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CONS P EC TU S

G raphene has unique mechanical, electronic, and
optical properties, which researchers have used

to develop novel electronic materials including trans-
parent conductors and ultrafast transistors. Recently,
the understanding of various chemical properties of
graphene has facilitated its application in high-per-
formance devices that generate and store energy.
Graphene is now expanding its territory beyond
electronic and chemical applications toward biomedi-
cal areas such as precise biosensing through gra-
phene-quenched fluorescence, graphene-enhanced
cell differentiation and growth, and graphene-assisted
laser desorption/ionization for mass spectrometry. In this Account, we review recent efforts to apply graphene and graphene
oxides (GO) to biomedical research and a few different approaches to prepare graphene materials designed for biomedical
applications.

Because of its excellent aqueous processability, amphiphilicity, surface functionalizability, surface enhanced Raman scattering
(SERS), and fluorescence quenching ability, GO chemically exfoliated from oxidized graphite is considered a promising material for
biological applications. In addition, the hydrophobicity and flexibility of large-area graphene synthesized by chemical vapor
deposition (CVD) allow this material to play an important role in cell growth and differentiation.

The lack of acceptable classification standards of graphene derivatives based on chemical and physical properties has hindered
the biological application of graphene derivatives. The development of an efficient graphene-based biosensor requires stable
biofunctionalization of graphene derivatives under physiological conditions with minimal loss of their unique properties. For the
development graphene-based therapeutics, researchers will need to build on the standardization of graphene derivatives and
study the biofunctionalization of graphene to clearly understand how cells respond to exposure to graphene derivatives. Although
several challenging issues remain, initial promising results in these areas point toward significant potential for graphene
derivatives in biomedical research.

1. Introduction
Carbonmaterials are known to bemore environmentally and

biologically friendly than inorganicmaterials, since the carbon

is one of the most common elements in our ecosystem. In

particular, graphite is a naturally occurring material that has

been used in our daily lives for hundreds of years without

critical toxicity issues. Thus, one can expect that graphene, a

single layer of graphite,1�3 would be also safe and useful for

biological purposes. In the case of carbon nanotubes (CNTs)

that do not exist naturally, their extreme one-dimensional

morphology is found to be rather cytotoxic. In comparison,

the two-dimensional shape of graphene is expected to be

negligibly harmful in mild concentration, so graphenemateri-

als would be readily applicable to biomedical research. Parti-

cularly, graphene oxide (GO) chemically exfoliated from

oxidized graphite is considered as a promisingmaterials for

biological applications owing to its excellent aqueous pro-

cessability, amphiphilicity, surface functionalizability, surface

enhancedRamanscattering (SERS) property, and fluorescence

quenching ability.
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These fascinating properties of GOs are mainly derived

from its unique chemical structures composed of small sp2

carbon domains surrounded by sp3 carbon domains and

oxygen containing hydrophilic functional groups.4 On the

other hand, hydrophobicity and flexibility of large-area

graphene synthesized by chemical vapor deposition (CVD)

play an important role in cell growth and differentiation.

Thus, it is of great importance to understand the character-

istics of various graphene materials from different synthetic

approaches before we discuss the actual application of

graphene for biomedicine.

2. Synthesis of Graphene and GOs
2.1. Large-Area Graphene Synthesized by CVD. The

mechanical exfoliation of graphite crystals by Scotch tape

provides high quality graphene in microscale, but it is not

compatible with large-scale synthesis for practical applica-

tions.2 Alternative methods are chemical exfoliation of bulk

graphite,5 epitaxial graphene growth on SiC wafers,6 gas-

phase synthesis by CVD onNi7 or Cu,8 and organic synthesis

of graphene molecules.9 Among these, the CVD synthesis

has been most successful in producing larger scale and

higher quality graphene films up to meter scale.10

Usually, the CVD reaction utilizes a catalytic reaction

between hydrocarbon gases and catalytic metal substrates.

More recent works also demonstrated the successful growth

of graphene using solid sources such as polymethyl metha-

crylate (PMMA).11 The first CVD growth of graphene was

carried out on a Ni substrate.7 The reaction is typically carried

out at 1000 �Cunder lowpressure to decompose the precursor

gas into atomic radicals, which results in the dissolution of

carbon atoms in Ni, followed by the segregation and crystal-

lization of graphene during the cooling process. The mechan-

ism of graphene growth on Cu is found to different from the

dissolution�segregation�crystallization on Ni. Since carbon

solubility is close to zero onCu, the carbon atomsare adsorbed

and diffused on the surface of Cu, leading to the sequential

formation of the hexagonal lattices.8 Therefore, the larger

single-crystalline graphene with controlled number of layers

(mostly monolayers) can be achieved cost-effectively using

commercially available Cu foils, which triggered the practical

applications of graphene particularly for transparent conduc-

tors in large-area electronics.10

The CVD graphene synthesized at high-temperatures

undergoes negative thermal expansion when it cools down

to room temperature. Therefore, the graphene expands

FIGURE 1. Nanoscale images showing the surfacemorphology of large-area graphene grown by CVD. (a) Atomic forcemicroscope (AFM) image of a
CVD graphene film transferred on a SiO2 substrate. Adapted with permission from ref 10. Copyright 2010 Nature Publishing Group. (b) Transmission
electron microscope image showing the polycrystalline domains of a CVD graphene film with false colors. Adapted from ref 13. Copyright 2011
Nature Publishing Group. (c) AMF image of electrodeposited CdSe quantum dots on CVD graphene, showing the higher electrochemical activity of
grain boundaries or ripples. Adapted from ref 14. Copyright 2010 Wiley-VCH.
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laterally, while the metal substrate shrinks, which results in

the formation of nanoscale ripples (Figure 1a).10 Sometimes,

the rough surface and step-edges of Cu leave sub-nanoripples,

and these thermally or morphologically formed ripples consid-

erably alter the electrical properties of graphene.12 In addition,

theCVDgraphene showpolycrystallinity as shown in Figure1b,

since the nucleated graphene domains are growing with ran-

dom orientations.13 Therefore, a lot of grain boundaries show-

ing nonhexagonal carbon ring structures and vacancies are

inevitably formed unlike highly oriented pyrolytic graphite

(HOPG) surface. These defective structures including the ripples

and the grain boundaries are found to be more chemically

reactive,14 which is an important factor to be considered when

CVD graphene is used as a biological interface or platform.
2.2. Graphene Oxides (GO). The most widely used ap-

proach to GO synthesis is the Hummers method which

involves oxidation of graphite by treatment with potassium

permanganate (KMnO4) and sulfuric acid (H2SO4).
15 The

resulting graphite salts serve as precursors for GO by ex-

foliation in solvents with sonication. The chemical structure

of GO is shown in Figure 2. GO can be converted into

graphene analogue by chemical and thermal reduction

processes.5 While the crystalline and electronic quality of

graphene sheet made by GO is less than that of CVD

graphene, in certain applications GO is preferred because

of its simple transfer process (spin coated or sprayed on to

virtually any substrates), easy scalability, and inexpensive

synthesis. The unique chemical structure of GO also enables

various chemicalmodification or functionalization useful for

electrochemical or biomedical applications.

3. Graphene Field Effect Transistor (FET)
Based Biosensors
The graphene FET has been extensively explored to develop

sensitive chemical- and biosensors because of its functionaliz-

able surface and highly sensitive electrical properties.16�23 De-

tection of important biomolecules such as nucleic acids (NAs),16

proteins,17,18 and growth factors19 have been successfully de-

monstrated by using appropriately functionalized graphene

derivatives with NAs,16 aptamers,17,19 and carbohydrates18 for

monitoring target specific changes of electrical signal with high

signal-to-noise ratio (Figure 3a).

FIGURE 2. Chemical structure and nanoscale morphology of GO. (a) Chemical structure of graphene oxide. (b) AFM image and line profile of GO
sheets with ∼1 nm thickness. (c, d) Photograph of folded GO paper and scanning electron microscope image of the cross-section of the GO paper.
Adapted from ref 5. Copyright 2009 Nature Publishing Group.
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In addition to biomolecules in buffered solutions, hormonal

catecholaminemolecules secreted from livingneuroendocrine

PC12 cells have been also detected on poly-L-lysine func-

tionalized RGO FET devices (Figure 3b).20 Futhermore, a

single malaria-infected red blood cell (RBC) has been also

detected on the combined devices of microfluidic channel and

arrays of FET devices fabricated on CVD graphene films which

are functionalizedwith CD36 receptor proteins (Figure 3c).21

Thedirectdetectionofbiosignals fromlivingcellsongraphene

FET devices was demonstrated based on the fact that graphene

can form strongly coupled interface with cell membranes. The

electrical signals from electrogenic cells, cardiomyocytes, have

been successfully recorded on single22 and array type23 FET

devices, respectively, fabricatedonmechanicallyexfoliatedgrap-

hene and CVD graphene with a high signal-to-noise ratio

above4,whichexceeds typical values fromotherplanardevices.

4. GO FRET Biosensor
Many GO-based biosensing platforms rely on GO's prefer-

ential interaction with single-strand DNA (ssDNA) over

double-strand DNA (dsDNA). While the exposed nucleo-

bases in ssDNA adsorb strongly with GO surface, nucleo-

bases in dsDNA are effectively hidden in helical structure,

which prevents the direct interaction of nucleobases with

GO surface. Therefore, when fluorescently labeled ssDNA

probes bound to the GO surface are hybridized with its

complementary target ssDNA and detached from GO by

forming a DNA duplex, the fluorescence that was quenched

by GO gets recovered (Figure 4a).24 Based on this concept, the

detection of multiple ssDNA25 and microribonucleic acid

(microRNA) was successfully demonstrated. The limit of detec-

tion (LOD) was further improved by cyclic enzymatic amplifica-

tion. (Figure 4b).26 Recently, GO-organic dye ionic-complex

was developed to detect dsDNA through ionic exchange on

the carboxylic acid groups at the edges of GO.27

The target species for GO-based sensor have been ex-

tended to protein (Figure 4c),28 hormone,29 adenosine-50-
triphosphate (ATP),30 and fungi toxin31 with the use of GO-

aptamer complexes. In addition to biomolecules, harmful

metal ions such as Hg(II),32 Ag (I),33 Cu(II),34 and Pb(II)35 can

FIGURE3. (a) Schemeof nitrogendopedgraphene FET biosensor for detection of vascular endothelial growth factor (VEGF). Adaptedwith permission
from ref 19. Copyright 2012American Chemical Society. (b) CVDgrowngraphene FET biosensor for detection of hormonal catecholaminemolecules.
Adaptedwith permission from ref 20. Copyright 2010AmericanChemical Society. (c) CVDgrowngraphene FET biosensor coupledwithmicrochannel
for detection of malaria infected RBCs. Adapted with permission from ref 21. Copyright 2011 American Chemical Society.
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be detected by using GO complexes with fluorescent dye,

cystein-rich ssDNA, or combination of ssDNAs andDNAzymes.

Recently, the GO sensor has been applied to real-time

duplex-unwinding helicase activity assay. The sensor moni-

tors fluorescence quenching induced by helicase unwinding

reaction of dsDNA, which contains fluorescent dye at the

end of one strand. The reaction results in binding of un-

wound ssDNA to GO and subsequent fluorescence quench-

ing (Figure 5a).36 After the development of this system, there

has been many attempts to develop enzyme assay systems

for DNA dependent protein kinase,37 endonuclease/methyl

transferase,38 exonuclease,39 and telomerase,40 all of which

FIGURE 4. (a) Scheme of GO based sensor for ssDNA detection. Adapted from ref 24. (b) Multiple microRNA detection with signal amplification by
cyclic enzyme reaction. Adapted from ref 26. (c) Thrombin detection. Adapted with permission from ref 28. Copyright 2010 American Chemical
Society.

FIGURE 5. (a) Scheme of GO based system for DNA unwinding helicase activity assay. Adapted from ref 36. (b) ATP detection in live cells. Adapted
from ref 44. Copyright 2010 American Chemical Society.
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catalyze the biological reaction of NAs. By using fluorescent

dye labeled peptides as probes, activities of several impor-

tant proteases, such as trypsin,41 thrombin,42 and metallo-

proteinase-2,43 were successfully monitored by protease-

induced cleavage at specific sites of the peptide probes,

resulting in fluorescence recovery.

In addition, GO biosensing platforms have been applied

to live cells to detect ATP by using fluorescent dye labeled

aptamer (Figure 5b)44 and microRNA along with molecular

beacon of locked nucleic acid.45 Caspase-3 activity was also

monitored in live cells by using GO that is covalently con-

jugated with fluorescent dye labeled substrate peptide.46

To increase efficiency of GO FRET biosensors, it is impor-

tant to understand the molecular mechanism of the GO FRET

and physical/chemical parameters related to the performance

of the sensors. In this regard, several reports are avail-

able which investigated relationship of the degree of GO

reduction47 and the length of fluorescently labeled ssDNA

from GO48 with fluorescence quenching capability.

5. GO LDI-MS Applications
Graphenederivativeshavebeenconsideredasefficientmatrices

which can replace conventional organic matrices for LDI-MS

because they effectively absorb and transfer UV-laser energy to

analytes. The efficiency of graphene as a LDI-MS matrix was

higher than that ofGOandRGOdue to thehighheat dissipation

and electron transfer properties.49 Moreover, the hydrophobic

surfaces make it affinity probe for LDI-MS analysis of trace

amount of analytes, which have aromatic structures, including

smallmolecules,50pollutant,51 ssDNAandproteins (Figure6a).49

FIGURE 6. (a) Scheme of GO based mass spectrometric analysis for ssDNA and protein. Adapted with permission from ref 49. Copyright 2010
American Chemical Society. (b) Specific target by using aptamer conjugation. Adapted with permission from ref 52. Copyright 2010 American
Chemical Society.
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FIGURE 7. Application of GOs for biologicalmass spectrometry. (a) Scheme of GO/MWCNT films basedmass spectrometric analysis for lipase activity assay.
Adaptedwithpermission fromref57.Copyright2010AmericanChemical Society. (b) SchemeofLDI-MSapplicationofGO/MWCNTfilms. (c, d) Schemeofmass
spectrometric images of small molecules and mouse brain tissue on RGO/MWCNT films. Adapted from ref 58. Copyright 2011 American Chemical Society.

FIGURE 8. (a) Schemes of bPEI-GO complex with electrostatically adsorbed pDNA and covalently conjugated bPEI-GO. (b) Enhanced photolumi-
nescence by pDNA loading on bPEI-GO. Adapted with permission from ref 62. Copyright 2011 American Chemical Society.
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By conjugating aptamers to GO, GO served as specific

affinity probes and LDI substrate as well for target analytes

(Figure 6b).52 In addition, GO can be utilized as a support for

synthesis of nanocomposites with Fe3O4 for enrichment of

antibiotics by magnetic separation,53 or with TiO2 for selec-

tive binding of phosphorylated biomolecules.54

Furthermore, GO-based nanohybrid films have been

developed to enhance LDI efficiency by immobilization

FIGURE 9. (a) Scheme of sequential delivery siRNA and DOX by using PEI-GO. (b) Target specific cell viability changing as function of dose of
doxorubicin and IC50 value after pretreatment of siRNA-loaded PEI-GO complex (1, Bcl-2 siRNA; 2, scrambled siRNA). Adapted with permission from
ref 63. Copyright 2011 Wiley-VCH.

FIGURE 10. (a) FA-NGO loadedwith two anticancer drugs for targeted and enhanced treatment of cancer cells. Adapted from ref 66. (b) SN-38 loaded
NGO-PEG complex showing high cytotoxicity to HCT-116 cancer cells compared to control groups. Adapted with permission fromref 68. Copyright
2008 American Chemical Society.
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of GO on a solid substrate and subsequent incorpora-

tion of multiwall carbon nanotubes (MWCNTs)55 and gold

nanostructures.56 The GO/MWCNT films showed excellent

applicability for LDI-MS analysis of phospholipase activity

(Figure 7a),57 small molecules and mouse brain tissue

(Figure 7b�d).58 The LDI-MS efficiency of GO/MWCNT

FIGURE 11. (a) Schematic diagram of Cy7-PEG-NGS and its photothermal activity for effective decrease of the tumor volumes and increase of the
survival rates. Adapted with permission from ref 70. Copyright 2010 American Chemical Society. (b) Scheme of Ce6-loaded FA-GO and its high
photodynamic efficacy to kill MGC803 cancer cells. Adapted from ref 73.

FIGURE 12. (a) Inhibition of E. coli growth on GO and RGO. Adapted with permission from ref 75. Copyright 2010 American Chemical Society.
(b) Enhancement of E. coli growth on GO and RGO. Adapted with permission from ref 78. Copyright 2011 American Chemical Society.
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platform could be further improved by increasing the surface

roughness and thickness.59

6. Graphene Derivatives as Delivery Carriers
6.1. Gene Delivery. Polyethyleneimine (PEI) has been

extensively utilized as a surface modifier of GO sheets for

gene delivery into cells by complexation through electro-

static interaction60 and covalent conjugation for loading of

plasmid DNA (pDNA). The covalent GO conjugates with

linear61 and branched PEI62 showed high gene transfection

efficiency with low cytotoxicity compared to PEI/pDNA

complexes (Figure 8). Sequential delivery of Bcl-2 targeted

siRNA and doxorubicin (DOX) into HeLa cells was also success-

fully demonstrated by using PEI-GO complex with the en-

hanced therapeutic efficacy (Figure 9).63 Recently, chitosan-

functionalized GO (CS-GO) complex was synthesized and

applied to efficient codelivery of anticancer drug and pDNA

loaded respectively by π�π and electrostatic interactions.64

6.2. SmallMoleculeDrugDelivery. Smallmolecule drugs

having pH-dependent solubility have been widely used for

pH-responsive delivery by using GO as a carrier. For exam-

ple, DOX-GO complexes showed pH-responsive release of

DOX from GO due to higher solubility of DOX at low pH

condition.65 Taking this advantage, pH-responsive codelivery

of DOX and captothecin (CPT) was successfully demonstrated

by using folic acid conjugated-nanoGO (FA-NGO) for cancer

targeting (Figure10a).66Anti-inflammatorydrugswithdifferent

hydrophilicity (ibuprofen and 5-fluorouracil) were also deliv-

ered by using CS-GO complex with pH-responsive release.67

6.3. Therapeutic Modalities for Cancer Treatment. For

efficient delivery of hydrophobic drugs, NGO have been

functionalized with six-arm polyethyleneglycol (6-arm PEG)

FIGURE 13. (a) Scheme of cellular behavior studies on carbon nanomaterials coated substrates with the enhanced gene transfection. Adapted with
permission from ref 79. Copyright 2010 American Chemical Society. (b) Diagrams showing promoted neurite sprouting and outgrowth on graphene
surface compared to tissue culture polystyrene. Adapted from ref 81.

FIGURE 14. Bright-field image of hNSCs on the boundary area between glass and graphene 10 h after cell seeding (a). Bright-field
(left) and fluorescence (right) images of hNSCs proliferated for 5 days showing no difference in the number of cells (b). All scale
bars represent 200 μm.82
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and successfully applied to cancer cell lines with high cellular

uptake and therapeutic efficacy (Figure 10b).68,69 In addition to

applications as a carrier, NGO derivatives have been utilized for

photothermal therapybasedon their highabsorptionofnear-IR

(NIR). High therapeutic efficacy of PEG-GO conjugate was de-

monstrated in mouse cancer xenograft models (Figure 11a).70

Recently, it was reported that the phototherapeutic effect of

NGO derivatives is originated from induction of the oxidative

stress, mitochondrial depolarization, and caspase activation

resulting in apoptotic and necrotic cell death.71

For enhancement of therapeutic efficacy by combinational

therapy, PEG-GO has been used as a carrier for DOX for the

combinationofphotothermalandchemical therapy.72Porphyr-

in photosensitizer hasalsobeen loadedon folic acid conjugated

PEG-GO for combination of photothermal and photodynamic

therapy with cancer targeting ability (Figure 11b).73 In addition

to the small molecule drugs, graphene/TiO2 nanohybrid com-

posite also showed high therapeutic efficacy based on the

photothermal and photocatalytic therapy.74

7. Cell Growth Behavior on Graphene
Surfaces

7.1. Substrates for Antibacterial Effects. The GO and

RGO papers showed inhibition effect of bacterial growth

on their surfaces (Figure 12a).75 The inhibition effect was

demonstrated on GO and RGO nanowalls with both Gram-

positive andGram-negative bacteria. The antibacterial effect

of RGO nanowalls was higher than that of GO nanowalls

because of more efficient charge transfer of RGO with

bacterial cells.76 The antibacterial effect of graphene deriva-

tives was derived from oxidative stress induced by mem-

brane disruption.77 On the other hand, one report suggested

that bacterial growth was enhanced, rather than inhibited,

on graphene surface (Figure 12b).78 The controversial results

indicated that the bacterial growth on GO could be varied

with experimental conditions.

7.2. Scaffolds for Mammalian Cell Culture. Graphene

derivatives were utilized as a substrate for mammalian cell

culture. For example, the behavior of NIH-3T3 fibroblasts was

investigated on various carbonnanomaterial-coated substrates

such as GO, RGO, and carbon nanotubes. The carbon nanoma-

terial-coated substrates showed high biocompatibility and en-

hanced gene transfection efficiency (Figure 13a).79 Graphene/

chitosan hybrid films also showed promising applicability to

tissue engineering to repair and improve tissue functions.80

Interestingly, the neurite sprouting and outgrowth were also

promoted on graphene surface compared to conventional

tissue culture plate made of polystyrene (Figure 13b).81

FIGURE 15. Optical image of partially graphene-coated Si/SiO2 substrate (a). Osteocalcin (OCN) marker showing preferential bone cell formation on
the graphene-coated area (b). Alizarin red quantification deriving from hMSCs grown for 15 days with/without BMP-2 on substrates with/without
graphene (c,d). hMSCs grown on PET substrate under different conditions (BMP-2 and graphene coating) showing different osteogenic differentiation
behavior confirmed by alizarin red staining (e�h). All scale bars are 100 μm.83



2222 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 2211–2224 ’ 2013 ’ Vol. 46, No. 10

Applications of Graphene and Graphene Oxide Chung et al.

7.3. Differentiation of Stem Cells. Stem cells are biologi-

cally important in living organisms because they can differ-

entiate into any kinds of cell types for self-repair of organ

and tissue by their continuous growth and renewal onto-

geny. In regenerative medicine, the stem cells are consid-

ered as innovative therapeutic means, so-called stem cell

therapy. Differentiation of stem cells into desired cell lines is

one of the important research topics in stem cell study.

Graphene was used for stem cell culture and differentiation

mostly due to its biocompatibility and electrical conductivity.

Recently, the enhanced neuronal differentiation of human

mesenchymal stem cells (hMSCs) was observed on graphene

surface because graphene served as a cell-adhesion layer with

electrical coupling effect for electrical stimulation for the differ-

entiation (Figure 14).82 In addition, graphene also enhanced

the osteogenic differentiation comparable to common growth

factor (Figure 15).83 However, the mechanisms underlying

differentiation are still not well understood. Graphene and

GO showed differences in inducing stem cell differentiation.

One report indicated that the osteogenic differentiation was

accelerated but adipogenic differentiation was suppressed on

graphene compared to GO. The reason of distinct differentia-

tion was the different interaction between growth agents and

graphene and GO surfaces because of their different surface

properties that can be controlled by various chemical functio-

nalizations (Figure 16).84,85

8. Conclusion
The unique and fascinating properties of graphene deriva-

tives such as functionalizable surfaces, strong UV absorp-

tion, SERS, and fluorescence and fluorescence quenching

ability make them one of the most promising materials for

biosensors, therapeutics, and tissue engineering as well as

electronics. Although several challenging issues still remain,

the biological applications of graphene derivatives have

significant potential because many attempts have shown

promising results regarding biofunctionalization and stan-

dardization of graphene derivatives by fractionation based

on size, number of layers, and chemical functionalities.

Furthermore, there are many unique advantages and still

many chances to discover fascinating properties and poten-

tial applications.Weexpect that efforts with interdisciplinary

approaches among chemistry, biology, and engineering will

acceleratemechanistic understandingof graphene-based plat-

forms for bioapplications andmake current successful demon-

strations more routinely implemented in diverse applications.
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