM interaction. Their result suggested that GO-
PLGA/Col hybrid fiber sheets can be used successfully as a
suitable scaffold for skin tissue regeneration.296 In summary,
we would hypothesize that graphene-based nanomaterials
would offer one of the most promising platform for of tissue
engineering and regeneration applications. Table 3 summarizes
the graphene-based nanomaterials toward tissue engineering
applications.

5.3. Drug/Gene Delivery. The delivery of drug and
biomacromolecules (e.g, protein, peptide and genes) to
specific cells or interest tissues is a primary concern in modern
medicinal research. With respect to the traditional old methods
of drug delivery such as oral administration or intravenous
injection, nowadays substantial effort has been done to
fabricate smart theranostics system with enhanced biocompat-
ibility to achieve targeted drug/gene delivery at the site of
interest, to solubilize drugs/biomacromolecules more effi-
ciently with greater loadingg capacity and to protect them from
enzymatic degradation.30 In this context, graphene-based
targeted delivery systems have come up with new opportunities
and providing benefits from the effective triggered as well as
targeted delivery of drugs/genes to imaging and real time
monitoring viewpoints.

Because the discovery of graphene in 2004, applications of
graphene nanomaterials increasing rapidly for drug/gene
delivery because of graphene’s high surface to volume ratio
and multiple modes of complex formation such as 7—n
stackjn%, electrostatic interactions, and hydrophobic interac-
tions.”"" In the past few years, a significant effort has been
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done by researchers for appropriate modifications of graphene
based nanomaterials in order to improve their efficacy for both
in vitro cancer cell assays as well as in vivo chemotherapy
applications. For example Zhang and co-workers prepared a
functional nanoscale graphene oxide (NGO) for the loading
and targeted delivery of anticancer drugs.’’’ The NGO was
functionalized with sulfonic acid groups to stabilize it under
physiological solutions followed by covalent binding of folic
acid (FA) for targeted delivery to cancer cells. Furthermore,
they loaded two anticancer drugs doxorubicin (DOX) and
camptothecin (CPT) onto the FA conjugated NGO (FA-
NGO) via z—r stacking and hydrophobic interactions. They
got much better therapeutic efficacy dual drugs delivery
compared to single drug. In another work, Yang et al. reported
GO-Fe;0, nanohybrid for DOX delivery.’'” The nanohybrid
can uptake the drug as high as 1.08 mg/mg of nanohybrid. Dai
and co-workers synthesized PEGylated nanographene oxide to
deliver water-soluble anticancer drug SN38 to colon cancer
cells.”'® They studied MTS assay and found that NGO-PEG-
SN38 nanocomposite is highly effective for colon cancer cell
killing. They also noticed that NGO-PEG nanocomposites are
not cytotoxic by themselves. Depan et al. reported a novel
graphene mediated drug delivery system for controlled and
targeted drug release.”’* The nanocarrier system was prepared
by attaching doxorubicin to graphene oxide with folic acid
conjugated chitosan. The 7—n stacking interaction, simplified
as a noncovalent type of functionalization, allows high drug
loading and subsequent controlled release of the drug. The
encapsulated graphene oxide improved the stability of the
nanocarrier system in aqueous medium due to the hydro-
philicity and cationic nature of chitosan. The loading and
triggered release of DOX indicated strong pH dependence and
hydrogen bonding interaction between DOX and graphene
oxide. Li and his group developed a covalently functionalized
graphene sheets (GS) by grafting a well-defined thermos-
responsive Eoly(N—isopropylacrylamide)(PNIPAM) via click
chemistry.’> Due to the z—x stacking and hydrophobic
interaction between PANIPAM-GS was able to load an
anticancer drug camptothecin (CPT) with a superior loading
capacity of 15.6 wt %. The PNIPAM-GS-CPT nanocomposite
showed a strong potency toward in vitro cancer cell killing.
More significantly, the PANIPAM-GS does not exhibit any
toxicity to the cell line. Shi and co-workers developed a redox
responsive PEGylated nanographene oxide (NGO-SS-mPEG)
for intercellular drug delivery.*'® The PEGylated nano-
graphene oxide with redox responsive detachable PEG shell
can rapidly release an encapsulated payload at tumor- relevant
glutathione levels. The surface engineered structures accel-
erated almost 1.55 times faster release of DOX from NGO-SS-
mPEG in the presence of GSH. While attaining sufficient drug
loading capacity, targeted delivery of the nanocarrier at the site
of interest is equally important factor to achieve successful
therapeutic effect. In this regard, Wang et al. reported a
nanohybrid made of gold nanocluster and reduced graphene
oxide loaded with DOX for targeted delivery to cancer
(hepatocarcinoma) cells.”’” Fan et al. prepared a graphene-
carbon nanotube-iron oxide (GN—CNT—Fe;0,) nanohybrid
to investigate the anticancer effect through the delivery of S-
fluorouracil (5-FU) (anticancer drug) into liver cancer cells.*'®
The nanocomposite can efficiently bind the anticancer drug S-
FU with a loading capacity of up to 0.27 mg mg~"' and showed
pH dependent drug release profile. The presence of CNT in
the nanocomposite enhanced transportation of the graphene-

DOI: 10.1021/acshiomaterials.8b00376
ACS Biomater. Sci. Eng. 2018, 4, 2653—-2703


http://dx.doi.org/10.1021/acsbiomaterials.8b00376

ACS Biomaterials Science & Engineering

CNT-Fe;O, hybrid across the cell membrane. TEM image
revealed that GN-CNT-Fe;O, accumulated more in the cell
cytoplasm but only graphene-Fe;O, was outside of the cell. To
achieve more specific targeted delivery of drugs, researchers
have developed quantum dots-graphene-based hybrid nano-
composite functionalized with transferrin (Trf) 1ig:md.3'19 Trf
are iron binding blood plasma glycoproteins with high affinity
to the overexpressed Trf receptors presented on the plasma
membrane of several kinds of cancerous cells.””’ Wang and his
team members developed a new kind of nanohybrid system
consists of SiO,-coated quantum dot conjugated graphene for
targeted cancer fluorescent imaging, tracking, and monitoring
drug delivery, as well as cancer therapy.’'” Their nano-
composite showed enhanced toxicity toward Trf positive Hela
cells when compared with Trf negative HEK293 cells;
however, the nanocomposite without Trf ligand and with Trf
ligand exhibited a same type of results on Trf negative
HEK293 cell viability. Furthermore, with targeted therapies,
nowadays triggered drug delivery also have become very
prevalent among researchers due to the fact, that triggered
drug delivery systems can provide control over drug doses and
adjust dosing regimens on-demand, depending upon user’s
physiological response.'’”**! In this context, Wang and co-
workers designed a remote controlled drug delivery system by
immobilizing a commercially available photoacid generator
(PAG) into graphene oxide conjugated with mesoporous silica
system for delivering drug payloads to cancer cells via
photoinduced pH jump activation®”* as shown in Figure 17.
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Figure 17. Schematic illustration of DOX@MSP-BA-GOF as a drug
delivery system for remote light control of drug release. Reproduced
with permission from ref 322. Copyright 2014 American Chemical
Society.

In details, they immobilized PAG molecules on the pore wall
of mesoporous silica nanopaticles which are conjugated with
boronic acid via strong physical adsorption and then they
capped the nanoparticles with GO sheets by an acid labile GO
sheets, which formed a nanogate type assembly.

More specifically, PAG can produce strong acid in the
presence of UV or near-UV light.”*® Their system works in
such a manner, that in the presence of UV light PAG molecules
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generate a sudden pH change which resulted in cleavage of the
boroester bonds and open up the pore gates and release the
loaded DOX. Furthermore, they conjugated the nano-
composite with folic acid for targeted delivery of drugs to
cancerous cells. DOX-loaded nanocomposites showed selective
toxicity toward cells, with almost 80% in case of HelLa cells
(high expression of Folate Receptors), while a very slight
change in cell viability was observed in the case of L02 cells
(low expression of Folate Receptors).*”> One more example of
graphene based nanomaterials for drug delivery system
through polyethylene glycol (PEG) and branched polyethyle-
nimine (BPEI) functionalized rGO (PEG-BPEI-rGO), which
can be triggered photothermally. Kim and co-workers found
that PEG-BPEI-rGO has the ability to load a greater amount of
doxorubicin (DOX) than unreduced PEG-BPEI-GO via 7—7n
and hydrophobic interactions with high water stability and in
the presence of NIR light, PEG-BPEI-rGO/DOX complex can
easily escape from endosome after cellular uptake by
photothermally induced endosomal disruption and the proton
sponge effect, followed by glutathione-induced DOX release
into the cytosol. Their system showed very high cancer cell
killing efficiency in the presence of NIR irradiation than
compared with no NIR irradiation which again proved that
phototriggered delivery of the DOX.*** Huang and co-workers
reported that graphene family nanomaterials can perform
multiple tasks at a time.”** In detail, they showed that ligand-
modified graphene quantum dots can facilitate the simulta-
neous operation of multiple tasks at a time without need of any
external tracking dyes. These tasks include selected cell
labeling, targeted drug delivery and real time monitoring of
cellular uptake. They conjugated folic acid with GQDs, which
can discriminate between cancer cells and normal cells and
loaded the nanoassembly with DOX. The inherent stable
fluorescence of GQDs allow the real-time monitoring of the
cellular uptake of the DOX—GQD—FA nanoassembly and the
consequent release of drugs in cancer cells. In vitro toxicity
results suggest that the DOX-GQD-FA nanoassembly can
target cancer cells (Hela cells) specifically while exhibiting
significantly reduced cytotoxicity to noncancer cells.

In a similar type of work, Iannazzo et al. synthesized GQDs
from multiwall carbon nanotube and then they covalently
linked a tumor targeting module biotin (BTN), which are able
to recognize overexpressed biotin receptors on cancer cells and
subsequently loaded the GQD-BTN nanocomposite with
DOX. They performed the biological test on AS49 cancer
cell line.**® The carrier showed very low toxicity in case of
carrier system (GQDs and GQDs-BTN) but after loading of
DOX it showed the strong cytotoxicity to the cancer cells
(AS49). The triggered drug detachment from the nanosystem
is controlled by the acidic environment of the cancer cells.
Chen et al. reported a unique GQDs based FRET platform for
nucleus targeted and real time monitoring system of drug
delivery.””” Their system consists of GQDs that serve as a drug
carrier at the same time it act as a donor of FRET pair, peptide
TAT (YGRKKRRQRRR) which aids to transport the delivery
system to the nucleus and an anticancer drug DOX. The study
established the fact that the conjugated TAT as well as the
small size of GQDs helps in nucleus targeting, which in terms
exhibits an improved result in intranuclear accumulation of
drugs. They demonstrated that both the conjugated TAT and
small size of GQDs contribute to targeting nucleus, which
results in improved intranuclear accumulation of drugs;
because of the extremely sensitive FRET signal of the system,
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Figure 18. (1) Schematic diagram for () synthesis of focal point PAMAM dendrimer and (b) synthesis of DGO by “click” chemistry and cellular
uptake of dendronized GO/pDNA complex. (2) Fluorescence micrographs of transfected HeLa cell by nGO/pDNA, PAMAM (3.0G)/pDNA,
DGO (1.0, 2.0, and 3.0G)/pDNA complexes at weight ratios of 30:1 and LF 2K/pDNA complex containing 1 mg of pDNA in each formulation.
The scale bar is 10 mm. Reproduced with permission from ref 23. Copyright 2015 Royal Society of Chemistry.

it can be capable of real time monitoring of the separation
process of drugs. They synthesized GQDs by hydrothermal
method from graphene oxide followed by PEGlyation of the
synthesized GQDs. They then conjugated the PEGlyated
GQDs with TAT peptide followed by loading of DOX. MTT
assay showed that the GQD-TAT-DOX system is highly
efficient to kill cancer cells (Hela) with a percentage of 62.5%.
In a similar type of study Zhu and co-workers reported a smart
nanocarrier for ATP triggered drug delivery and real time
monitoring of drug release.””® They synthesized aptamer
functionalized mesoporous silica nanoparticles, which was
further conjugated with GQDs through 77—z interaction
followed by drug loading. Their nanocarrier possesses various
attractive properties like dual target of AS1411 and ATP
aptamer, the FRET nanocarrier could release the drug more
specifically in the cytoplasm of the cancer cells, the aptamer/
GQD nanocomposite act as a gatekeepers to completely
encapsulate the drugs in the nanocarriers as well as electron
acceptors to quench the fluorescence of FMSNs and most
importantly the drug release was directly reflected by the
recovery of the FMSNs along with the dissociation of GQDs.
Nigam and co-workers synthesized graphene quantum dots
conjugated albumin nanoparticles for targeted drug delivery to
the pancreatic cancer cells.”*” They used gemcitabine, the most
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preferred drug for pancreatic cancer treatment. Due to
presence of hyaluronic acid (HA) in the nanocarrier system
they can target selectively overexpressed HA receptor at the
cancer cells. The superior nanoformulation not only attained
sustained release of drug but also showed a notable effect on
bioavailability of gem to cancer cells in vitro as exhibited by
MTT assay as well as overcome the rapid metabolism and
short half-life of gemcitabine. Wang et al. established that,
GQD can act as efficient drug delivery vehicle as well as it can
boost the anticancer activity of the DOX without any
modification due to their exceptional structural properties.**’
Briefly they showed that, GQDs are capable of effectively
deliver DOX to the nucleus through DOX/GQDs conjugates,
due to the different cellular and nucleus internalization process
of DOX/GQDs conjugates comparing to free DOX and also
improve the DNA cleavage activity of the DOX remarkably.
Although the delivery of small molecule drugs has been
extensively studied using graphene nanomaterials, there is a
few number of studies focused on graphene as a gene carrier.
Since the discovery of genetic code and increasing knowledge
of genetic etiology of various ailments together with significant
advances in molecular biology to biochemistry to bionano-
technology has opened up a new therapeutic approach for
many incurable diseases. Till now viral vectors are most
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efficient carriers to deliver genetic payload and almost 70% of
all gene therapy medical trials were performed by viral
vectors.>>! However, random genomic integration, severe
immunogenicity, limited capacity to accommodate very long
nucleic acid as well its elevated production cost are the prime
challenges for clinical use of viral vectors.**”

In contrast, the development of nonviral vectors that are
safer and more adoptable than viral vectors, but poor
transfection efficiency and gene expression efficacy are the
major drawbacks. Despite this, the development of several
nonviral vectors including cationic polymers, polysaccharides,
dendrimers,*® etc., as efficient and safe nonviral vectors still
remain undiscovered.’>* In this context, graphene-based
nanomaterials have gained tremendous attention as nonviral
vectors because of their remarkable physicochemical, optical,
and photothermal properties.”” Graphene nanomaterials can
offer strong covalent binding sites through carbon rehybridiza-
tion from sp* to sp> hybrid orbital state.”>> More specifically,
the presence of epoxides, carbonyls, and hydroxyl groups on
the GO, RGO, and GQD surface offer further modification
through amidation or esterification. In addition to that,
graphene nanomaterials can act as an electron-donating ligand
to establish 7—x stacking as well as electron acceptor in the
case of physisorption, which normally occurs via electrostatic
interaction, van der Waals force, or through hydrogen
bonding.**° For these reasons, graphene nanomaterials can
offer numerous possibilities of functionalization to enhance
pharmacokinetic properties and biocompatibility, engraft
cationic molecules to increase nucleic acid loading efficacy,
incorporate water insoluble drugs that are subject to drug-
resistance mechanisms, and integrate imaging agents.

Incorporation of cationic polymer such as PEI (polyethyle-
nimine) to the graphene nanomaterial surface has been studied
as a strategy to enhance gene transfection efficiency. The
presence of PEI induces a cloud of positive charges around the
graphene material that favors the complexation with negatively
charged DNA and cellular internalization through electrostatic
interactions with DNA and cell membrane, respectively. Apart
from this, the positive charges of PEI also facilitate the release
of the cargo from the endosome through “proton sponge”
effect.”®® As discussed above, the most common approach for
PEI conjugation with GO, rGO or GQD surface is via
carbodiimide chemistry.”>**” Already PEI has been well-
established as a nonviral gene delivery vector on its own;
however, it is compromised by its cytotoxicity, especially at
high molecular weight 25 kDa.”*® Like PEI another polymeric
material polyethylene glycol (PEG) have been extensively
studied for biomedical applications such as increase blood
circulation in vivo, enhance stability of the gene delivery
vehicle under physiological conditions and biocompatibility.**”
Exploiting these properties, Feng et al. and Yin et al. developed
similar type of GO nanoplatforms integrated with both PEG
and PEI that are able to load EGFP-coding plasmid DNA
(pDNA)34 and plasmid-based stat3 siRNA.>*’*' Chatterjee
and his group synthesized a very efficient gene delivery vehicle
based on dendron conjugated GO. They conjugated
polyamidoamine (PAMAM) dendron with nano graphene
oxide (nGO) through click chemistry to improve both DNA
complexation capability as well as the transfection efficiency as
shown in Figure 18.° They observed that transfection
efficiency of the dendron conjugated GO dramatically
increased compared to that of naked nGO. Although the
transfection efficiency was dependent on PAMAM generation
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and highest transfection efficiency was obtained with
generation 3.0 PAMAM Dendron conjugated nGO in HeLa
cells (51%) and the efficiency surpassed the efficiency obtained
by “gold standard” branched polyethylenimine (bPEI, 25 kDa)
(27%) and lipofectamine 2000 (47% efficiency). Dong et al.
reported a multifunctional nanocomposite made of poly(L-
lactide) (PLA) and PEG grafted GQDs for simultaneous
intracellular microRNA (miRNA) imaging and gene therapy.
The large surface area of GQDs provide simultaneous
adsorption of miRNA-21 and surviving, respectively. The
combined action of miRNA-21 and survivin targeting agents
induced better inhibition of cancer cell growth and enhanced
apoptosis of cancer cells compared with miRNA-21 or survivin
targeting agents alone.””” In another study, Zhang et al.
developed a PEGylated reduced graphene oxide nanovector for
efficient delivery of single stranded ribonucleic acid (ssRNA).
They showed that the PEG-rGO exhibits superior ssRNA
loading and delivery capability compared to the PEGylated
graphene oxide.”* Li and co-workers designed chitosan-
functionalized graphene oxide as a nanocarrier for both drug
and gene delivery. Chitosan imparts good aqueous solubility
and biocompatibility to the system. The nanocarrier system
can load the water insoluble anticancer drug Camptothecin
(CPT) as well as plasmid DNA, which exhibit reasonable
transfection efficacy in Hela cells at certain nitrogen to
phosphate ratios.”** Chitosan itself is a well-known alternative
gene transfection vehicle due to its low cytotoxicity than
PEL 344345

Xu et al. reported a hybrid nonviral vector composed of gold
nanoparticles (AuNPs), gold nanorods (AuNRs) and GO. The
electrostatic self-assembly between AuNPs, AuNRs and GO
stabilize the nanocomposite. The surface functionalization on
AuNPs and AuNRs with cetyltrimethylammonium bromide
(CTAB) provide further functionalization with PEL. The PEI
functionalized GO encapsulating AuNPs were exhibited very
high transfection efficiency of 65% while retaining 90% viability
on Hela cells.”*® Imani et al. investigated the applicability of
octaarginine (R8) functionalized graphene oxide (GO) as a
nanocarrier for gene delivery. In order to increase cellular
uptake they engrafted cationic cell penetrating peptide
octaarginine with GO flakes.**” In another strategy, Yang
and co-workers synthesized a biocleavable organic inorganic
hybrid materials by decorating GO with poly(2-
dimethylamino)ethyl methacrylate (PDMAEMA) via atom
transfer radical polymerization. This chemical modification
enables the system for tumor-specific targeting and release of
drug and genes. The cleavable disulfide bond between GO and
PDMAEMA facilitates release of pDNA under reducible
conditions.”*® In addition to delivery of the drug/genes on
the targeted site, graphene nanomaterials can protect
oligonucleotides from enzymatic degradation. Lu et al. proved
that functionalized nanoscale graphene oxide can protect
oligonucleotides from enzymatic cleavage and efficiently
deliver oligonucleotides into cells.'” Liu and co-workers
fabricated patterned substrates on nanographene oxide
demonstrating highly localized and efficient gene delivery to
multiple cell lines. The GO substrate served as a platform to
preconcentrate PEI/pDNA complexes and then gradual release
for a sustainable period of time. Their strategy offers spatial
control over gene transfer and therefore could be very useful in
the preparation of genetically different cell populations for the
investigation of cell—cell interactions.’*’ Tripathi et al. used
PEI grafted GO for the delivery of GFP-encoding pDNA and
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Figure 19. In vivo delivery and biocompatibility of injectable PEI functionalized GO carrying low-modulus methacrylated gelatin (GelMA)
hydrogel. (a) Schematic of rat heart with AMI. Photograph (infarcted heart) represents a myocardially infarcted rat heart after causing myocardial
infarction by ligation of left anterior descending artery. Arrows indicate the damaged area in the left ventricular region. Photograph (hydrogel
injection) shows the route of administration via direct intramyocardial delivery of injectable fGO/GelMA hydrogel to the periinfarct zones. (b)
Representative pictures of peri-infarct region of ventricular tissues 7 days post injection, pre- and postlaser capture microdissection (LCM) (scale
bar: 100 pm). Post-LCM tissue capture and RNA extraction and qPCR-based miRNA expression assays were performed to compare the
inflammatory marker-specific miRNA levels in Sham and fGO/GelMA hydrogel-treated groups. The data in graph represents fold change in
expression levels of inflammation-specific miRNAs, miR-34a, miR-14S5, miR-146a, and miR-15S, between the two groups normalized to RNU48, an
abundant and stable human small nuclear RNAs (snRNAs). No significant differences were found between the two groups confirming the in vivo
biocompatibility of the injected hydrogels. (c) Quantification of blood plasma TNFa and IL10 represented as a ratio of pro and antiinflammatory
cytokines analyzed by ELISA assay (P < 0.0S = statistically significant, n = 3). (d and e) f{GO/GelMA hydrogel does not invoke any significant
difference in pro-inflammatory TNFa expression or white blood cell accumulation in the infarcted heart compared to sham control. The tissues
were either (d) immunostained with TNFa antibody to trace myocardial TNFa expression or (e) counterstained with H&E to demonstrate
histological morphology of orderly arranged myocardial cells.The TNFa immunoreactive cells were stained as dark brown color. Data are expressed
as mean value & SD. Scale bar: 200 ym. Reproduced with permission from ref 353. Copyright 2014 American Chemical Society.

later silence its expression by the delivery of an anti-GFP (GO) for delivery of miR21 targeted siRNA and the anticancer
siRNA with the same vector. Under optimum condition it drug Adriamycin. They discovered that when adryamicin-
suppressed 70% of the target gene as measured by fluorescence resistant MCF7 cells were exposed to the drug delivered by the
intensity.”>” Feng et al. synthesized PEG and PEI dual designed vector, their viability was decreased significantly but
functionalized nGO via amide bond. The nGO—PEG-PEI when the drug delivered alone it was not effective at all, which

exhibits remarkably high gene transfection efficacy without confirmed the ability of the carrier to overcome drug resistance
influence of serum, in addition to that it exhibited minimal property developed by malignant cells. Most importantly
cytotoxicity. Using the NIR optical absorbance property of significant reduction in cell viability was achieved when drug
nGO, they showed that the cellular uptake of nGO—PEG-PEI and siRNA were codelivered, which highlights the over-
can be improved upon a low power NIR laser irradiation, whelming possibilities of combined therapies.””> Kim and his
because of the trivial photothermal heating that increases the group developed a photothermally controlled targeted gene
cell membrane permeability without significantly destroing delivery carrier by conjugating low molecular weight branched
cells.”” A different strategy has been taken up by Zhi et al. to polyethylenimine, polyethylene glycol and reduced graphene
increase cytotoxicity against cancer cells by combining both oxide. This PEG—BPEI-rGO nanocomposite forms a stable
gene therapy and drug delivery. They designed multifunctional nanosized complex with pDNA. In vitro gene transfection
nanographene oxide composed of polyethylenimine (PEI)/ assay confirmed that the nanocarrier has a higher transfection
poly(sodium 4-styrenesulfonates) (PSS)/graphene oxide efficacy without obvious cytotoxicity than unmodified ones in
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Table 4. List of Graphene-Based Nanocarriers for Drug/Gene Delivery”

delivered drugs/

carrier genes results and uses
folic acid conjugated nano graphene =~ DOX, CPT targeted delivery of DOX and CPT to MCE-7 cells with enhanced toxicity than single DOX or CPT
oxide
superparamagnetic graphene oxide- DXR nanohybrid showed a pH-triggered controlled magnetic behavior, which makes this material a
Fe;0, nanoparticles promising candidate for controlled targeted drug delivery
functionalized nano graphene oxide SN38 NGO-PEG-SN38 exhibited high potency with ICS0 values of ~6 nM toward HCT-116 cells
with branched polyethylene glycol
graphene oxide nanohybrid with folic DOX pH-sensitive drug release mechanism was observed which makes it a suitable drug carrier for
acid conjugated chitosan nanomedicine applications
poly(N-isopropylacrylamide ) —gra- CPT in vitro drug release experiment showed that 16.9 and 19.4% CPT were released after 72 h at 37 °C
phene sheets nanoconjugate (PNI- in water and PBS, respectively; in addition, PNIPAM-GS showed very good in vitro cancer cell
PAM-GS) killing efficacy, verified by the MTT assay
PEGylated nanographene oxide DXR redox-responsive drug detachment was observed; furthermore, inhibition of cell proliferation is
directly correlated with increased intracellular GSH concentrations due to rapid DXR release
graphene-carbon nanotube-Fe;O, hy-  S-FU in vitro cytotoxicity tests suggested that the obtained nanohybrid is nontoxic for Chang liver cells,
brid even at the high concentration of 80 ug mL™'; however, the 5-FU-loaded GN—CNT—Fe;0,
hybrid showed significant cytotoxicity effects toward HepG2 cells.
graphene-SiO, quoted quantum dots DOX hybrid system efficiently delivers DOX to the targeted cancer cells; hybrid system also enables us to
(HQDs) with Transferrin monitor the intracellular DOX release
folic acid conjugated graphene oxide- DOX DOX-loaded MSP-BA-GOF showed selective cell internalization via receptor-mediated endocytosis
capped boroester linked mesopo- and subsequent release of DOX by the remote illumination; in addition to that, the DOX loaded
rous silica (MSP-BA-GOF) MSP-BA-GOF demonstrated very good anticancer activity upon remote illumination with a
viability ~20%
reduced graphene oxide function- DOX much greater cancer cell death efficacy was observed in PEG-BPEI-rGO/DOX complex-treated cells
alized with polyethylene glycol and with NIR irradiation than those with no irradiation
branched polyethylenimine (PEG-
BPEI-rGO)
folic acid conjugated graphene quan- DOX nanoassembly can clearly discriminate between cancer cells from normal cells and efficiently deliver
tum dots the drug to targeted cells; inherent stable fluorescence of GQDs also enable us the real-time
monitoring of the cellular uptake of the DOX—GQD—FA nanoassembly and the consequent
release of drugs.
biotin-conjugated graphene quantum  DOX nanocarrier showed very good cytocompatibility toward normal cells, whereas it showed enhanced
dots toxicity toward cancer cells by targeted delivery of drugs
peptide (TAT)-conjugated DOX TAT-conjugated GQDs showed nucleus targeted delivery of DOX with enhanced intranuclear
PEGylated graphene quantum dots accumulation and increased toxicity toward Hela Cells than free DOX
(GQDs)
aptamer/graphene quantum dots DOX nanocarrier showed selective drug release behavior in the cytoplasm of the cancer cells with
nanocomposite capped fluorescent enhanced toxicity
mesoporous silica nanoparticles
hyaluronic acid-functionalized gra- GMC targeted delivery of GMC was observed with sustained release behavior. In addition to that very
phene quantum dot conjugated good toxicity was showed by GMC loaded nanocarrier system toward pancreatic cancer cells
albumin nanoparticles
graphene quantum dots (GQDs) DOX DOX/GQDs conjugate demonstrated increase nuclear uptake efficacy and cytotoxicity of DOX
toward drug-resistant cancer cells
PAMAM and oleic acid-function- pDNA expression of exogenous genes EGFP
alized graphene oxide
graphene oxide oligonucleotides ~ molecular sensing
graphene oxide DNA aptamer molecular sensing
chitosan-functionalized graphene CPT, pDNA enhanced toxicity was observed in HepG2 and Hela cells compared to free CPT; pDNA was used to
oxide express endogenous gene luciferase
polyethylenimine-functionalized gra-  pDNA expression of endogenous genes EGFP
phene oxide
polyethylenimine-functionalized gra-  pDNA expression of exogenous genes EGFP
phene oxide
octaarginine-functionalized graphene =~ pDNA expression of exogenous genes EGFP
oxide
PDMAEMA-functionalized graphene ~ pDNA, CPT nanocarrier showed very high potency of killing cancer cell in vitro; in addition, pDNA was used to
oxide express endogenous gene luciferase
polyethylene glycol and polyethyleni- pDNA, siRNA photothermally controlled expression of exogenous gene (EGFP) and gene silencing (Plk-1)

mine dual-functionalized nanogra-
phene oxide

polyethylene glycol and polyethyleni-
mine functionalized graphene oxide

plasmid-siRNA

gene silencing (Stat3)

polyethylenimine functionalized gra-  siRNA gene silencing (CXCR4)
phene oxide
polyethylenimine/ poly(sodium 4- Adriamycin, dual therapy of drug and gene overcome the multidrug resistivity of cancer cells in vitro
styrenesulfonates/graphene oxide siRNA
Branched polyethylenimine polyethy- pDNA photothermally controlled expression of exogenous gene (luciferase)
lene glycol functionalized reduced
graphene oxide
phospholipid-based amphiphilic poly- siRNA gene silencing (cell death siRNA)

mer and cell penetrating peptide
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references

314

316

319

324
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330

356

347

348

340
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359
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Table 4. continued

delivered drugs/

in presence of miRNA, the ICg, value of EPI reduces dramatically than bare EPI for cancer cell killing

nanocarrier effectively deliver DOX to lung cancer cells with very low ICy, value of 2 4uM than free
DOX 4 uM; nanocarrier also effectively delivers pDNA to cancer cells, which supports its use as a

results and uses references

346

360

362

carrier genes

functionalized reduced graphene

oxide
gold nanoparticles/nanorods encap- ~ pDNA expression of exogenous genes

sulated with graphene oxide func-

tionalized with polyethylenimine
PEGylated graphene/Au composites ~ siRNA gene silencing (Bcl-2)
poly(amidoamine) dendrimer-grafted ~EPI, miRNA

gadolinium-functionalized nano

graphene oxide
chitosan-supermagnetic iron oxide- DOX, pDNA

graphene nanocomplex

nonviral vector also

poly(i-lactide)—polyethylene glycol- ~ miRNA gene silencing (miR-21, survivin)

grafted graphene quantum dots
dendron conjugated graphene oxide = pDNA expression of endogenous genes EGFP
polyethylenimine graphene oxide/ pDNA expression of endogenous genes EGFP

poly(D,L-lactic-co-glycolic acid)
pPolyethylene glycol-engrafted gra- PNA

phene oxide

gene silencing EGFR

364

“DOX, doxorubicin; CPT, camptothecin; DXR, doxorubicin hydrochloride; SN38, camptothecin analogue hydrophobic molecule; S-FU, §-
fluorouracil; GMC, gemcitabine; pDNA, plasmid DNA; EGFP, enhanced green fluorescence protein; siRNA, small interfering RNA; miRNA, micro
RNA; PNA, peptide nucleic acid; EGFR, epidermal growth factor receptor gene.

PC-3 and NIH/3T3 cells. In addition to that PEG-BPE-rGO
nanocomposite exhibits an enhanced gene transfection efficacy
upon NIR irradiation, which is attributed to accelerated
endosomal escape of polyplexes improved by locally induced
heat.”' Zhang et al. showed that chemotherapy efficiency can
be increased by sequential delivery of siRNA and anticancer
drug. They found the synergistic effect of anticancer drug DOX
and Bcl-2-targeted siRNA by codelivery and sequential delivery
of DOX and the siRNA to HeLa cells by the PEI-GO
nanovector. Under optimum conditions PEI-GO/Bcl-2-
targeted siRNA complex inhibited ~70% of the Bcl-2
expression level, without showing much cytotoxicity, whereas
in the absence of PEI-GO/DOX, the relative cellular viability
was 92.5%.%> Khademhosseini and his co-workers developed a
unique graphene oxide/hydrogel based angiogenic gene
delivery system for vasculogenesis and cardiac repair. In detail,
they synthesized a biocompatible hydrogel which can
efficiently deliver nanocomplex of graphene oxide and vascular
endothelial growth factor-165 pro angiogenic gene for
myocardial therapy. To evaluate the effectiveness of the
system, they used a rat model with acute myocardial infection
and injected the therapeutic hydrogels intramyocardially in the
peri-infarct regions. The growth factor-165 from in vitro
cardiomyocytes exhibited profound mitotic activities on
endothelial cells. A significant increase in myocardial capillary
density at the peri-infarct regions is observed as well as
reduction of the scar area noticed in the infarcted heart as
shown in Figure 19.%%’

In summary, despite the development of graphene nanoma-
terials based gene/drug delivery system with enhanced gene
loading efficiency and in vitro intercellular delivery, lots of in
vivo study should be carried out to validate the in vitro study
to go ahead toward the clinical applications in future. Table 4
summarizes the graphene-based nanomaterials for drug/gene
delivery applications.

5.4. Bioimaging. For better understanding of simple to
complex biological processes which occurs within living cells,
tissues and whole organisms in our body has raised the
necessity to develop new bioimaging tools, techniques, and
materials. In addition to this, bioimaging can help us to identify
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abnormal processes that are related with cancer and other
diseases, thus underscoring its importance in medicine. At the
primary stages, bioimaging includes tools and techniques to see
biological processes in living cells, tissues, and organs of
animals/human using specialized imaging probes. However, in
the case of medicinal applications, it is limited because of its
poor sensitivity, specificity, and targeting of bioimaging probes
or bioimaging materials. So there is a continuous need to
improve the performance of existing bioimaging probes/agents
as well as to develop new advanced and specialized bioimaging
probes/imaging agents and imaging modalities. Till now, there
have mainly been three types of imaging techniques based on
graphene nanomaterials, which are based on Raman spectros-
copy fluorescence imaging and photoacoustic imaging. Details
about these three techniques are discussed below.

5.4.1. Raman Spectroscopy. Raman spectroscopy relies
upon the inelastic scattering of photon and has been
extensively used as an analytical tool in wide range of
applications. Recently Raman spectroscopy has been also
used in the biomedical sectors including cancer diagnosis to
bioimaging as it can offer a brief information on chemical
composition of cells and tissues.”® In this context Raman
spectroscopy extensively used to characterize graphene based
nanomaterials (Graphene, GO, rGO, GQDs) due to its
characteristic bands in the Raman spectra. As graphene is a
Raman active material, it opened up a new route of bioimaging
that completely depends upon the intrinsic structure and
properties of graphene nanomaterials.

Incorporation of noble metal nanoparticles, such as gold
nanoparticles or silver nanoparticles on the graphene nano-
materials surface, further increase surface-enhanced Raman
scattering (SERS), which can be used to increase the Raman
intensity and sensitivity in comparison with bare graphene
nanomaterials.>®® As a result, a number of studies have been
carried out to utilize this feature as imaging probes in
biological cells.

As an example, Li and co-workers demonstrated that GO
decorated with gold nanoparticles (AuNPs) can enhance
Raman intensity of GO remarkably by the surface enhance-
ment effect. They further used this Au/GO hybrids for Raman
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imaging in Hela229 cells as shown in Figure 20. They also
studied cell internalization mechanism of GO and Au/GO

E

Figure 20. (3, ¢, e, g) Optical and (b, d, f, h) Raman images of
Hela229 cells. Cells were incubated with (e, f) GO and (g, h) Au/GO
hybrids at 37 °C for 24 h before imaging. Cells incubated (a, b) in
medium without GO and (¢, d) in medium with Au nanoparticles are
shown as control (scale bar: 10 mm). Reproduced with permission
from ref 367. Copyright 2012 Royal Society of Chemistry.

hybrids using Raman imaging. An endocytosis pathway was
proposed from the results.”*” Liu et al. made a graphene oxide
and silver nanoparticle based surface-enhanced Raman
scattering (SERS) probe for cancer cell imaging. By changing
the weight ratio between AgNOj; and GO, an optimum Raman
enhancement was found with a ratio of 192. Under optimum
conditions a very fast SERS imaging of cancer cells is obtained
with a very short integration time of about 0.06s per pixel.”*®
Zhang et al. also reported that GO/AuNPs/pATP hybrids are
highly efficient for cell imaging. The characteristic G band of
the GO at 1595 cm™" is used to directly probe the GO and
image the live cells. In presence of AuNPs, enhancement in the
Raman intensity was observed which offers better cell imaging
than GO alone.*®

5.4.2. Fluorescence Imaging. Fluorescence-based imaging
techniques are extensively used in biology for bioimaging and
diagnosis. Though fluorescence-based imaging techniques have
few drawbacks like photobleaching, photoblinking, degradation
of the dye compound, and back%round noise due to
autofluorescence from tissue and cells.”’® However, a number
of studies showed that graphene-based nanomaterials are very
effective for bioimaging applications. Based on intrinsic
photoluminescence properties of nGO, Dai and his co-workers
reported for the first time, B-cell specific antibody Rituxan
conjugated and polyethylene glycol modified GO for Raj B-
cells targeted fluorescence imaging using 658 nm laser
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excitation.””" But their system cannot be applied for in vivo

system due to low quantum yield. Liu group synthesized a NIR
Dye, Cy7 conjugated with nanographene sheets-polyethylene
glycol (NGS-PEG) for in vivo fluorescence imaging of
xenografted mice, which demonstrated high tumor accumu-
lation of NGS-PEG-Cy7 based on the enhanced permeability
and retention effect of cancerous tumors.”’” He and co-
workers demonstrated in their work, receptor targeted imaging
and theranostics using a graphene oxide based supramolecular
glycocomposite. Their synthesized glycocomposite showed
very good imaging ability to the cancer cells because of the
overexpression of glycoprotein receptor compared to control
cells.””® Chen et al. synthesized a new type of fluorescent probe
based on graphene-QDs. Generally graphene quenches the
fluorescence of the QDs. But they showed that the reduced
graphene oxide (rGO) conjugated with QDs via a bridge
bovine serum albumin can provide highly fluorescent nanop-
robe for intercellular imaging.’'” Zhang et al. synthesized
water-soluble highly fluorescent GQDs for biological labeling
of stem cells. Their synthesized GQDs demonstrated direct
and easy cell penetration proliferation or differentiation
capacity with strong photoluminescence (QY, 14%), good
photostability, and low cytotoxicity.”’* In a similar type of
work, Yang and co-workers also reported strongly green
fluorescent GQDs for bioimaging applications. The synthe-
sized GQDs had a quantum vyield of 11.4% with excellent
biocompatibility. They used GQDs for imaging of MG-63
cells.”” Wu and co-workers also used 1.5—5 nm sized green
fluorescent GQDs for imaging of Hela cells (Figure 21).°7°

Figure 21. HeLa cells treated with the GQD suspension: (a) bright-
field image, (b) confocal fluorescence photomicrograph taken with an
excitation wavelength of 405 nm and the detection wavelength in the
420—520 nm range. Reproduced with permission from ref 37S.
Copyright 2012 Royal Society of Chemistry.
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Figure 22. Photoacoustic (PA) signal of GO and graphene nanosheets of different concentrations, illuminated with 700 and 800 nm laser. The
color coded vertical bar represents the strength of the photoacoustic signal generated. Reproduced with permission from ref 377. Copyright 2013

American Chemical Society.

Zhao and his team fabricated GQDs with a quantum yield of
54.5% from L-glutamic acid for in vitro and in vivo imaging.
They showed that the GQDs can emit strong fluorescence in
the green to red range for in vitro fluorescence imaging in MH-
S cells. For in vivo imaging they used solution of GQDs of 25
mg mL™' and injected to nude mice and applied various
excitations (430, 465, 500, 535, and 605 nm). Under optimum
conditions GQDs showed very good fluorescence signal in
both visible and IR regions.'”’ Nahain et al. synthesized a
photoresponsive fluorescent rGO nanocomposite for in vivo
imaging. The functionalized rGO nanocomposite can
efficiently accumulate to tumor tissue in in vivo model and
can be used as a fluorescent probe.””®

5.4.3. Photoacoustic Imaging. Photoacoustic imaging
technique is an alternative method of noninvasive imaging
which offers functional structural and molecular imaging. The
imaging method relies upon photoacoustic phenomenon which
admits conversion between light and acoustic waves due to the
absorption of electromagnetic waves and localized thermal
excitation. Recently, graphene nanomaterials have been
extensively used as photoacoustic imaging agent because of
its high NIR optical absorbance, which enables greater spatial
resolution than purely optical imaging especially in deep organ
tissue while simultaneously overcoming the drawbacks of
ultrasonic imaging technique regarding both biochemical
contrast and speckle articrafts.”””

Liu and co-workers designed for the first time a novel probe
based on rGO and iron oxide nanoparticle (IONP) function-
alized with PEG for photoacoustic tomography.””® Another
study performed by Patel et al. where they reported
microwave-enabled low oxygen graphene (ME-LOGr) can
exhibit strong and wavelength independent visible and NIR
absorption. They found that the absorption of ME-LOGr (with
a coefficient of 22.7 L/g.cm at 808 nm) can exceed one of the
best NIR fluorophores indocyane green (absorption coefficient
of 13.9 L/gcm at 808 nm) and provides clearer cellular
background. The difference in NIR absorption and endoge-
nous background resulted in excellent optical limiting
photoacoustic imaging applications in addition to that as
graphene nanosheets are nonluminescent, so that all the optical
energy absorbed by graphene nanosheets would transformed
into heat which can be used for acoustic wave generation. In
contrast to GO ME-LOGr nanosheets exhibited remarkably
strong photoacoustic signals at same concentration (0.04 mg/
mL) under the wavelength independent NIR laser irradiation
as shown in Figure 22 which is very different from other
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photoacoustic imaging agents like Au nanorods and Ag
nanoplates.’

Lalwani et al. investigated the role of graphene nanoribbons
as photoacoustic and imaging agent. In details they observed
that single or multiwalled graphene oxide nanoribbons can
enhance the photoacoustic signals 5—10 folds in comparison to
blood at the wavelength of 755 nm.””” Lim and co-workers
also synthesized a hybrid nanomaterial based on rGO and gold
nanorods (rGO-AuNRs) for photoacoustic imaging. The
efficiency of the hybrid system relies upon excellent NIR
absorption properties of rGO. Their hybrid system have much
higher photoacoustic amplitudes than bare AuNRs or non-
reduced graphene oxide-AuNRs (GO-AuNRs) or silica coated
gold nanorods in both in vitro and in vivo systems. Using a 755
nm laser irradiation and varying laser powers to (4—9 mJ/cm?)
to get photoacoustic images. The rGO-AuNRs exhibited the
highest photoacoustic signals in animal model among all the
samples (AuNRs: 19.34 + 0.30, GO-AuNRs: 19.34 + 1.03,
and r-GO-AuNRs: 28.81 + 0.84; 6.0 mJ/cm2 incident laser
power), their finding is also consistent with in vitro
experiments.”*’ Sheng et al. also demonstrated nano sized
rGO stabilized with BSA can be used as photoacoustic imaging
both in vitro and in vivo.**" Similar to GO and rGO or hybrid
systems containing GO/rGO, pristine graphene also can be
used as photoacoustic imaging agent. In a recent work done by
Paradossi and co-workers where they showed pristine graphene
also can be used as photoacoustic agent in vivo. To use the
pristine graphene, they interfaced with acoustic contrast
poly(vinyl alcohol) (PVA) shelled microbubbles. The
assembly between PVA microbubbles and pristine graphene
capable to capture the radiation by the graphene sheets in the
transparent NIR region between 700 and 850 nm. Despite very
low doses of graphene, they got good enhancement in
photoacoustic signal in in vivo, ie, 6.6 au with respect to
0.6 au of endogenous background.382 So from the above
discussion we can say that there are enormous possibilities that
graphene nanomaterials can be used as a photoacoustic agent
for in vivo deep tissue imaging. Table S summarizes the
graphene-based nanomaterials for bioimaging applications.

5.5. Photothermal and Photodynamic Therapy.
Temperature is an important parameter by which the viability
and functionality of biological species including cells, tissues or
entire organs are tightly regulated. The increase of temperature
above the regular body temperature (37 °C) is the indication
of illness/disease. But, the increase of temperature in targeted
tissues/organs by controlled way has been reported to have
several therapeutic advantages in patients with cancer or other
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Figure 23. In vivo photothermal therapy study using intravenously injected NGS-PEG. (a) Tumor growth curves of different groups after
treatment. The tumor volumes were normalized to their initial sizes. There were 6 mice in the untreated, 10 mice in the “laser only”, 7 mice in the
“NGS-PEG only”, and 10 mice in the “NGS-PEG + laser” groups. Although injection of NGS-PEG by itself or laser irradiation on uninjected mice
did not affect tumor growth, tumors in the treated group were completely eliminated after NGS-PEG injection and the followed NIR laser
irradiation. (b) Survival curves of mice bearing 4T1 tumor after various treatments indicated. NGS-PEG injected mice after photothermal therapy
survived over 40 days without any single death. (c) Representative photos of tumors on mice after various treatments indicated. The laser irradiated
tumor on NGS injected mouse was completely destructed. Error bars in a were based on standard deviations. Reproduced with permission from ref

372. Copyright 2010 American Chemical Society.

diseases.”®* The therapeutic temperature range between 41
and 48 °C has been reported clinically for the thermal
treatment of diseases known as hypothermia.**> Moderate level
of hypothermia is adequate for inducing protein denaturation
and aggregation and it is quite different from normal cancer
treatments by chemotherapy. In contrast, short thermal
treatments above 48 °C even for few minutes can cause
severe cell/tissue damage or permanent cells and tissues
damages may happen by long exposures through excessive
necrosis and ablation.'’® As a consequence, it has become the
most important effort to develop smart materials and
techniques in advanced thermal therapies where the heating
can be localized. In this regard, photothermal therapy (PTT)
has gained incredible attention owing to its unique mechanism
where the generated heat can be localized by controlled way
using optical energy exposure. Graphene nanomaterials catch
tremendous consideration among the various number of
nanomaterials developed for photothermal therapy due to its
strong optical absorption in the NIR range and consequently
makes it one of the promising candidate for PTT application.
In addition to this, further modification/functionalization of
graphene would provide the generation of hybrid/composite
materials with better temperature control and greater dynamic
range of heating.

In the case of photodynamic therapy (PDT), there is
involvement of a laser and a photosensitizing chemical
substance, which can produce reactive oxygen species (ROS)
and causes cell death. Recently, along with PTT graphene
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nanomaterials also used in PDT to deliver the photosensitizing
agent at the therapeutic site. Already it is well-established that
graphene-based nanomaterials are highly efficient to carry the
PDT %%gnts and can treat many debilitating disease like
cancer.

Liu and co-workers demonstrated for the first time in vivo
behavior of nanographene sheets with polyethylene glycol
(PEG) coating by a florescent labeling methods. Then they
used strong optical absorbance of nanographene sheets in the
NIR region for in vivo photothermal therapy, achieving very
efficient tumor ablation after intravenous administration of
nanographene sheets (NGS) in the NIR region for in vivo
photothermal therapy’”” as shown in Figure 23. Yang et al.
used PEG functionalized nanographene sheets anchored with
magnetic iron nanoparticles for multimodal imaging guided
photothermal therapy. Utilizing strong NIR absorbance of
graphene and magnetic property of iron nanoparticles, they
used RGO-IONP-PEG nanocomposite for in vivo triple modal
fluorescence, photoacoustic tomography and tumor imaging
and photothermal therapy. They observed that upon
irradiation of 808 nm NIR laser at a low power density of
0.5W/cm?, tumors of mice can be treated effectively.””® Dai
and co-workers synthesized ultrasmall reduced graphene oxide
sheets with extraordinary NIR absorbance for photothermal
therapy. They also used PEG to render stability in biological
solutions. Then they attached a target peptide containing Arg-
Gly-Asp (RGD) motif for selective cellular uptake in U87MG
cancer cells and highly effective photoablation of cells in
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vitro.”*” Tian et al. demonstrated enhanced photodynamic

therapy (PDT) by Chlorin e6 loaded PEG functionalized
graphene oxide. The synthesized GO-PEG-Ce6 complex
showed excellent water solubility and generate cytotoxic
singlet oxygen under optical excitation for photothermal
therapy.*®

They showed that the combination of NIR light triggered
mild photothermal heating of graphene and photodynamic
therapy using Ce6 delivered by GO-PEG, which enhances the
overall PDT efliciency remarkably. Akhavan and co-workers
synthesized reduced graphene oxide nanomesh (rGONM),
another promising candidate for photothermal therapy. After
synthesizing of tGONMs, they functionalized it with poly-
ethylene glycol, a RGD based peptide and cyanine 7 for better
targeted therapy of U87MG tumors. The 1 ug/mL suspension
of —GONM-PEG exhibited around 4.2- and 22.4- fold NIR
absorption at 808 nm compared to reduced graphene oxide
nanoplatelet- polyethylene glycol and graphene oxide,
respectively. The excellent NIR absorbance of rtGONM-PEG-
Cy7- RGD complex resulted in ultraefficient photothermal
therapy for tumor treatment. They eliminated 100% tumor
after 48 h intravenous injection of rtGONM-PEG-Cy7-RGD
with ultralow concentration of 10 pug/mL followed by
irradiation with a low laser power (0.1 W cm™2) for 7
min.’*® Huang and co-workers reported a method for
synergistic photothermal therapy to treat glioma with the
help of functionalized mesoporous silica coated graphene
nanosheets. They modified the graphene nanosheets with a
targeting peptide and coated with silica nanoparticles. The
functionalized silica coated graphene nanosheets (GSPI)
showed heat responsive, pH sensitive and sustained release
properties of drugs. The DOX loaded GSPI system
demonstrated the synergistic therapy mediated highest rate
of glioma cell death compared to single photothermal therapy
or chemotherapy. The photothermal heating effect of GSPI
exhibited a concentration dependent and laser power intensity
dependent way, which is far better than carbon nanotube.**” Li
et al. used high NIR absorbance of graphene oxide for
photothermal treatment of Alzheimer’s disease. They utilized
thioflavin-S (ThS) modified GO for remote and local heating
and to dissociate amyloid aggregation upon NIR laser
irradiation. The ThS-modified GO selectively bind with Ap
aggregates which are the main reason for Alzheimer and form
GO—ThS—Ap complex. After the complex formation, they
used strong NIR optical absorption ability of nano GO to
generate local heat and destroy the A fibrils followed by low-
power NIR laser irradiation.”” Tae and co-workers exhibited
graphene oxide mediated delivery of methylene blue, a
photosensitizer for combined photodynamic and photothermal
therapy of cancer. The nano GO play a dual role of
photothermal therapy as well as a carrier for photosensitizer.
The release of the methylene blue from nano GO surface was
pH dependent and an acidic condition increased the release
rate significantly. The nanocomplex showed enhanced cellular
uptake by cancerous HeLa cells in mice rather than normal
cells and showed no major toxicity toward the cells in the
absence of optical energy. After the NIR light irradiation, mice
were observed for 15 days none of mice was died and no
drastic change was observed in their body weight.””' Ge et al.
reported GQDs for photodynamic therapy agent with high
singlet oxygen generation. Their synthesized GQD based PDT
agent can produce '0, via a multistate sensitization process
resulted highest quantum yield until date among other PDT
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agents. The performance of the GQDs for in vivo PDT was
assessed using female BALB/nude mice with subcutaneous
breast cancer xenografts as an animal model. GQDs were
injected with a concentration of 4 mg/kg then irradiated twice,
with white light (400—800 nm) at a power density of 80 mW
cm™ on the first and seventh days, for 10 min. The tumors
start to decompose after 9 days and were destroyed completely
after 17 days, leaving black marks at the original sites, which
fell off ~1 week later. No tumor regrowth was detected in the
PDT group over the course of 50 days.””” In a recent study by
Srivastava and his co-workers reported multifunctional
graphene quantum dots for combined photothermal and
photodynamic therapy with cancer cell tracking applications.
They showed that upon irradiation of 808 nm laser (0.5W/
cm?), a concentration-dependent photothermal response were
observed with generation of large amount of reactive oxygen
species which can kill cancer cells.””> Guo et al. demonstrated
that, ruthenium nitrosyltriphenylphosphonium functionalized
GQDs (NGQDs@Ru-NO@TPP) can be used as an efficient
nanoplatform for NIR light triggered and mitochondria
targeted delivery of nitric oxide combined photothermal
therapy. Upon irradiation of NIR light, it instantly released
NO and exhibited photothermal effect for both in vitro and in
vivo tumor model.””* In another study, Shi et al. used a
graphene-based magnetic plasmonic nanocomposite for photo-
thermal therapy. They decorated graphene oxide by both iron
oxide nanoparticles (IONP) and gold nanoparticles (AuNP)
and formed a multifunctional magnetic plasmonic nano-
composite. To investigate the enhanced PTT efficacy of their
system, they introduced an 808 nm NIR laser at a power
density of 1 W/cm? to irradiate PEGylated GO (GO-PEG),
PEGylated GO-IONP (GO-IONP-PEG), and GO-IONP-Au-
PEG at the same GO concentration of 10 mg/mL for S min.
The temperature of GO-IONP-Au-PEG increased rapidly from
23 to 40 °C, whereas other solutions showed much less
temperature change, consistent with the much stronger NIR
absorbance of the former. In vitro studies in 4T1 breast cancer
cells showed that almost all cancer cells were killed after
incubation with the nanocomposite upon exposure of 808 nm
laser (2 Wem™ for 5 min). Mice bearing 4T1 tumors were
then intratumorally injected with GO-IONP-Au-PEG at a dose
of 50 ptg/mL and subjected to an 808 nm laser at 0.75 W cm-2
for S min. IR thermal images revealed that the surface
temperature of the tumors injected with the nanohybrid
increased rapidly to about 55 °C within S min of laser
irradiation and destroyed the tumor cells.””> Recently to
enhance the therapeutic efficiency of graphene based nano-
materials the combination of both PTT and PDT are used by
reseachers. In this context, Taratula and co-workers reported
Pthalocyanine (Pc)-loaded graphene nanosheets for combina-
torial photothermal and photodynamic therapy. In details they
developed chemically modified polypropylenimine dendrimers
graphene nanosheets loaded with Pc as a photosensitizer. To
increase the biocompatibity of the nanoplatform system, they
combined it with PEG molecule as well as for tumor targeted
delivery they conjugated luteinizing hormone-releasing hor-
mone (LHRH) peptide. A low power NIR laser was irradiated
for simultaneous heat generation (PTT) and ROS production
(PDT). Their combinatorial phototherapy demonstrated
synergistic destruction of ovarian cancer cells with a killing
efficacy of 90—95% at low Pc and low oxygen graphene
dosages.””® Another study done by Zhang et al. in which they
exhibited that, reduced graphene oxide with ruthenium(II)-
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polyethylene glycol (Ru(II)-PEG) can be used as a ultra-
efficient photodynamic and photothermal therapy agent to kill
cancer cells. The release of Ru-PEG from the rGO surface was
pH dependent and irradiation of optical energy can increase
the release rate. The synergistic effect of PDT and PTT have
been studied by cytotoxicity study by serial irradiation of 808
and 450 nm laser. A detailed study on mechanism investigation
showed that the nanocomplex can induce programmed cell
death through generation of reactive oxygen species and
cathepsin-initiated apoptotic signaling pathways under light
excitation. Further they used rGO-Ru-PEG nanocomposite for
in vivo photothermal treatment of cancer with irradiation of
808 and 450 nm laser.””” Table 6 summarizes the graphene-
based nanomaterials for PTT and PDT therapy.

6. CONCLUSION AND FUTURE PERSPECTIVE

Since the revolutionary discovery of graphene in 2004, it has
gained ever increasing interest from the scientific community
because of its exceptional properties. Because of its
extraordinary properties, graphene nanomaterials already
being used in a wide range of applications including
optoelectronics, sensing, catalysis and even bioapplications
like drug/gene delivery, tissue engineering, biosensors, photo-
thermal therapy, and bioimaging. In this review, we have
sought to provide an outlook from the synthesis of graphene-
based nanomaterials to their end bioapplications.

In terms of synthesis, already there have been various
synthesis methods for graphene nanomaterials. However, the
optimal method depends upon its end applications. During the
past few years, graphene-based nanomaterials have been used
in wide range of biomedical applications including biosensors,
photodynamic and photothermal therapies, tissue engineering
and regenerative medicine because of their outstanding
physical, chemical and biological properties not only that,
the specific arrangements of graphene provide a robust
absorbing capability which makes it a novel carrier for gene/
drug delivery. In addition to this, graphene and graphene
family nanomaterials opened up a new platform for photo-
thermal therapy and bioimaging due to its unique properties.
On the other hand, due to the high electrical conductivity of
graphene it is employed as various types of biosensor.
However, the control over synthesis processes, the lack of
reproducibility and the difficult characterization techniques
render these materials for clinical applications.””® Another
major problem consist that the nanomaterial changes its
characteristics during biological experiments, so its physico-
chemical characterization should be carried out under same
experimental conditions, which makes the tasks more
complicated and this problem also applied for graphene
based nanomaterials. To overcome these problems, researchers
are trying to establish a protocol and some standardized way
by comparing different characterization results, where all
crucial factors should be considered.**” In this context, there
have been some recent efforts done by researchers on
nanoinformatics which are focused on minimal character-
ization criteria of nanomaterials.**’

There are already some physicochemical characterizations
considered very essential before any applications of graphene
based nanomaterials, including oxygen content, the size of the
graphene flakes, and the number of graphene sheet layers.*"’
However, there is still no clear idea on the differences in
biological behavior between small and large sheets, single/few/
multilayer graphene sheets while the amount of oxygen can
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also cause undesirable effects. Achieving good aqueous stability
of graphene nanomaterials play a crucial role for any biological
application as aggregated graphene can cause toxicity, so the
colloidal stability is another critical factor should be always
taken into account when running any biological experiments,
since the interactions of cells with the graphene environment
could change whether it is a freshly prepared suspension or
after hours or days or months of preparation. Regarding this,
GO and GQDs based nanomaterials have an easier handling in
aqueous media while pristine graphene not so much stable in
aqueous media and requires external physical processes (such
as sonication)/chemical agents (FDA approved biopolymer
such as PEG which are already extensively used for
functionalization of graphene based polymer to increase both
biocompatibility and to make it stable for longer period of
time) to get a stable suspension. For any specific applications,
it is very important to run a control suspension of graphene
based materials in the media of working interest and
continuously monitor the process by means of spectroscopic
(e.g., DLS, Raman spectroscopy) or microscopic techniques
(e.g, TEM, SEM, AFM).***

Apart from these, any medical devices/drugs for clinical
applications require permission from special regulatory author-
ities which is often concerns with the toxicity of the new
materials which also applied for graphene based materials also.
However, the future prospects of graphene nanomaterials are
very bright and optimistic. Combination of graphene nano-
materials with other material compositions that have good
flexibility or wettability make them better candidates for
fabrication of multifunctional smart materials.

As a result, these graphene nanomaterial composites can
become environmentally sensitive or self-folding properties or
more biocompatible, which can extend their biomedical
applications, but until now most of the graphene-based
nanomaterials are at research stage, we have to wait a few
more years to get these nanomaterials for real life clinical
applications.

So, for real life clinical applications of graphene nanoma-
terials, it is necessary to focus on the following:

e The reproducibility during the synthesis of graphene
nanomaterials, so we can proceed forward without any
question.

Stability of the graphene nanomaterials, as aggregation
can lead to severe toxicity.

Proper functionalization so it can be biostable,
biocompatible, and biodegradable.

Most importantly, in vivo biocompatibility of the
graphene nanomaterials should not only be optimized
in small animal model such as mouse but also in bigger
animal model such as sheep, monkey, etc. If we solve
these problems, there is a huge scope beyond our
imagination what graphene nanomaterials can offer in
the field of biomedical applications.
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