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Here, we discuss the biomedical applications of graphene-based
nanomaterials (GBNs). We examine graphene and its various derivatives,
including graphene, graphene oxides (GOs), reduced graphene oxides
(rGOs), graphene quantum dots (GQDs), and graphene composites, and
discuss their unique properties related to their biomedical applications.
We also summarize the detailed biomedical applications of GBNSs,
including drug and/or gene delivery, bioimaging, and tissue engineering.
We also highlight the toxicity of these nanomaterials.

Introduction
Since its unexpected discovery in 2004 [1,2], graphene has been propelled to the forefront of
technological advancement with an almost infinite list of applications, for example, future
electronics [3,4], energy or hydrogen storage [5,6], and biosensing [7,8], as result of its unique
electronic, optical, thermal, and mechanical properties [9-12]. Graphene derives its properties
from its chemical structure, which comprises a flat monolayer of carbon atoms packed into a 2D
honeycomb lattice; this lattice is a basic building block for all other graphitic materials (Fig. 1).
Such versatility, combined with electronic flexibility [4,13], a large surface area [14], high
mechanical strength [15], high intrinsic mobility [16,17], and unparalleled thermal conductivity
[11], have rendered graphene and graphene-based materials attractive as technological tools.
However, it was not until 2008 that graphene-based materials were first introduced into the field
of biomedical sciences, when Dai et al. used GO as an efficient nanocarrier for drug delivery [18].
Since then, interest in its biomedical applications has gained momentum, from drug and/or gene
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Graphene as a 2D building material for carbon materials of all other dimensionalities, including 0D bucky balls, rolled 1D nanotubes, or stacked 3D graphite.
Adapted, with permission, from Ref. [4].

delivery, to bioimaging, and biomedical devices for tissue engi- important concerns regarding its biocompatibility and safety re-
neering. Given their ability to interact with biomolecules, such as main, and these are also discussed.

DNA, and protect them from enzymatic degradation, as well as

their capacity to act as delivery vehicles in living cells and in vivo ~ Graphene-based nanomaterials

systems, graphene and its derivatives have firmly established GBNs include graphene derivatives and graphene-based compo-
themselves as next-generation candidates for biotechnological sites. Graphene derivatives, such as GO, rGO, GQDs, or nano-
advancements. Therefore, here, we summarize and critically reduced graphene oxide (nano-rGO), can be obtained by using
appraise developments at the interface of graphene-based materi- graphene or graphite as the starting material [22]. These are
als and biomedical science. We focus specifically on the impact of distinguished from each other in terms of their surface properties,
graphene on novel drug and/or gene delivery, bioimaging, and number of layers, and size (Fig. 2).

tissue engineering. Furthermore, we discuss the anticorrosion GO, an oxidation form of graphite, usually has single, bi- or
property of graphene in terms of using graphene coatings for multilayers of graphene sheets with epoxide, hydroxyl, and car-
biomedical implants and devices. Although we do not discuss boxylic acid groups [23]. GO is commonly synthesized using the
graphene synthesis or its chemical and physical properties, in- Hummers method or derivatives thereof [24,25], which involves
depth information can be found elsewhere in several excellent oxidation of graphite to various levels by using potassium per-
reviews [3,13,19-21]. Despite the enthusiasm and reasons to be manganate and sulfuric acid. GO contains a range of oxygen
excited about the role of graphene in the biomedical arena, functional groups, mainly hydroxyl and epoxy groups on the basal
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Schematic illustration of different graphene-based nanomaterials.

plane, with smaller amounts of carboxyl, carbonyl, phenol, and
lactone at the sheet edges [21,26-29]. The hydroxyl and epoxy
groups form hydrogen bonds and weak interactions with other
groups, whereas the carboxylic acid group offers negative surface
charge and stability in polar solutions. Thus GO disperses well in
water and other polar solvents [30]. In addition, GO is also
amphiphilic, acting as a surfactant because of the hydrophobic
properties of free surface 7 electrons from the unmodified gra-
phene. More importantly, these reactive oxygen functional groups
of GO enable researchers to conduct further chemical functiona-
lizations to render GO an ideal platform for the accommodation of
biomolecules, which is a key factor for its bio-related applications
[26,31]. Even though the reactive oxygen functional groups in-
crease the stability of graphene in solution as well as its chemical
reactivity, the disrupted sp® decreases its mechanical, electrical,
and thermal properties [23].

rGO is obtained by reducing GO to remove its oxygen func-
tional groups [32]. Thermal and ultraviolet (UV) treatment of GO,
or chemical treatment with hydrazine [33,34], ascorbic acid
[35,36], sodium borohydride [37,38], hydroquinone [39,40] or
other reducing agents [41-44]| can restore the conjugated structure
to form rGO. The recovered graphitic network of rGO results in a
lower percolation threshold and fewer junctions, giving rise to its
high electrical conductivity [45,46]. Although rGO has less oxygen

content, surface charge, or hydrophilic functional groups com-
pared with GO [23], it has been modified by noncovalent inter-
actions, including m—r stacking and van der Waals interactions, to
physically adsorb both polymers [47,48] and small molecules
[49,50] onto its basal plane. Various studies have demonstrated
that rGO is biocompatible, making it suitable for cell culture,
biosensing, tissue engineering, and other biomedical applications
[51-53].

GQDs or nano-rGOs represent single layers or more (up to
ten layers) of graphene or rGOs of a lateral size less than 30 nm
[54-56]. GQDs can be fabricated using both top-down and bottom-
up approaches. Top-down approaches involve cutting large gra-
phene sheets into ultrasmall GQDs using different physical, chem-
ical, or electrochemical techniques, including hydrothermal
process [57], chemical exfoliation [58], electrochemical oxidation
[59], and electron beam lithography [60]. Bottom-up approaches
refer to the synthesis of aromatic compounds as graphene
moieties with a certain number of conjugated carbon atoms. Such
approaches involve oxidative condensation reactions [61], pyrol-
ysis [54,55], cage opening of fullerene [62], and nitration of pyrene
[63]. As a result of strong quantum confinement and edge effects,
GQDs show intense intrinsic photoluminescence, which can be
further tuned by controlling their size, shape, defects, and func-
tionalities [64-69]. Furthermore, compared with conventional
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semiconductor quantum dots, which suffer from high toxicity
induced by the heavy metals used, GQDs have many advantages,
such as low toxicity and excellent biocompatibility [70,71]. Thus,
GQDs have been widely used in biosensing [72], cellular imaging
[73], drug delivery, and photodynamic therapy [74,75].

In addition to the above graphene derivatives, based on the
surface 7 electrons and functional groups, such as —-COOH,
—COC-, and -OH, graphene-based materials can be functionalized
with a large number of polymers, inorganic materials, and cells
through covalent or noncovalent interactions to obtain specific
properties or reduce their toxicity. Different graphene-based com-
posites used commonly in biomedical applications are discussed
below.

As a result of the variety of the active functional groups of
carboxylic acid, epoxy, and hydroxyl groups, GO can be widely
functionalized with organic materials to improve water stability
and reduce toxicity for biomedical applications. Polyethylene
glycol (PEG) is one of the most used polymers to modify GO
for good water stability and biocompatibility [76-78]. PEGylated
nano-graphene and GO are usually prepared by adding NH,-PEG-
NH,, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), and
N-hydroxysuccinimide (NHS) to stabilize the nano-GO (nGO)
solution, followed by mixing at room temperature for 2h and
then by centrifuging and washing [79]. Dextran has also been used
to composite with nGO through -1 interactions to improve the
physiological stability for better drug delivery. For example, Jin
et al. synthesized nGO-dextran-hematin hybrids by mixing a nGO
solution with dextran-hematin in water followed by a reaction
with ammonia and hydrazine solution [80]. The resulting nGO-
dextran-hematin hybrids exhibited better colloidal stability in
serum and cytocompatibility. In addition, 4-arm polypropylene
oxide (PPO)-polyethylene oxide (PEO)-tyramine (Tet-TA) [81],
poly(vinyl alcohol) (PVA) [82], polyethylenimine (PEI) [83,84],

TABLE 1

chitosan [85,86], and amphiphilic copolymers [87] have also been
used to improve the stability.

Graphene-based organic-inorganic hybrid materials are also
widely used in the biomedical field for bioimaging, biosensing,
and drug delivery. Solanki et al. encapsulated GO rich in oxygen
groups on the surface of positively charged silica nanoparticles
through electrostatic interaction [88]. The GO-Si hybrid NPs were
obtained using GO nanosheet coating on the surface of silica NPs
with diameter of 300 nm. Zhou et al. prepared GO/Au and GO/Ag
composites in two steps. GO-CSH (cystamine dihydrochloride)
were first prepared by adding CSH solution to the mixture of
GO-COOH aqueous solution and MES solution with EDC followed
by filtration and washing [89]. Then, the GO/Au and GO/Ag
composites were obtained by mixing the prepared CO-CSH with
noble metal NPs in water and stirred at 35 °C for 24 h. Chen et al.
prepared Fe,O3;@Au core@shell NP-rGO nanocomposites for bioi-
maging [90]. Amino-functionalized PEGylated Fe,O3;@Au NPs and
carboxylated rGO were first prepared. Then, an amino-function-
alized PEGylated Fe,O3@Au NPs solution was added to the mixture
of tGO-COOH, EDC, sulfo-NHS, and MES buffer, followed by
stirring for 1h. After treatment with NaOH, ultrasonication,
and centrifuging, rGO-Fe,O3;@Au NP nanocomposites were
obtained. Other inorganic materials, such as manganese ferrite
[91], ZnS [92], and hydroxyapatite (HA) [93], have been widely
used to composite with graphene-based nanomaterials for bio-
medical applications.

Other graphene-based nanocomposites
prepared for improved biomedical applications. For example,
graphene-cell biocomposites were prepared to extend the appli-
cation of graphene-based nanomaterials beyond planar tissue
cultures [94].

Other graphene-based nanocomposites and their fabrications,
as well as their applications, are detailed in Table 1.

have also been

Graphene-based nanocomposites and their fabrications as well as applications

Graphene-based nanocomposites Fabrication Applications Refs

Trimethyl chitosan/GO GO suspension mixed with folated conjugated trimethyl chitosan DOX and gene delivery [86]
followed by sonication

rGO-HA Hydroxyapatite microparticles suspension mixed with rGO Stimulating osteogenic [93]
suspension followed by being vortexed differentiation of human MSC

GO-MSCs GO cultured in the supplemented DMEM medium overnight Enhanced chondrogenic [94]
followed by adding MSCs differentiation

(2-dimethylamino)ethyl methacrylate Surface-initiated ATRP of DMEAMA to GO-SS-Br CPT delivery [195]

(DMAEMA)-GO

PAMAM-graphene Graphene alcohol suspension mixed with oleic acid followed by Gene delivery [121]
conjugating PAMAM via EDC-coupling reaction

PLA-PEG-grafted GQDs NH,-PEG-NH, conjugated to the activated carboxyl GQDs via Gene delivery and cell imaging [137]
EDC-coupling followed by the 2nd EDC coupling to conjugate PLA

Organosilane-GQDs Organosilane in ethanol mixed with GO suspension under Cell imaging [138]
ultrasonic condition

GO-polypeptide GO suspended in the PEG-PA aqueous solution followed by Adipogenic differentiation of tonsil- [196]
changing temperature to form hydrogel composite derived MSCs

Octaarginine-GO Activation of GO with NHS followed by reacting with octaarginine Gene delivery [197]

GO-Manganese Ferrite (MF) Oleylamine grafted GO mixed with MF NPs under ultrasonic Hyperthermia agent [91]
condition

GO-ZnS GO-PEG functionalized with reduced glutathione-coated ZnS Drug delivery and cell labeling [92]
nanocrystals via an amidation reaction

NGO-PEG-Chlorin e6, NGO-branched Ce 6 conjugated to NGO-PEG or NGO-PEG-BPEI Photodynamic therapy [198]

polyethylenimine (BPEI)-Chlorin e6
www.drugdiscoverytoday.com 1305
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Properties of graphene-based nanomaterials

Since being isolated in 2004, graphene has been intensively stud-
ied in terms of its fascinating properties. As a 2D material, gra-
phene has a huge surface area that is approximately 2630 m?/g
[14]. The strong C-C covalent bonds within the graphene sheet
render it one of the hardest materials, with a Young’s modulus of
1100 GPa and a fracture strength of 130 GPa [15]. The -7 bonds
below and above the atomic plane give graphene exceptional
thermal and electrical conductivity. Single graphene has been
reported to have a thermal conductivity of 5000 W/m/K [11].
The electrical conductivity of graphene has been reported to be
10000 S/cm [95], combined with ultra-high intrinsic mobility of
200 000 cm?v~'s~1 [16,17]. More details about graphene propet-
ties can be found elsewhere [96,97]. Here, we mainly emphasize
properties of graphene-based materials that are closely related to
their biomedical applications.

The first unique feature of graphene-based materials is their 2D
planar structure with a high specific surface area; this enables them
to be loaded or to interact with various chemical compounds and
biological species. For graphene, the free m electrons at a high
density on its planar surface make it suitable for electrophilic
reactions with several organic molecules, such as click reactions,
cycloadditions, and carbine insertion reactions [98]. Meanwhile,
the conjugated basal plane enables graphene to interact with
many drugs or other biomolecules containing aromatic structures
via - stacking to fabricate biosensors [99]. The hydrophobic
nature of graphene can also be used to absorb various hydrophobic
organic molecules or polymers via van der Waals interaction [100].
In terms of GO, rGO, and other graphene derivatives, in addition
to the above noncovalent - stacking and van der Waals inter-
actions, the abundant oxygen functional groups on these deriva-
tives provide more ways in which to immobilize molecules or
biomolecules through both noncovalent interactions, including
hydrogen bonds and ionic interactions, and covalent bonds via
chemical reactions. Oxygen-containing groups, mainly ionic car-
boxylates and hydroxylates, can participate in ionic interactions
or hydrogen bonding with the analogous ionic parts of biomole-
cules to facilitate the loading of the latter, which can be used for
drug or gene delivery applications [101-103].

The astonishing mechanical properties of graphene have also
inspired researchers to fabricate graphene-based composites with
enhanced mechanical strength for various biomedical applica-
tions. Graphene, as a reinforcing filler, can improve the mechani-
cal properties of many soft materials, such as hydrogels or polymer
films [104], when forming graphene-based composites. After being
oxidized, although the damaged structure leads to compromised
mechanical properties of GO and other derivatives, both GO
and rGO have been explored for enhancing the mechanical
strength of polymeric materials, including PVA and poly(methyl
methacrylate) [105]. These reinforced composites with increased
Young’s modulus and hardness are suitable for tissue-engineering
applications.

Graphene and rGO have excellent electrical conductivity that
can be utilized to fabricate electrical biomedical devices, including
field-effect transistor biosensors, and to act as a substrate for
conductive cell culture devices [106-108]. The low electrical con-
ductivity of GO, which results from structure defects, limits the
direct applications of GO in electrically active materials and

device;, however, the oxygenated functional groups of GO can
be used to immobilize various electroactive species through cova-
lent or noncovalent bonds to fabricate sensitive electrochemical
systems [26]. In addition, the good dispersibility of GO in many
polar solvents, particularly water [21,30,109], makes it easy to
process GO. The stable GO suspension can be deposited on elec-
trodes to form thin conductive films that act as active electrode
materials that can be used to detect or sense many biomolecules,
including DNA, enzymes, and proteins [26].

Finally, the optical properties of graphene-based materials are
also useful for biomedical applications. Monolayer graphene has a
light transmittance of 97.7% of the total incident light over arange
of wavelengths [110]. Light absorption of graphene increases with
its layer number [111]. When graphene size is reduced to the
nanoscale to form nanoribbons, it can emit intrinsic photolumi-
nescence because of band gaps that induced at this nanoscale.
Similar properties are also observed in GO and GQDs, which
enable researchers to apply these graphene-based materials for
biomedical imaging [101,112]. In addition, GO has been demon-
strated to be an efficient fluorescent quencher for a variety of
fluorophores via nonradioactive electronic excitation energy
transfer from the fluorophore to GO; this property has been
exploited for biosensing, particularly as a fluorescence resonance
energy transfer sensor, given its large adsorption cross-section
[113-115]. Additionally, graphene and its derivatives have strong
optical adsorption in the near-infrared range, making them pow-
erful agents for photothermal therapy [116].

Biomedical applications of graphene-based
nanomaterials
Drug delivery
Over the past few years, motivated by the successes of carbon
nanotubes in biomedicine, functionalized graphene has been
explored in drug delivery. The advantages of graphene-based
nanomaterials for drug delivery arise from their ability to cross
cell membranes easily and their high specific surface area, which
provides multiple attachment sites for drug targeting. Graphene-
based nanomaterials can load drugs noncovalently via -1 stack-
ing interactions, hydrogen bonding, or hydrophobic interactions.
Initial studies using graphene-based nanomaterials for drug
delivery were conducted by Dai et al. who loaded a camptothecin
(CPT) analog, SN38 to GO-PEG via m—m stacking. The complex
exhibited good water solubility, retaining a high efficiency of SN38
delivery, as well as high cytotoxicity in cells [18]. Inspired by this
pioneer work, many researchers have published studies exploring
graphene-based materials for drug delivery. For instance, the same
group reported the targeted delivery of rituxan using GO-PEG
[101]. Jin et al. prepared hematin-conjugated dextran-functional-
ized GO hybrids via m—1 interactions to deliver doxorubicin
(DOX) for killing drug-resistant MCF-7/ADR cells [80]. Improved
physiological stability was obtained and this hybrid had a loading
capacity as high as 3.4 mg/mg nGO. The authors demonstrated
that the release profile was pH dependent, with more released at
lower pH; approximately 30% of the DOX was released over 6 days
and the DOX-loaded hybrids accumulated effectively in the cyto-
plasm and nucleus to kill the cells (Fig. 3a). A similar pH-depen-
dent DOX release profile was obtained when GO-PEG/ZnS:Mn
composites were used as carriers (Fig. 3bi) [92]. DOX was loaded
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FIGURE 3

Graphene-based nanomaterials for drug delivery. (a) (i) Confocal laser microscopic observation of MCF-7/ADR cells after incubation with NGO — HDex1, free
doxorubicin (DOX) or DOX-loaded NGO — HDex for 24 h. (ii) Cumulative DOX release from NGO — HDex1 as a function of time. (b) (i) Schematic illustration of the
formation of [GO-PEG/ZnS:Mn]-DOX composites. (i) Relative cell viability of HeLa cells incubated for 24 h with different concentrations of GO-PEG and GO-PEG/
ZnS:Mn with and without DOX, and with free DOX. (c) (i) Cellular uptake of free ICG and NGO-PEG-ICG/PTX. (ii) The cytotoxicity of different concentrations of
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TABLE 2

Other drugs delivered using graphene-based nanomaterials

Carriers Drugs Applications Refs
nGO-PEG Cisplatin Inhibition of cell proliferation and morphology deformation [199]
nGO-folic acid DOX and camptothecin delivery Targeted delivery of mixed anticancer drugs [103]
PNIPAM-GS Camptothecin Temperature-dependent drug release with high CPT-loading efficiency [200]
GO-PEG Ceb6 photosensitizer Photodynamic therapy [122]
Chitosan-GO Ibuprofen, 5-fluorouracil Controlled release of chemically diverse drugs [201]
GN-CNT-Fe50, 5-fluorouracil pH-dependent drug release [202]
GO Hypocrellin Photodynamic therapy [203]

on the composite particles noncovalently and the loading capacity
was dependent on the concentration of GO-PEG/ZnS:Mn, because
more GO surface was available for DOX binding. When 1000 mg/
ml of a GO-PEG/ZnS:Mn solution was mixed with 300 mg/ml of a
DOX solution, the loading capacity reached 100%. The DOX-
loaded composite particles killed approximately 85% of Hela
cancer cells (Fig. 3bii). To further control the drug release, PEGy-
lated Fe,O3@Au core-shell NP-rGO nanocomposites were prepared
to control the loaded DOX via synergistic interactions between
photothermal therapy and chemotherapy [90]. The maximal DOX
loading capacity was approximately 1.0 mg/mg nanocomposites
via m—r stacking interactions. When the DOX-loaded composites
were put in PBS of pH 7.4, 17% of DOX was released in 2 h,
although a burst release occurred following irradiation under an
808-nm NIR laser. In addition, via magnetic field guidance, DOX-
rGO-Fe203@Au NPs killed cells close to the magnetic field. There-
fore, the loaded DOX could be released at specific sites and at a
controlled rate. Zhou et al. also prepared graphene/Fe;0compo-
sites using graphite oxide and FeCl3-6H,0 as starting materials and
used the composites to load DOX [117]. Given the the large
specific surface area provided by graphene and the 7 interac-
tions between graphene and DOX, a 65% loading capacity was
obtained, which was higher than GO with the same Fe;0,4. Mean-
while, the use of Fe304 NPs also led to better bioimaging because of
the enhanced cell-to-background contrast [77].

In the delivery of paclitaxel (PTX), graphene-based nanomater-
ial-loaded PTX provided better cytotoxicity against cancer cells.
Xu et al. functionalized GO with PEG to improve its stability
in a physiological solution [118] and then loaded PTX onto the
GO-PEG composites via m—m stacking and hydrophobic interac-
tions, resulting in a relatively high loading capacity of 11.2 wt%.
In a cellular uptake experiment, GO-PEG/PTX entered A549 and
MCEF-7 cells within 1 h. Compared with free PTX, GO-PEG/PTX of
same amount led to lower cell viability, with an approximately
30% and 10% relative cell viability of A549 and MCEF-7, respec-
tively. Similar results were also obtained by Zhang and colleagues
using PEGylated nGO to co-deliver PTX and indocyanine green
(ICG) [79]. Low cytotoxicity was observed of nGO-PEG on MG-63
cells even at a concentration of 200 mg/m. Meanwhile, lower cell
viability was obtained with nGO-PEG-ICG/PTX compared with
free PTX (Fig. 3c). Angelopoulou et al. modified GO with poly

(lactide)-poly(ethylene glycol) (PLA-PEG) copolymers for stability
in an aqueous solution [119]. The PTX release profile was regulated
by the molecular weight of PLA or PEG in the copolymer and their
proportion in the composite, with a smaller molecular weight and
larger proportion leading to faster release. The PTX-loaded com-
posites demonstrated cytotoxicity against A549 cells with an
increasing incubation time (Fig. 3d).

Other drugs have also been delivered using graphene-based
nanomaterials in addition to those described above, and selected
examples are detailed in Table 2.

Gene delivery

Gene therapy is a technique that uses genes to treat a genetic
disease, and this approach has attracted intensive research atten-
tion. A key factor for gene therapy is to find efficient and safe gene
vectors that protect DNA from nuclease degradation and facilitate
its uptake with high transfection efficiency [23,120]. Graphene-
based nanomaterials are appropriate candidates for gene delivery
because of their high loading efficiency and increased gene trans-
fection. To decrease their cytotoxicity and obtain cationic surface
properties to allow their interaction with anionic oligonucleotides
electrostatically, graphene derivatives have to be modified by
polymers, such as chitosan [86], polyamidoamine (PAMAM)
[121], polyethylenimine (PEI) [83], and so on. Zhang et al. reported
using PEI-conjugated GO to sequentially deliver siRNA and DOX
[122], exhibiting a synergistic effect that led to significantly im-
proved therapy efficacy. Liu et al. explored using PEI-functional-
ized GO for gene delivery using different molecular weights of PEI
[123], and showed significantly low cytotoxicity of the PEI-GO
complex and successful use of GO as a novel nano-gene delivery
vector with high transfection efficiency. Lactosylated chitosan
oligosaccharide (LCO)-functionalized graphene oxides (GO-
LCO) was prepared for the targeted delivery of DNA sequences
to human hepatic carcinoma cells (QGY-7703) [85]. The loading
capacity of FAM-DNA was as high as 4 mmol/g and it was delivered
specifically to QGY-7703 within 0.5 h. In addition, no obvious
toxicity was observed even at concentration of 100 mg/m. Hu et al.
prepared folate-conjugated trimethyl chitosan (FTMC)/GO nano-
complexes (FG NCs) via electrostatic self-assembly to realize the
targeted delivery of plasmid DNA (pDNA) [86]. Compared with
A549 cells, Hela cells with folate receptors exhibited higher accu-

NGO-PEG on MG-63 cells at various treatment times. (i) The cytotoxicity of different concentrations of free paclitaxel (PTX) and NGO-PEG-ICG/PTX (at the same
concentration of PTX) on MG-63 cells. (d) (i) Fluorescence microscopy images of NGO/PLA(7.8 K)-mPEG20 K composite uptake by A549 cells. Cells were
incubated for different times (h) with FITC-labeled composites. Pl was used to stain the nuclear and cytoplasmic nucleic acids red after incubation and overlay
images are shown (magnification 20 x). (ii) Cytotoxicity of blank NGO/PLA (7.8 K)-mPEG(20 K) composites, PTX-loaded NGO/PLA(7.8 K)-mPEG(20 K) composites,
and PTX against A549 cancer cells. Adapted, with permission, from [80] (a), [92] (b), [79] (c), and [119] (d).
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mulation of FG NCs. The existence of FTMC in FG NCs could retard
the migration of pDNA and facilitate pDNA condensation. It was
reported that 31.1% of pDNA could be released within 72 h in vitro
in PBS, highlighting FG NCs as a promising candidate for gene
delivery. Liu et al. synthesized graphene-oleate-PAMAM dendri-
mer hybrids via oleic acid adsorption followed by covalent linkage
of PAMAM dendrimers as gene delivery vectors [121]. The gra-
phene-oleate-PAMAM exhibited good dispersity in aqueous solu-
tions and good biocompatibility with HelLa cells, but showed
cytotoxicity to MG-63 cells at concentrations >20 mg/ml. The
graphene-oleate-PAMAM loaded with a quarter of pEGFP-N1
exhibited a GFP gene transfection efficiency of 18.3% to Hela
cells (Fig. 4ai,ii). PAMAM dendrimer-grafted gadolinium-function-
alized GO [124] and mPEGylated GO/poly(2-dimethylaminoethyl
methacrylate)(PDMAEMA) nanohybrids [125] were also synthe-
sized for RNA delivery to obtain improved gene transfection
efficiency and good biocompatibility. Teimouri et al. prepared
three different GO-based nanocarriers for gene delivery based
on the conjugation of GO with cationic polymers of PEI, poly-
propylenimine (PPI), and PAMAM to compare their cytotoxicity
and transfection efficiency [83]. GFP was used to evaluate
the transfection efficiency and the results showed that PEI-GO

conjugate was ninefold more effective in the EGFP-transfected
cells. Choi et al. also prepared GO-PEI complexes to effectively
load mRNA for clinical applications [84] (Fig. 4b). After treatment
with GO-PEI/RNA complexes, the cells increased their reprogram-
ming efficiency and rat and human induced pluripotent stem cells
(iPSCs) were generated successfully from adult adipose tissue-
derived fibroblasts without repetitive daily transfection.

In addition to DNA, proteins can also be delivered using gra-
phene-based materials for gene therapy. Zhang et al. reported the
co-delivery of ribonuclease A and protein kinase A to the cell
cytoplasm without enzymatic hydrolysis and loss of biological
activity intracellularly, by loading proteins onto GO-PEG with a
high payload via noncovalent interactions [126]. Hong and co-
workers used multilayer GO-poly (3-amino ester) to entrap oval-
bumin (OVA), a protein antigen [127], and demonstrated that the
multilayer films blocked the initial burst release of OVA and could
be precisely controlled to trigger its release upon the application of
electrochemical potentials. Other examples include loading bone
morphogenic protein-2 (BMP-2) to a GO-coated Ti substrate to
enhance the differentiation of human mesenchymal stem cells
(MSCs), which also showed robust new bone formation with this
Ti-GO-BMP2 implant, as demonstrated by Char et al. [128]; in
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Graphene-based nanomaterials for gene delivery . (a) GFP transfection efficiency of graphene-oleate-polyamidoamine (PAMAM) to Hela (i) and MG-63 (ii) cells.
(b) In vitro differentiation potentials of GO-PEI-RNA-iPSC clones from hADFs were analyzed according to the expression of protein markers from each of the three
germ layers (endoderm: alpha-fetoprotein, mesoderm: brachyury, ectoderm: nestin, all shown in red) using immunocytochemistry. Adapted, with permission,
from [121] (a) and [84] (b).
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addition, Geest and co-workers reported the intracellular protein
vaccine delivery of GO-adsorbed proteins that could be efficiently
internalized by dendritic cells and promoted antigen cross-presen-
tation to CD8 T cells [129].

Bioimaging

Bioimaging has a crucial role in both research and clinical practice,
and allows the observation and study of biological processes from
the subcellular to small-animal level [130,131]. With the appro-
priate probe, bioimaging enables us to detect early-stage disease
and to monitor the treatment response [130]. The versatile surface
functionality of graphene-based materials for conjugating small-
molecular dyes, fluorescent NPs, or biomolecules, combined with
their intrinsic luminescent properties, renders these materials
ideal agents for bioimaging applications [131,132]. Here, we main-
ly focus on the optical imaging of graphene-based nanomaterials
in biological applications.

The intrinsic photoluminescence of nGO can be used for fluo-
rescence imaging, as first reported by Dai et al. These authors
prepared PEG-GO covalently conjugated with the B cell-specific
antibody rituxan (anti-CD20) (nGO-PEG-Rituxan) for Raji B cell-
targeted fluorescence imaging in the near-infrared region with
little background [101]. However, the low quantum yield of nGO-
PEG fluorescence greatly limited the further in vivo fluorescent
imaging of animals. To overcome this limitation, fluorescent dyes
were used to functionalize GO either covalently or noncovalently
to enhance the fluorescent signal for in vitro and in vivo imaging.
For example, Liu et al. covalently labeled nGO-PEG with a Cy7 dye
(nGO-PEG-Cy7) for in vivo fluorescent imaging of tumor-xeno-
grafted mice, showing ultrahigh tumor accumulation of nGO-
PEG-Cy7 based on the enhanced permeability and retention effect
of cancerous tumors [133]. Chen et al. reported VEGF-loaded
IR800-conjugated GO (GO-IR800-VEGF) for imaging ischemic
muscle tissue in a murine hind limb ischemia model [134]. They
demonstrated that the in vivo pharmacokinetics and biodistribu-
tion of GO-IR800-VEGF could be successfully monitored by NIR
fluorescence imaging, indicating the potential of using GO in
theranostic applications for treating ischemic disease. In addition
to covalent functionalization, the direct loading of dyes or other
photosensitizers was also investigated for fluorescence imaging.
Chen et al. developed sinoporphyrin sodium (DVDMS)-loaded
GO-PEG (GO-PEG-DVDMS) with improved fluorescent properties
for enhanced optical imaging [135]. The fluorescent property of
DVDMS was significantly enhanced because of the intramolecular
charge transfer between DVDMS and GO-PEG, which enabled the
use of GO-PEG-DVDMS for real-time fluorescent visualization of in
vivo DVDMS delivery and distribution.

In addition to GO, GQDs with quantum confinement and edge
effects have unique optical properties that can be used for bioima-
ging applications. GQDs have a wide optical absorption, from UV
to near-infrared, with the strongest peak located in the UV region.
The fluorescence color depends on the size of GQDs and GQDs
with green and blue fluorescence have now been developed
[56,112,136]. Zhu et al. used GQDs for conventional bioimaging
by incubating human osteosarcoma cells with GQD suspensions
[112]. The GQDs translocated into the cell via the cell membrane
and were observed successfully, using a confocal fluorescence
microscope. Cationic GQDs have a tendency to aggregate in

aqueous solution, therefore, GQDs modified with biocompatible
polymers are preferred. Dong et al. functionalized GQDs with poly
(t-lactide) (PLA) and PEG for intracellular miRNA imaging analysis
combined with gene delivery with improved therapeutic efficiency
[137]. The PLA-PEG-grafted-GQDs exhibited excellent physiologi-
cal stability and stable photoluminescence. PLA-PEG-grafted-
GQDs conjugated to agents targeting miRNA-21 and survivin, as
a gene vector into Hela cells, were observed to fluoresce green
inside cells under a confocal microscope, which enabled better
observation and regulation of the gene delivery. Wen et al. fabri-
cated fluorescent organosilane-functionalized GQDs (Si-GQDs)
that were then embedded into mesoporous hollow silica nano-
spheres [138]. In the in vitro cellular uptake experiments in HePG2
cells, the hybrid nanospheres exhibited blue and green colors
under excitation at 405 nm and 488 nm, respectively. The results
showed functionalized GQDs to be promising candidates for bioi-
maging applications to help monitoring drug or gene delivery.

In addition to fluorescence imaging, Yang et al. recently
reported a novel label-free highly sensitive imaging method for
the fast visualization and quantitative layer analysis of graphene
and GO, as well as real-time imaging of GO in vitro with cells and ex
vivo in circulating blood, based on the transient absorption process
[139]. They used megahertz modulation that effectively avoided
the low-frequency laser noise and a resonant circuit that electron-
ically amplified the heterodyne-detected signal. With this imaging
platform, they achieved high-speed imaging of GO in living cells
and animals with the capability of quantitative analysis of the
intracellular concentration of well-dispersed PEG-GO (Fig. 5),
opening new opportunities for using GO as a bioimaging agent
based on the transient absorption imaging method.

Raman spectra of graphene-based nanomaterials have also been
applied for bioimaging. Both graphene and GO exhibit unique
intrinsic Raman signals that can be further enhanced by integrat-
ing metal NPs [140-144]|. Tan and Zhang et al. reported the facile
synthesis of AgCu@graphene (ACG) NPs by growing several layers
of graphene onto the surface of AgCu alloy NPs using the chemical
vapor deposition method [140]. The ACG NPs have been utilized
to enhance unique Raman signals from the graphitic shell, making
ACG an ideal candidate for cell labeling, rapid Raman imaging,
and surface-enhanced Raman spectroscopy (SERS) detection. In
situ reduction of metal ions on GO results in stronger Raman
signals from metal-GO hybrids compared with the pristine GO.
Guo et al. developed GO-Ag NP composites by in situ reducing Ag*
using polyvinylpyrrolidone as a novel SERS label for fast cellular
probing and imaging [141]. The authors demonstrated that, by
utilizing GO-Ag NPs as a highly sensitive optical probe, fast SERS
imaging of cancer cells was realized with a short integration time
of approximately 0.06 s per pixel. Zhao and co-workers reported
the one-step synthesis of nanosized GO-wrapped gold NPs [142].
These GO-Au nanocomposites could be utilized for both intracel-
lular bioimaging tags and drug delivery carriers. Similar results
were also reported by Liz-Marzan and co-workers [143]. Noncova-
lent attachment of Au NPs to GO via m—m stacking or other
molecular interactions has also been used for Raman imaging.
Zhang et al. reported that the presence of Au NPs on the GO sheet
has an important role in the observation of enhanced Raman
spectra of GO in live cells [144]. In addition to these optical
imaging methods, graphene-based nanomaterials have also been

1310 www.drugdiscoverytoday.com



Drug Discovery Today * Volume 22, Number 9« September 2017

REVIEWS

240

(b)
5
= 180+

)

1204

60 +

Intensity/cell (

0 05 1 15 2 3
Incubation time (h)

120 min

180 min

Drug Discovery Today

Transient absorption imaging of GO. (a) Dynamic cellular uptake of GO-PEG was monitored by TA imaging overtime, from 0 to 180 min after treatment. TA
images (first row) and overlay images (second row) showed intracellular accumulation of GO-PEG (yellow dots). Scale bar = 10 mm. (b) Quantification of mean TA
signal intensity per cell in GO-PEG treated cells from (a). (c) TA imaging of GO-PEG circulating in rat blood vessel. Scale bar = 20 mm. Adapted, with permission,

from [139].

used for other imaging modalities, including photoacoustic imag-
ing [145], magnetic resonance imaging [146], computed tomogra-
phy [147], as well as radionuclide-based imaging, such as positron
emission tomography and single-photon emission computed to-
mography [148,149]. However, due to the space constraints, we do
not discuss them in detail here.

Tissue engineering
Tissue engineering has emerged as a significant novel medical
strategy to restore, maintain, or improve the function of a tissue
or whole organ by using a combination of cells, engineering
materials, and suitable biochemical factors [150]. A crucial param-
eter for tissue engineering is to develop suitable biomaterials that
can mimic the biological environment and provide surfaces to
interface with living cells, enabling cell attachment, proliferation,
and differentiation. Given their ease of functionalization com-
bined with fascinating mechanical strength, stiffness, and electri-
cal conductivity, graphene-based materials have attracted
tremendous interest in the tissue-engineering field [151,152].
One application of graphene-based materials in tissue engineer-
ing is as reinforcement materials in hydrogels, films, fibers, and
other tissue-engineering scaffolds, to enhance their mechanical
properties and stability by utilizing the mechanical strength and
stiffness of graphene-based materials. Cerruti et al. prepared a 3D
GO/HA hydrogel for bone tissue engineering [153]. The resulting
highly porous hydrogel showed strong mechanical properties, high
electrical conductivity, and good cell compatibility to MSCs, mak-
ing them excellent candidates for bone tissue-engineering applica-
tions. GO nanosheets have also been shown to greatly improve the
mechanical properties of poly(acrylic acid) (PAA)/gelatin hydrogels

and chitosan hydrogel scaffolds [154,155]. Additionally, Ruoff and
co-workers presented polyoxyethylene sorbitan laurate (TWEEN)
and rGO hybrid films [156]. They demonstrated that the as-pre-
pared hybrid films were mechanically robust, biocompatible with
three different mammalian cell lines, and antimicrobial. Xie et al.
prepared chitosan-poly (vinyl alcohol) nanofiber-containing gra-
phene by using the electrospinning method [157]. They found that
these reinforced fibers showed rapid wound healing in mice and
rabbits because of the presence of free electrons in graphene inhi-
biting prokaryotic cell multiplication but without affecting the
proliferation of eukaryotic cells.

In addition to mechanical enhancement, the electrical proper-
ties of graphene-based materials enable researchers to use them for
specific tissue-engineering applications. Hong et al. reported that a
graphene substrate promoted the adhesion and neural differenti-
ation of human neural stem cells (hNSCs) [158]. The authors
proposed that the mechanism of enhanced differentiation to
neurons was electrical coupling between the hNSCs and the
graphene. Cheng et al. demonstrated the promotion of neurite
sprouting and outgrowth of mouse hippocampal cells on graphene
substrates [159]. They speculated that the high electrical conduc-
tivity of graphene led to better neurite outgrowth, indicating that
graphene could be used as an implant material or neural chip for
tissue engineering in the nervous system. Similar results were also
reported by Liu et al. [160]. Recently, Wang and co-workers
reported a hybrid conducting system of poly(3,4-ethylenediox-
ythiophene) (PEDOT)-rGO microfibers [161]. These hybrid micro-
fibers exhibited enhanced cell proliferation and improved neural
differentiation of MSCs with electrical pulses induced by a self-
powered triboelectric nanogenerator. Loh et al. studied the culture
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of bone marrow-derived MSCs on graphene and GO substrates
[162]. They found that the strong noncovalent binding abilities of
graphene arising from - stacking, electrostatic, and hydrogen
bonding allowed it to act as a preconcentration platform for
osteogenic inducers, which accelerated the growth of MSCs toward
the osteogenic lineage.

In addition to their mechanical and electrical properties, the
surface functionalization of graphene-based materials is also useful
for tissue-engineering applications. Gu et al. reported that amine-
functionalized GO showed superior cell viability and proliferation
with excellent anticoagulation effects [163]. Estrada and co-work-
ers reported the elongated structure of multinucleated myoblasts
on laminin-coated graphene, indicating their differentiation into
myotube cells [164]. GO has also been shown to help cells differ-
entiate into skeletal muscle, likely because of their roughness and
serum protein absorption [165]. It is also believed that absorbing
fibronectin on a graphene-based material surface would promote
articular cartilage regeneration [166]. GO has been found to help
adipose tissue generation, the mechanism of which was attributed
to absorption of insulin [162]. Additionally, Zeng et al. reported
gelatin-functionalized GO (GO-Gel) for the biomimetic minerali-
zation of HA [167]. They demonstrated that the GO-Gel promoted
cell adhesion, proliferation, and osteogenic differentiation of

MC3T3-E1 cells, indicating that GO-Gel could be used as osteo-
genesis-promoting scaffold for bone tissue engineering. Zeng and
co-workers also reported similar results using GO functionalized
with the polysaccharide carrageenan [168].

In addition, the chemical inertness and impermeability of
graphene enable it to be used as a biocompatible anticorrosion
coating for metallic biomedical devices. Rao et al. reported that
graphene coating enhanced both the bio- and hemocompatibility
of implant materials [169,170]. Yang and co-workers demonstrat-
ed the use of graphene as a protection film in biological environ-
ments [171]. They conducted both in vitro cellular experiments
and in vivo animal experiments to demonstrate the effective
protection of metal by graphene under biological conditions
(Fig. 6). Their results highlight the potential of using graphene
coatings to protect metal surfaces in biomedical applications, such
as metal implants. Wei et al. reported that a GO/HA-coated Ti
substrate also exhibited high corrosion resistance, with enhanced
coating adhesion strength and superior cell viability [172].

Toxicity of graphene-based nanomaterials

So far, graphene-based materials have exhibited huge potential in
numerous biomedical applications. To further expand their use
and advance the translation of these applications from the lab to a
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Graphene as a protective coating in biological environments. (a) Schematic illustration of graphene as a protective layer on a metal surface. (b) Relative cell
viability of bone cells incubated with SLG/Cu, BLG/Cu, and bare Cu foil for 1 day. The control was the regular cell culture without the presence of any form of Cu
foil. (c) Concentration of Cu®* ions in blood extracted from live rats. Concentrations of Cu®* ions from normal rats before implantation as control (black square),
rats with implanted SLG/Cu foils (blue triangles), and rats with implanted Cu foils (red dots) as a function of time after implantation. Adapted, with permission,
from [171].
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clinical setting, a deeper understanding of their potential toxicity
is required. Intense efforts have been devoted to elucidating the
toxic effects of graphene and its derivatives. However, the molec-
ular mechanism of the toxicity of graphene-based materials is still
largely unclear. For example, recent studies obtained contradicto-
ry outcomes that observed both toxic and nontoxic effects simul-
taneously when evaluating the in vitro and in vivo toxicity of
graphene [156,173,174]. Therefore, it is currently inappropriate
to draw any generalized conclusions about the toxic effects of
graphene-based materials, particularly when regarding the variety
of different forms of graphene and methods of synthesis. Here, we
briefly summarize and discuss the current state-of-the art of tox-
icity studies of graphene-based materials.

Graphene and its related congeners have been reported to cause
cell damage via inducing generations of reactive oxidant species
[160,175] and/or mutations during cell replication [176,177].
Their toxicity has been demonstrated to be time [178,179], dose
and/or concentration [178,180], and characteristic [177] depen-
dent. Cell-graphene interactions in vitro have been shown to
depend on multiple parameters, including surface chemistry,
graphene size and/or shape, and impurities.

The surface chemistry of graphene has an essential role in
determining its cytotoxicity. Generally, bare graphene or GO
can interfere with the cell membrane via adhesion or bonding
with cell receptors to block the supply of nutrients, induce stress,
and activate apoptotic mechanisms, resulting in high toxicity
even at low concentrations [181]. Functionalization of gra-
phene-based materials with biocompatible polymers or molecules
will greatly reduce cytotoxicity. Dai et al. showed that PEGylation
of GO exhibited no cellular toxicity up to 100 mg/ml [18,101].
Alexis and co-workers reported that graphene with PEG and PLA
modification showed no dose-dependent toxicity up to 250 mg/ml
for U138 cells, whereas hydroxylated graphene showed toxicity at
50 mg/ml in the same study [182]. Curley et al. found that sulfo-
nated GO was nontoxic across the concentration range of 0.1-
10 mg/ml [183]. Additionally, carboxylation [184], dextran conju-
gation [185,186], and PEI [123] have also been demonstrated to
reduce graphene cytotoxicity, by increasing the hydrophilicity of
graphene derivatives.

In addition to surface functionalization, the size of graphene
nanomaterials also affects their interaction with cells and their
cytotoxicity. Wang et al. studied the in vitro toxicity of GO on A549
cells [180]. They reported that graphene oxide of size 160 + 90 nm
induced less cell mortality compared with 780 + 410 nm at the
same concentration of 200 mg/ml. However, larger size does not
always cause less cytotoxicity. Akhavan and collaborators indicat-
ed that, in human MSC, rGO nanoplatelets with smaller lateral
dimensions (11 + 4 nm) showed higher cytotoxicity than those
with larger lateral dimensions (3.8 + 0.4 mm) [177]. These contra-
dictory observations could be explained by different interactions
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between cells and particles with different sizes, because Yan et al.
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Impurities from the preparation process of GO could affect its
biocompatibility. Kostarelos and co-workers reported that purified
GO had negligible negative effects in vitro and in vivo compared
with as-synthesized GO [188]. Therefore, it is necessary to conduct
careful biological effects studies of these impurities.

In addition to in vitro studies, experiments were also performed
in vivo to investigate graphene toxicity, which demonstrates more
complexity when animal models are used. Typically, after intra-
venous injection, graphene materials were found in spleen, liver,
and lung. However, Liu et al. reported that intraperitoneal injec-
tion of PEGylated graphene resulted in accumulation in spleen
and liver, instead of lung [189]. By contrast, when graphene
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Concluding remarks

Here, we have reviewed the biomedical applications of graphene-
based nanomaterials, including drug and/or gene delivery, bioi-
maging, and tissue engineering. Different types of graphene, its
derivatives and composites have been introduced, and their prop-
erties related to biomedical applications have been discussed. The
outstanding properties, such as a large specific surface area, excel-
lent mechanical strength, and unique optical properties, of gra-
phene-based materials, make them ideal candidates to load various
drugs or genes for delivery, to act as imaging agents, as well as to
enhance the mechanical properties of biomaterials for tissue en-
gineering. Examples of these versatile applications have been
presented here. Finally, we have also discussed the potential
toxicity of these materials, even though the detailed toxic mecha-
nisms remain uncertain or contradictory. Overall, we believe that
graphene-based materials will open a new biomedical era. How-
ever, more efforts are required to completely elucidate the toxic
principle of these materials before they can progress to clinical
trials.
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