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Introduction: As a shining star in material science, graphene oxide (GO)

and its derivatives possess potential applications in a variety of areas. Among

them, the application of GO to drug delivery has attracted ever-increasing

interest in the past few years.

Areas covered: In this article, the authors summarize the latest progress of

utilizing GO in the field of drug delivery. In particular, the functionalization

of GO, cytotoxicity of GO and its derivatives, in vitro and in vivo drug delivery

and the comparison with carbon nanotube-based delivery systems are

discussed. Future perspectives and possible challenges in this emerging field

are briefly described.

Expert opinion: GO and its derivatives are highly attractive for the application

to drug delivery due to their exceptional physiochemical properties and

unique planar structure in spite of some existing challenges, such as the

reproducibly smart functionalization of GO and the investigation of its

long-term toxicology.
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1. Introduction

Graphene, a single layer of sp2-hybrirdized carbon atoms packed in a honeycomb
crystal lattice, not only has attracted a great deal of research interest and generated
great impact on scientific community, but also has revealed a cornucopia of
potential applications in various fields since its discovery [1-3]. Due to its unique
two-dimensional (2D) structure and geometry, monolayer graphene possesses remark-
able physicochemical properties including high Young’s modulus (~ 1100 GPa), high
fracture strength (~ 125 GPa), excellent electrical (~ 100 S/cm) and thermal conduc-
tivity (~ 5000 W/mK), fast mobility of charge carriers (~ 200,000 cm2/Vs) and large
specific surface area (theoretically calculated value, 2630 m2/g) [3,4]. These remarkable
properties of graphene provide essentially infinite possibilities for various applications
in many areas such as electronics, energy storage and conversion, biotechnology and
nanocomposite materials. Perfect graphene does not exist naturally, but bulk and
solution-processable functionalized graphene materials including graphene oxide
(GO) can now be easily prepared [5]. Oxygen functional groups (e.g., hydroxyl, epox-
ide and carbonyl groups) attached on the basal planes and edges of GO sheets signifi-
cantly alter the van der Waals interactions between the layers of graphene and impart
the desired solubility in water and some organic solvents. Additionally, these groups
enable GO to be functionalized through covalent and non-covalent approaches,
thus making it a building block for the fabrication of versatile functional
graphene-based materials [6,7].

Recently, it is found that the planar structure and p-conjugated structure of
GO endowed it with excellent ability to immobilize a large number of substance,
including metals, drugs, biomolecules and fluorescent molecules [8]. More recently,
a number of research groups have explored GO’s application as a molecular carrier
for in vitro and in vivo drug delivery, as well as the successive cancer therapy. Dai
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and collaborators group did the pioneering work on the use of
polyethylene glycol (PEG) functionalized GO (PEG-GO) as a
nanocarrier to bind water-insoluble anticancer drugs and evalu-
ated its cytotoxicity to human colon cancer cell [9]. Subse-
quently, GO and GO derivatives have been intensively used
in drug delivery [10]. Figure 1 shows the continuously increasing
research efforts for applying GO in the field of drug delivery in
the past 5 years. The critical need for building versatile drug
carrier systems lies on the high-capacity loading, efficient deliv-
ering and specific targeting [11-14]. GO-based nanomaterials
could be one of the most favorable nanocarriers for the efficient
drug loading and delivery due to their large specific surface
with unique optical and electrochemical properties.
In addition to the application to drug delivery, GO and

its derivatives have a wide range of potential applications in
the biomedical field, ranging from fluorescence resonance
energy transfer (FRET) biosensor, living cell detecting and
imaging, antibacterial materials, to biocompatible scaffolds
for cell culture. Shen et al. [15], Wang et al. [16], and Feng
and Liu [17] have reviewed the various routes for functionaliza-
tion of GO and the impressive achievements of the applica-
tions obtained in the biomedical area, which provide a
comprehensive profile and potential challenges in this newly
emerging research field. The present review summarizes
and discusses in detail the recent development of GO’s appli-
cation specifically in the field of drug delivery during the
past few years. Functionalization of GO through both cova-
lent and non-covalent approaches, and the toxicity of GO
and its derivatives are discussed first. After that, drug delivery
efficiency of GO-based systems for different cancer drugs
in terms of in vitro cell uptake and in vivo cancer therapy
are discussed. Finally, the authors will compare the GO-
based drug delivery systems with the systems based on carbon
nanotubes (CNTs) before drawing conclusions and offering
their opinion.

2. Functionalization of GO

GO, without any surface functionlization, usually has sheet
dimensions of hundreds of nm and tends to aggregate in phy-
siological solutions with salts and proteins due to screening of
electrostatic charges and non-specific binding of proteins. As a
result, size control and individual separation are necessary for
GO to suitably interact with a biological system in vitro and

in vivo. As well, rational functionalization is essentially needed
to offer GO with better compatibility and stability in the
physiological environment [18]. To achieve these purposes, two
strategies, covalent conjugation and non-covalent physisorption,
have been reported.

2.1 Covalent functionalization
GO sheets have a lot of chemically reactive oxygen-containing
groups on their surfaces. Therefore, a wide range of reactions
can be triggered from either the carboxylic acid groups at their
edges or the epoxy and hydroxyl groups on their basal planes.
In the past few years, different waster-soluble and biocom-
patible polymers or molecules [19], including PEG [9,20-23],
poly(vinyl alcohol) (PVA) [24], polyethylenimine (PEI) [25,26],
poly(N-isopropylacrylamide) (PNIPAM) [27], polysebacic
anhydride (PSA) [28], chitosan (CS) [29-31], amphiphilic copoly-
mers [32,33], sulfonic acid groups [34] and amino groups [35],
have been grafted on the surfaces of the GO sheets through
covalent methods to increase their biocompatibility. With
increasing solubility and stability in physiological solutions,
the polymer-grafted GO nanocarriers could indirectly enhance
the dissolution of the water-insoluble anticancer drugs.

The covalent functionalization of GO for its application in
drug delivery was initiatively carried out by Dai and collabo-
rators in 2008 [9], which was motivated by their success of
CNT-based drug delivery systems. They synthesized PEGy-
lated nanoscale graphene oxide (PEG-GO) and used it as a
nanocarrier to load variant anticancer drugs via non-covalent
physisorption, and evaluated its photoluminescent property
and in vitro cellular uptake capacity. PEG is widely used in
various pharmaceutical preparations due to its water solubility
and low toxicity. As-prepared GO is soluble in water but
tended to aggregate severely in physiological solutions that
were rich in salts or proteins, such as cell medium and serum,
whereas the PEG-GO exhibited an excellent stability in these
solutions (Figure 2A and B). Due to the sonication steps during
synthesis, the lateral size of PEG-GO was reduced to
5 -- 50 nm (Figure 2C), which was much smaller than that
of as-prepared GO sheets (50 -- 500 nm) (Figure 2D), thus
making it easier for PEG-GO to cross cellular barriers. In
the light of these finding, the authors synthesized a series of
polymer-grafted GO nanocarriers for water-insoluble antican-
cer drug delivery [24,27,31,33]. The incorporation of polymers
onto GO sheets endued the resulting nanohybrids with a
high solubility and stability in physiological solutions. Taking
advantages of the recent progress on the preparation of well-
defined copolymers, the authors made an efficient approach
to functionalize GO sheets with a well-defined PNIPAM
via click chemistry [27]. The PNIPAM-grafted GO sheets
(PNIPAM-GS) consisted of about 50% polymer, which
endowed the sheets with a good solubility and stability in
physiological solutions, as well as a practical non-toxicity.

However, the polymer coatings on the surface of GO sheets
may result in a diffusion barrier effect during the intracellular
drug release procedure and adversely affect the successive

Article highlights.

. The latest progress in the field of GO’s application to
drug delivery.

. Various functionalizations of GO for its application to
drug delivery.

. Opinions on future development of GO-based drug
delivery system.

This box summarizes key points contained in the article.

Y. Pan et al.

1366 Expert Opin. Drug Deliv. (2012) 9(11)

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



therapy [36,37]. If the polymer coatings can be cast off on a spe-
cific stimulus, such as a reduction environment on the tumor
site, the loaded drug will be released rapidly when the delivery
systems arrive in target cells, thus leading to a more effective
therapy. Shi and collaborators developed a unique GO-based
nanocarrier for drug delivery, and the underlying mechanism
of GO design is shown in Figure 3. This system consisted of
GO sheets with a sheddable PEG shell attached via a disulfide
linkage (GO-SS-mPEG, where mPEG is methoxy PEG) that
can respond to glutathione (GSH) changes for intracellular
drug delivery [21]. The cytosolic GSH concentration in some
tumor cells was found to be at least four times higher than
that in normal cells, so it could be used as an ideal stimulus
for the PEG detachment. The synthesis route of GO-SS-
mPEG is shown in Figure 3. Amino-terminated PEG bearing
a disulfide bond (mPEG-SS-NH2) was synthesized by cou-
pling the succinate-activated mPEG-COOH with cystamine,
and then conjugated with GO sheets to obtain the GO-SS-
mPEG, which displayed a high solubility and stability in
both phosphate buffered saline (PBS) and cell medium. The
disulfide bond (-S-S-) between grafted PEG and GO sheets
were stable in plasma but could be cleaved quickly by
reducing agents like GSH on the tumor site, hence making
GO-SS-mPEG a smart drug delivery system with high
efficiency.

In addition to the synthetic polymers, a great deal of efforts
has been made to use natural biopolymers as reagents for
the functionalization of GO sheets because of their better
biocompatibility, biodegradability and low immunogenicity.
Gelatin is a linear polypeptide that is composed of different
amounts of 18 amino acids, which is the thermally and
hydrolytically denatured product of collagen [38]. Recently,
Liu et al. successfully utilized gelatin as both the reducing
and functionalizing agents to synthesize gelatin-grafted GO

nanosheets (gelatin-GNS) [39]. The GO with a concentration
of 0.2 mg/ml substantially aggregated in PBS and fetal
bovine serum (FBS), whereas the gelatin-GNS with the
same concentration exhibited an excellent stability and no
aggregation was observed in 24 h, indicating the good bio-
compatibility and stability of gelatin-GNS. Moreover, gelatin
had a mild reductive effect to GO because of its abundant
amine pendant groups. Hence, gelatin-GNS had a relatively
larger p-conjugated size, which endowed it with a higher
drug-loading capacity. Another natural biopolymer used
for functionalization of the GO sheets is CS, a naturally
occurring linear cationic polysaccharide, which has found
widespread applications in drug and gene delivery, tissue
engineering and as a pharmaceutical ingredient. The authors
reported the functionalization of GO by a low molecular
weight CS via a facile amidation process [31]. The solubility
of CS-grafted GO sheets (CS-GO) in PBS and cell medium
was substantially enhanced due to the benign solubility
of low molecular weight CS. As a nanocarrier, CS-GO
was proved to sequentially deliver camptothecin (CPT)
drug and a report DNA (pRL-CMV) into human cancer
cell lines, leading to the significantly enhanced anticancer
efficacy. It is interesting to note that a similar conception
was reported by Ha and collaborators at the same time [30].
They demonstrated the successful loading and controlled
release of an anti-inflammatory drug, ibuprofen (IBU) and
an anticancer drug, 5-fluorouracil (5-FU) by using CS-GO
sheets as vehicles.

The covalent functionalization for GO sheets can also be
realized by introducing small molecules onto the GO sheets.
In a recent study done by Zhang et al., GO sheets were func-
tionalized with sulfonic acid groups (SO3H), followed by a
covalent grafting of folic acid (FA) molecules to the GO
sheets [34]. The FA-conjugated GO (FA-GO) could be well dis-
persed and maintained stable for several months in D-Hanks
buffer, a physiological solution. Yang et al. prepared FA-GO-
Fe3O4 nanohybrid by conjugating GO-Fe3O4 with FA with
the aid of (3-aminopropyl)triethoxysilane (APS) [35]. The
combination of GO and FA provides a novel molecular-
recognition strategy to specifically carry anticancer drugs into
folate-receptor-positive malignant cells, which paved the way
for the development of smart drug delivery systems.

2.2 Non-covalent functionalization
GO sheets also exhibit non-covalent binding with some mole-
cules via hydrophobic interaction, p-p interaction or van der
Waals interaction on the sp2 networks that are not oxidized.
These molecules include amphliphilic polymers, aromatic
compounds and conjugated polymers. Amphiphilic polymers
are widely used to increase the solubility, drug-loading
capability and antibiofouling ability of GO. Recently,
Hu et al. prepared a graphene derivative by non-covalently
functionalizing GO sheets with pluronic F127, an amphiphilic
triblock copolymer with excellent biocompatibility [32]. In this
study, GO is reduced to GNS in order to increase
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Figure 1. Number of articles published in the last few years

pertaining to GO-based drug delivery applications.
Based on data taken from www.sciencedirect.com on 18 July 2012 using

‘graphene’ and ‘drug delivery’.
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p-conjugated size before coated by F127. The poly(propylene
oxide) (PPO) segments in F127 bound to the surface of
GNS through hydrophobic interactions and the poly(ethylene
oxide) (PEO) segments imparted F127/GNS nanohybird the
excellent solubility and stability in both of aqueous solutions
and physiological environment. The precipitation test showed
that the suspension of F127/GNS in a cell medium could keep
steady for more than 1 week. The combination of GO and FA,
which provides a molecular-recognition strategy as is men-
tioned above, can also be fulfilled by non-covalent functional-
izations. Liu et al. constructed a nanosupremolecular assembly
of non-covalently linked FA-modified b-cyclodextrin (FA-
CD) and GO using an adamantine-grafted porphyrin [40].
The resulting quarternary supramolecular assembly showed
the benign solubility in physiological conditions and can be
employed as a targeted drug delivery system.
However, the adsorption of polymers onto GO surface via

a non-covalent way is not as strong as the covalent linkage and
vulnerable to the variation of external environment, which
makes the drug delivery systems not so stable when interacting
with biological systems in vitro or in vivo. On the other hand,
non-covalently functionalized GO may load less quantity of
aromatic drugs because conjugated areas of the GO sheets
are partially occupied by coated polymers. Zhang et al. pre-
pared PEI-GO by a non-covalent adsorption method via the
electrostatic and hydrogen-bonding interactions between
PEI and GO, and compared its drug-loading efficacy with
PEI-GO via covalent way [25]. They found that the non-
covalently prepared PEI-GO was not as stable in saline as
the PEI-GO made by a covalent method. In 10% NaCl
solutions, it completely precipitated in 24 h, probably due
to the gradual desorption of the attached PEI, thus limiting
its further application to drug delivery.

3. Cytotoxicity of GO and functionalized GO

The cytotoxicity of GO and its derivatives must be extensively
investigated in vitro and in vivo if they are employed as drug
nanocarriers. Several research groups have deliberatively
explored this critical issue.

Most of the in vitro experimental results to date have
suggested that as-prepared GO was a safe material at low
concentrations in a variety of cells such as human fibro-
blasts [41,42], HeLa cells [43], L929 cells [44], human hepatoma
HepG2 cells [45] and A549 human lung cancer cells [46].
Some research groups even demonstrated the applications
of GO papers being the substrate for the cell growth [47,48].
Wang and collaborators carried out a comprehensive inves-
tigation on the in vitro toxicity of GO by examining the
influences of GO on the morphology, viability, mortality
and membrane integrity of A549 cells [46]. The results
suggested that GO did not enter the cells and had no
obvious cytotoxicity. However, it was uncovered that GO
aroused oxidative stress and induced the slight decrease of
the cell viability at a high GO concentration (200 mg/l).
The concentration-dependent toxicity of GO was also found
by Wang et al. GO with a concentration less than 20 mg/l
did not exhibit toxicity to human fibroblast cells, whereas
the concentration of more than 50 mg/l exhibits obvious
cytotoxicity such as decreasing cell adhesion, inducing
cell apoptosis, entering into lysosomes, mitochondrion,
endoplasm and cell nucleus [42].

On the other hand, in vivo studies indicated severe chronic
toxicity associated with GO, especially at a high dose.
Zhang et al. systematically studied the distribution and bio-
compatibility of GO in mice by using radiotracer technique
and a series of biological assays [49]. When mice were exposed

A CGO

NGO-PEG NGO-PEG

GO

B D

Figure 2. PEGylation of graphene oxide: photos of GO (A) and PEG-GO (B) in different solutions recorded after centrifugation

at 10,000 g for 5 min. GO crashed out slightly in phosphate buffered saline (PBS) and completely in cell medium and serum

(top panel). PEG-GO was stable in all solutions; AFM images of GO (C) and PEG-GO (D) [9].
Reproduced with permission from [9]. Copyright (2008) American Chemical Society.

Y. Pan et al.

1368 Expert Opin. Drug Deliv. (2012) 9(11)

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

4/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



OO

OHO
HO COOH

OH

OH
HO

HO

O

COOH

O

O

O

O

COOH O

HOOC

COOH

O

COOH
HOOC

OO

COOH
HOOC

HOOC

COOH

OO
COOH

COOH

O

CO-SS-PEG

O

O

O

O

GEP-SS-OC

O

O

COOC

OO

CO-SS-PEG
GEP-SS-OC

CO-SS-PEG

OO
CO-SS-PEG

CO-SS-PEG
SS-PEG

SS-PEGGEP-SS

COGEP-SS

OGEP-SS-OC

O
O

113
H

O
O

O

DMAP

mPEG-COOH

HCl·NH2

NH2·HCl

EDC.HCl

mPEG-SS-NH2

NaOH S
S

OH

O113

+
O

NaOH
OH

Cl

O

O
O

O H
N

S
S

NH2

O113

DXR loaded NGO-SS-mPEG

Disulfide bond mPEG DXR (c)
GSH trigger

(Tumor site pH < 6)

d

c

b

a

(a) Long blood circulation (b) Endocytosis (d) drug release

Figure 3. Upper: Schematic diagram showing antitumor activity of redox-sensitive DOX-loaded GO-SS-mPEG. Lower:

Synthesis route of disulfide linked GO-SS-mPEG [21].
Reproduced from [21] with permission of John Wiley and Sons.
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to 1 mg/kg body weight of GO for 14 days, no pathological
changes were observed in examined organs, indicating that
GO might be non-toxic and suitable for biomedical applica-
tions at a low injection dose. However, it is revealed that
GO at a relatively higher injection dose (10 mg/kg) showed
dominant accumulations in the lungs after being intrave-
nously injected into rats or mice and were hardly excreted
for long periods of time, leading to serious toxic effects and
significant pathological changes, such as inflammation cell
infiltration, pulmonary edema and granuloma formation.
The in vivo study examined by Wang et al. also uncovered
that the chronic toxicity of as-prepared GO was closely
related to the injected dose [42]. Injection dose of GO at
0.1 and 0.25 mg per mouse did not cause mortality of
exposed mice, and showed no obvious clinical toxic signs,
whereas four of nine mice treated with 0.4 mg per mouse
died and serious lung granuloma formation was found from
histopathology of lung tissue. GO was widely found in lung,
kidney and liver in the form of severe agglomeration, and
could hardly be cleaned, which were mainly due to the
screening of electrostatic charges and non-specific binding to
protein in bloodstreams, as well as the large lateral sizes.
Functionlization, either covalent or non-covalent, can

effectively improve the biocompatibility of GO and almost
eliminate its toxicity in vitro and in vivo. In particular,
functionalization is capable of reducing the strong hydro-
phobic interaction between GO and cells. It has been
proved that functionalization can lead to a reduction of
reactive oxygen species, which mediates cell apoptosis through
caspase-3 activation [50]. For example, Liu et al. reported that

PEG-GO showed negligible in vitro toxicity to various cell
lines even at high concentrations up to 100 mg/l [9]. Singh
et al. also reported that the positively charged GO-NH2 is
more biocompatible than GO, since they found that
GO-NH2 neither demonstrated stimulatory action toward
platelets nor induced pulmonary thromoembolism in
mice [51]. More recently, Liu and collaborators found that
125I-labeled PEG-GO exhibited negligible lung accumula-
tion after intravenous injection, and could be gradually
excreted from mice, although the exact clearance mechanisms
required further investigation [20]. Blood biochemistry, hema-
tology and histology examinations revealed no noticeable
toxicity of PEG-GO to the treated animals at the dose of
20 mg/kg over 3 months. Similar results were also obtained
for dextran functionalized GO (DEX-GO), which did not
exhibit appreciable toxicity at a dose of 20 mg/kg in mice
for 7 days [52]. No apparent abnormality was found in various
organs including the lung of the DEX-GO injected mice, in
remarkable contrast to the obvious pulmonary toxicity caused
by the as-prepared GO [49]. So far, the literature reports have
indicated that the toxicity of GO is closely associated with its
biocompatible functionalization and stably functionalized
GO derivatives are much less toxic than the unfunctionalized
counterparts. However, most currently reported animal
experiments are conducted on rodent models, which are
different from primates and humans. As well, the long-term
safety of the GO-based nanomaterials needs further obser-
vation over a long period. Hence, many more pre-clinical
toxicity studies are quite necessary before GO-based cancer
therapy can be translated into the clinic.

A B

C D

Figure 4. Laser confocal fluorescence micrographs of HepG2 cells treated with 0.25 mg/ml DOX (A, B) and DOX-loaded GNC-

rGO (C, D). (A, C) Fluorescence micrographs. (B, D) Overlay of the morphological and fluorescence images after incubation for

14 h. Images were acquired at 400-fold magnification [8].
Reproduced from [8] with permission of John Wiley and Sons.
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4. Delivery of drugs

The graphene surface with delocalized p electrons can be
utilized for effective loading of aromatic anticancer drugs
such as doxorubicin (DOX) and CPT via p--p stacking and
hydrophobic interactions. The extremely large surface area
of graphene, with every atom exposed on its two sides, is
allowed for ultra-high drug-loading efficiency. In this section,
the authors summarize and compare the recent research and
development of GO-based cancer drugs delivery.

4.1 Doxorubicin
DOX has been widely used in treating different kinds of cancers
as an anthracycline antibiotic because of its DNA intercalating
effect. However, its traditionally intravenous administration
may induce its uneven distribution and possible failure in
crossing cellular barriers. To overcome this drawback, a drug

carrier, which can immobilize drug molecules and transport
them through cellular barriers, is urgently demanded. GO has
not only hydrophilic groups on the edges but also a largely
hydrophobic basal plane. The large p conjugated structure of
GO can form p--p stacking interaction and hydrophobic effect
with the quinine portion of DOX. Additionally, the hydroxyl
and carboxyl groups on the GO sheets can form a strong
hydrogen bonding with hydroxyl and amino groups in DOX.
The hydrogen bonding interaction and p--p stacking interaction
can be formed between them when they are mixed in aqueous
solutions, thus rendering GO an ideal carrier for loading and
delivering DOX.

Chen and collaborators investigated the in vitro loading
and release behaviors of DOX on GO sheets [53]. A simple
mixing in an aqueous solution with the aid of sonication is
able to facilitate loading of DOX on GO sheets. Of interest
is the pH-dependent loading and releasing behavior of the
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Figure 5. (A) Relative cell viability of MDA-MB-231 cells cultured with free CPT, PVA-MWCNT-CPT and PVA-GO-CPT at different

concentrations of CPT, respectively; (B) relative cell viability of MDAMB-231 cells cultured with PVA-MWCNT and PVA-GO in

the presence of and the absence of CPT, respectively; (C) optical images of MDA-MB-231 cells after culturing with CPT, PVA-

MWCNT-CPT and PVA-GO-CPT, respectively [24].
Reproduced from [24] with permission of The Royal Society of Chemistry.
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DOX--GO system, which were due to the different degree of
hydrogen bonding between GO and DOX. The high loading
capacity is observed under the neutral condition, rather than
acidic or basic conditions. The maximum loading of DOX
on GO could reach 2.35 mg/mg at the initial DXR concentra-
tion of 0.47 mg/ml at pH 6. On the contrary, the release of
DOX is more efficient under basic and acidic conditions
than under neutral condition; 25 and 71% of the total bound
DOX could be released after 30 h at pH 10 and 2, respec-
tively. Depan et al. also showed that the loading and release
of DOX were strongly depended on pH and hydrogen-
bonding interaction between GO and DOX [29]. In this
research, DOX was first loaded to GO surface via non-
covalent p--p stacking interaction, followed by encapsulation
of GO with folic acid conjugated chitosan (CHI-FA). They
found that the nanohybrid system exhibited the higher drug
release (35%) at pH 5.3 as compared with that (11%) at
pH 7.4, which was attributed to the reduced interaction
between DOX and the drug carrier. The hydrogen-bonding
interaction between DOX and GO was more prominent
under the neutral conditions, resulting in a controlled release.
When the amine (-NH2) groups of DOX became protonated,
which resulted in the partial dissociation of hydrogen-
bonding interaction under acidic conditions, the amount of
released DOX from GO was much higher. Hu et al. carried
out the loading of DOX on pluronic F127 and GNS
(F127/GNS) at different initial DOX concentrations with
the same concentration of F127/GNS. It was found that
the loading efficiency could reach as high as 289% (w/w) at
the DOX concentration of 0.9 mg/ml [32]. Then, the
in vitro cytotoxicity of the non-covalent DOX/F127/GNS
nanohybrid in MCF-7 human breast cancer cells was studied.
The drug release amount under acid condition was higher
than that under neutral and basic conditions. The cytotoxicity
of F127/GNS-loaded DOX against MCF-7 was higher than
that without DOX compared with free F127/GNS.
To enhance the anticancer effect, Wang et al. modified

reduced GO (rGO) by gold nanoparticle clusters (GNC)
onto their planes through non-covalent physisorption [8]. It
was found that DOX-loaded GNC-rGO inhibited HepG2
cell growth more strongly than DOX and GNC-rGO alone,
which suggested that DOX was more effectively transported
into the cell cytoplasm by the GNC-rGO than free DOX
(Figure 4). To enhance the effect of targeted drug delivery,
Yang et al. prepared a superparamagnetic GO-Fe3O4 nanohy-
brid via a chemical precipitation method, and then FA was
conjugated onto Fe3O4 nanoparticles via imide linkage with
amino groups of APS-modified GO-Fe3O4 nanohybrid [35].
DOX was loaded onto the surface of this multi-functionalized
GO via p--p stacking. The in vitro experiments indicated that
DOX-loaded GO-Fe3O4 nanohybrid exhibited much higher
cytotoxicity to SK3 human breast cancer cells than that with-
out loading of DOX, but lower than that of GO-Fe3O4-FA-
DOX at the same drug concentration. These results suggest
that it is possible to use GO as an ideal multi-functionalized

drug carrier for tumor combination therapy. Moreover, GO
sheets have also demonstrated a great potential both in photo-
thermal therapy and drug delivery. Zhang et al. developed a
PEG-GO-DOX for the antitumor effect in vitro and in vivo
by combination of photothermal- and chemotherapies in
one system [54]. The results revealed that the combined
chemophotothermal therapy exhibited a synergistic effect
that led to better cancer cell killing effect than chemotherapy
or photothermal therapy alone.

4.2 Delivery of other cancer drugs
CPT, a cytotoxic quinoline alkaloid, has been proved to be
effective against a broad spectrum of tumors by inhibiting
the DNA enzyme topoisomerase I (Topo1) [55,56]. But CPT
has a low bioavailability due to its poor water solubility which
limits its clinical applications. The functionalized GO as a
nanocarrier can help improving not only its solubility but
also its cellular uptake by enhancing its ability to go across
the target cell membrane. Dai and collaborators explored for
the first time functionalized nanoscale GO (NGO) as a novel
and efficient nanocarrier for delivery of SN38, a CPT analog
into cells [9]. In their approach, NGO was first functionalized
with biocompatible PEG to increase aqueous solubility and
stability in physiological solutions including serum. Then
SN38 loaded onto NGO surface by simple non-covalent
adsorption via p--p stacking. The PEG-functionalized NGO
loaded with SN38 exhibited highly potent cancer cell killing
in vitro with a human colon cancer cell line HCT-116 cells.
The cytotoxicity was 1000-fold more potent than CPT-11
and similar to that of free SN38 dissolved in dimethyl sulfo-
xide (DMSO). Later, the authors investigated the cellular
uptake and cytotoxicity of CPT, when loaded onto both
CNTs and GO as drug carriers [24]. In this research work,
the authors have functionalized multi-walled carbon nano-
tubes (MWCNTs) and GO with highly hydrophilic and bio-
compatible PVA in order to increase their aqueous solubility.
The CPT was loaded onto PVA-MWCNT and PVA-GO
through p--p interactions and investigated its capability
to kill human breast (MDA-MB-231) and skin cancer
(A-5RT3) cells. The cytotoxic activities of the PVA-
MWCNT-CPT and PVA-GO-CPT complexes were signifi-
cantly higher than that of the CPT alone (Figure 5). This
may be due to the fact that both MWCNT and GO have
more available surface area for p--p interactions with the
aromatic ring of CPT, which led to the enhanced cell killing
efficiency. Recently, the authors first functionalized graphene
sheets (GS) by grafting a thermo-responsive PNIPAM
via click chemistry, followed by loading of CPT onto
PNIPAM-GS through p--p stacking and hydrophobic interac-
tion between PNIPAM-GS and CPT [27]. The PNIPAM-
GS--CPT complex showed a high potency of killing
A-5RT3 cancer cells compared with free CPT in vitro. The
authors also covalently functionalized GO sheets with hydro-
philic and biocompatible pluronic F38 (F38), Tween
80 (T80) and maltodextrin (MD) for loading and delivery
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of a poorly water-soluble antioxidant and anticancer drug,
ellagic acid (EA) [33]. The EA release rate from the functiona-
lized GO was found to be pH dependent in an increasing
order: water (neutral pH) < pH 4 < pH 10. It was also
observed that that EA loaded onto the functionalized GO
exhibited a better cytotoxic activity than free EA dissolved
in DMSO.

Apart from cancer drugs, presently GO-based drug delivery
is elaborated to other drugs for non-cancer diseases treatment.
Rana et al. synthesized chitosan-functionalized graphene
oxides (FGOCs) and studied the delivery of an anti-
inflammatory drug, IBU [30]. The IBU drug was released up
to ~ 19% in PBS from FGOCs. They showed that there
was no serious toxicity of the CEM cell line for various
concentrations of FGOCs GS without drug loading, which
suggested that FGOCs sheets had a very good biocompati-
bility. But FGOCs/IBU samples showed higher cell killing
effect compared with FGOCs.

Although significant progress has been made in understan-
ding how GO cross the cell membrane, the proposed mecha-
nisms are still being debated. To date, two major intracellular
uptake mechanisms have been proposed: i) endocytosis/
phagocytosis and ii) nanopenetration. Liu et al. [9] and
Zhang et al. [34] suggested that the functionalized GO enters
cells through the endocytosis mechanism. The main advantage
of utilizing functionalized GO as a drug nanocarrier compared
with free drug is the ability to target delivery for selective
destruction of certain types of cells without increasing the
toxicity to non-targeted cells.

4.3 Co-delivery of multi-drug
With specific design of molecular structure, a GO-based
delivery system can also realize co-delivery of multiple drugs
or genes such as DNA and RNA, which will possess an
enhanced chemotherapeutic efficacy. Zhang et al. imple-
mented the simultaneous loading of two anticancer drugs,
DOX and CPT, onto the FA-GO via p--p stacking and
hydrophobic interactions [34]. The co-delivery of two drugs
by FA-GO exhibited the better targeting efficacy and higher
cytotoxicity than GO loaded with either DOX or CPT only.

Cationic polymers such as PEI are widely used for gene
delivery due to their strong electrostatic interactions with the
negatively phosphate groups of DNA and RNA. But
the poor biocompatibility and high cytotoxicity of PEI are
the main obstacles for its further biomedical application [57].
Using covalent coupling and non-covalent methods respec-
tively, both Zhang et al. and Liu et al. fabricated PEI
functionalized GO (PEI-GO) for plasmid DNA (pDNA)
transfection. PEI-GO showed lower cytotoxicity and higher
transfection efficiency at the optimal mass ratio as compared
with the pure PEI. Inspired by these findings, it is anticipated
that the integration of GO and PEI can simultaneously load
aromatic drugs on GO sheets via p--p stacking interactions
and bind DNA or RNA around PEI chains via electrostatic
interactions. Recently, Zhang et al. developed a PEI-GO

nanocarrier for co-delivery of small interfering RNA (siRNA)
and DOX, and applied it to treat HeLa cells in vitro [25]. This
co-delivery led to a synergistic effect on cancer cell killing and
a significantly increased therapeutic effectiveness. The authors
also developed CS-GO as a nanocarrier to separately deliver
CPT and pRL-CMV into human cancer cell lines [31].
CS-GO apparently exhibited many positive characteristics
required for in vitro gene delivery, such as the ability to con-
dense pDNA to form small complexes, and low cytotoxicity.
Meanwhile, the incorporation of GO bestows the nanocarrier
and excellent drug loading and release capability. Although
the research on utilization of cationic polymers with GO
sheets for the drug--gene co-delivery is still in the initial stage,
it has demonstrated an advantageous chemotherapeutic effi-
cacy and paved a new way for future studies focusing on the
simultaneous delivery of anticancer drugs and therapy genes
to boost the therapeutic efficacy.

5. Comparison of GO with CNT-based
delivery system

Application of CNT to the field of drug delivery has attracted
increasing research interest in the last decade [11]. A variety of
strategies have been developed to bind different drugs on
CNTs via either covalent linkage or non-covalent adsorption.
Pristine CNTs are hydrophobic and cannot be dispersed
homogeneously in most solvents and physiological solutions.
Therefore, functionalization of CNT is required for a good
solubility and a benign biocompatibility. Bianco et al.
reviewed the achievement of CNT in drug delivery, with a
specific emphasis on the different approaches to the biofunc-
tionalization of CNT with bioactive peptides, proteins and
nucleic acids [58]. In comparison with CNT, GO exhibits
some merits like low cost, two external surfaces, facile fabrica-
tion and modification and absence of toxic metal particles [59].
GO with all sp2 carbon atoms exposed on its surface has an
ultrahigh surface area for efficient drug binding [60]. More-
over, the planar GO sheets can be easily complexed with
functional nanoparticles for potential multi-modal imaging
and therapeutic applications. The authors carried out a com-
parative study on the drug-loading capacity and the cytotoxic
activity of CPT-loaded CNT- and GO-based nanocarriers [24].
It was found that 1 g of PVA-CNT was able to load about
0.1 g of CPT, whereas 1 g of PVA-GO loaded 0.12 g of
CPT, verifying the higher loading capacity of GO for CPT.
It is revealed that the PVA-CNT-CPT had a higher cytotoxic
efficiency than the PVA-GO-CPT under the same conditions
from the cancer cells studies in vitro [24]. The authors esti-
mated that PVA-GO entered the cells through the endocyto-
sis mechanism only, whereas PVA-CNT entered the cells
likely through both nanopenetration and endocytosis mecha-
nisms, which resulted in the relatively higher cytotoxic effect
of PVA-CNT-CPT. However, the dominated intracellular
uptake mechanisms are still debatable and await further study.
Liu et al. compared behaviors of the PEG-CNT and
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PEG-GO in mice by in vivo fluorescence imaging for the first
time [60,61]. In contrast to PEG-CNT, PEG-GO showed dis-
tinctive in vivo behaviors, such as reduced reticuloendothelial
accumulation, notably improved tumor passive targeting
effect and much higher tumor uptake. They attributed the
enhanced permeability and retention (EPR) effect for tumor
passive uptake to the unique 2D structure and small lateral
size of GO sheets, as well as the biocompatible PEG coating.

6. Conclusions

The application of GO and its derivatives to the biomedical
field has attracted enormous attention in the past several years.
This article reviews the recent achievements in the application
of GO to drug delivery and anticipates the promising future
of the area. It covers the aspects of interest such as the function-
alization of GO, cytotoxicity of GO and its derivatives, in vitro
and in vivo drug delivery and the comparison with CNT-based
delivery systems. Along with the great achievements, there also
exist a lot of challenges for the GO-based delivery system and
further investigation is needed. Based on the literature review,
the authors provide some opinions on the perspectives for
future research in this field.

7. Expert opinion

Accounting for the fascinating natures of GO, including its
unique 2D structure, remarkable physiochemical properties
and ease of funcionalization, it is believed that GO can pro-
vide a great deal of important advantages for biomedical
applications. GO and its derivatives show high load capacity
for various small molecule drugs, which can be physically
adsorbed or chemically conjugated. The toxicity of GO-based
nanomaterials is always the concern in the first priority,
whereas there are still conflicting and unclear results obtained
by various researchers. A consensus has been gradually reached
that functionalization of pristine GO sheets must be con-
ducted to attain high biocompatibility and low toxicity. So
far, a number of studies have reported that well-functionalized
GO sheets are stable and safe for in vitro drug delivery,
and they can be readily excreted through the renal route and
show to be non-toxic in vivo to mice.
Despite the encouraging pre-clinical results shown by some

research groups, there are many challenges in front that must
be addressed before GO can be practically integrated into bio-
medical devices and technology. These challenges and advan-
ces required in the future, in the authors’ opinions, include
the following:

i) Facile methods to produce GO-based nanomaterials
with accurate control over dimension and quality. For
example, it is important to have proper size control or

size separation on various length scales to select uniform
batches of GO sheets.
ii) Efficient functionalization of GO for benign biocom-
patibility and low toxicity. As compared with the non-
covalent functionalization, covalent methods are proved to
be more favorable and applicable with regard to the stability
and robustness of drug carrier systems. On the other hand,
biological functionalization of GO can realize the integra-
tion of GO with biomolecules, such as nucleic acids, pepti-
des and proteins, which points out a new way to fabricate
GO derivatives with improved biocompatibility, solubility,
stability and tumor-targeting efficiency.
iii) Smart functionalization of GO to increase targeting
efficiency of GO-based drug carrier systems. For example,
it is of fundamental advantage to develop delivery systems
with a molecular-recognition strategy, in which one or
more therapeutic agents are carried with recognition
capacity and optical, fluorescent or electric signals for
imaging or specific targeting.
iv) Efforts to further evaluate the long-term toxicology of
the GO-based nanomaterials in various animal models
and establishment of international guidelines for deter-
mining the toxicity of GO-based nanomaterials, which
should strictly comply with in all circumstances.
v) Further investigation and thorough understanding of
mechanisms of interactions of GO--drug complexes with
physiological systems such as the in vivo behaviors of
GO-based nanomaterials, intracellular uptake mechanisms
and intracellular metabolic pathway.
vi) For the further applications to cancer therapies,
GO-based delivery system may be developed along with
other therapies like photothermal therapy and gene
therapy in order to achieve improved efficacy.
vii) The non-biodegradable nature of GO and its deriva-
tives is still the biggest obstacle for their possible clinic
use in the future. At present, there are few publications
in this regard.

The application of GO-based nanomaterials for delivery of
drugs is a significant development in the field of biomedicine
and nanotechnology. A number of studies have presented the
unique advantages, such as versatility for functionalizations,
high loading efficiency and low toxicity, and the promising
future for GO-based drug delivery systems. However, further
research is needed in this area, and it is believed that opportu-
nities and obstacles co-exist with regard to the real clinic use
of GO-based nanomaterials.
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