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Abstract
Graphene, as a steady two dimensional (2D) carbon material, possesses intriguing physical and chemical properties, which arouses great interests 
of scientists for its applications in enormous fields. In particular, graphene and graphene oxide have been widely used for drug delivery and DNA 
detection based on π-π stacking and hydrophobic interactions. Besides, graphene with fluorescent molecules or nanoparticles and graphene quantum 
dots have also been frequently applied as fluorescent probe. In this article, advances of graphene and graphene oxide on biomedical applications will 
be highlighted from the perspective of biomolecular interaction, cell imaging, drug delivery, and toxicity. 
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1. Introduction

    Graphene, a recently discovered carbon nanomaterial 
with two-dimensional (2D) atomic layered structure, has 
been proven to show unique chemical/physical properties. 
The mechanical exfoliation method is the first approach 
to graphene from graphite, pristine graphene [1]. After 
that several alternative approaches including top-down 
and bottom-up methods, such as arc discharge method 
[2], chemical vapor depositon (CVD method) [3,4] and 
chemical reduction of graphene oxide (CRGO) [5-8] 
have been developed, and the pristine graphene and its 
derivatives have been produced in large scale. 

    More and more attention has been attracted to this 
special 2D graphitic sheet in the past decade, due to 
its pronounced electrical conductivity, good thermal 
conductivity and abnormal mechanical flexibility [9-
11]. For instance, the novel 2D nanostructure has been 
intensively implemented to explore potential applications 
on super-capacitor, batteries, field-effect transistors 
(FETs), optical sensors and so on [12,13]. 

    However, the lower water-solubility and the irreversible 
aggregation due to the strong π-π stacking hinders the 
wide application of graphene nanosheets in biomedical 
field. Using capping reagents (polymers or surfactant), 
the water solubility and the stability of graphene sheets 
could be improved dramatically, but in the cost of the 
biological compatibility. Thus, graphene oxide (GO), one 
derivative of gaphene, has been used more frequently in 

the biological system owing to its relatively higher water 
solubility and biocompatibility [7,10,14,15]. In this mini-
review, the current achievements of graphene and GO 
on biomedical research are summarized in the view of 
biomolecular interfacing, cell imaging, drug delivery, and 
toxicity.

2. Biomolecular interfacing
    Researches about the effects of graphene sheets and/
or GO on macro-biomolecules, such as DNA molecules 
[16-18], gene [19], and enzymes [20], have caught great 
interests, where results have shown several potential 
applications in bioassay and bioanalysis.

    Based on the π-π stacking between GO and ssDNA, 
the complexes of GO and single-stranded DNA (ssDNA) 
have been assembled. As a fluorescence quencher, 
graphene sheets were used as a platform for sensing DNA 
(Fig. 1) [21]. 

    It has been demonstrated that the fluorescence of the 
dye FAM is quenched after the FAM-labeled ssDNA 
bonded on GO via π-π stacking force. Because the 
hydrogen bond between the FAM-labeled DNA and 
complementary DNA is stronger than nonspecific 
binding force between the FAM-labeled ssDNA and GO, 
the FAM-labeled ssDNA detaches from GO, and the 
fluorescence could be recovered when complementary 
DNA molecules added. This general method was also 
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Fig. 2 (a) An image of agarose gel electrophoresis of dsDNA and mixtures of dsDNA-GO in various buffer conditions. Lane 
1: dsDNA only; lanes 2-6: mixture of dsDNA and GO (0.1 mg mL−1) in water (Lane 2), or aqueous solutions of 2.5 mM MgCl2 
(lane 3), 5 mM CaCl2 (lane 4), 250 mM NaCl (lane 5), 50 mM KCl (lane 6), respectively. (b and c) AFM images of the mixture 
of dsDNA and GO (0.15 mg mL−1) prepared with DNase I reaction buffer (b), and with a pure water solution (c). Copyright 
permission from ref. 16.

applied to detection of protein using fluorescein-labled 
aptamer-GO complex [21]. 
    Since GO has a high affinity to ssDNA, it has been 
used as promising sequential delivery vehicle [22], gene-
protecting [16], and transfection agent [23]. Y. Zhang et 
al. have investigated the π-π interaction between dsDNA 
and GO in buffer with different metal ions. The result 
illustrated that the double-strands DNA (dsDNA) can 
be absorbed onto the GO and forms large complexes in 
buffers containing appropriated metal ions that prevent 
the degradation by dsDNA enzymes, as shown in Fig. 2 
[16].
   In the presence of certain metal ions (salts), such 
as MgCl2, CaCl2, the divalent cations have a higher 
capability for enhancing the dsDNA molecule adsorption 
on GO than the monovalent cations like K+, Na+. The 
mechanism might be speculated that GO and dsDNA 
tend to form complexes when metal ions neutralize the 
electrostatic repulsion between them [16].
    It is intriguing that the GO nanosheets combing with 
copper ions could scissor DNA molecules. We have 
demonstrated that the scission of DNA by the GO/Cu2+ 
system is critically dependent on the concentrations of 
GO and Cu2+ and their ratio [17]. 
    A possible mechanism is that GO with chelated Cu2+ 
are delivered to major groove and interacted with the 
electron donor groups of bases.as shown in Fig. 3. 
Therefore, DNA molecules were unwound and scissored 

eventually [17].
    Due to the abound surface oxygen-containing groups 
and huge surface area, GO and chemically reduced GO 
have been considered as ideal matrices for immobilizing 
enzyme and other macromolecule which could be used 
as biosensor [20]. Our group have investigated enzyme 
immobilization on CRGO with different reduction extents 
using horseradish peroxidase (HRP) and oxalate oxidase 
(OxOx) as model enzymes [20]. We found that the 
enzyme molecules could probably be loaded onto CRGO 
through hydrophobic interaction that may preserve the 
activity of the enzyme. 

Fig. 3 Proposed DNA cleavage mechanism by the GO/Cu2+ system. 
Copyright permission from ref. 17.

Fig. 1 Schematic representation of the target-induced fluorescence change of the ssDNA-FAM-GO complex. FAM is the 
fluorescein-based fluorescent dye. Copyright permission from ref. 21.
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3. Applications for cell imaging

    Owing to the unique optic-electronic properties (e.g. 
photoluminescence (PL)), J. Wang group has explored 
the conjugation of graphene (reduced graphene oxide, 
RGO) with quantum dots (QDs). The BSA capped 
QDs are grafted onto RGO. RGO were coated with 
polyethylenimine(PEI)/poly(sodium4-styrensulfonate)
(PSS) through electrostatic enhanced layer-by-layer 
assembly. [24]. Fig. 4 shows the TEM images of these 
complexes. The graphene-QDs emits strong luminescence 
with low cytotoxic effect on Hela cells as shown in Fig. 5. 
It is proved that graphene-QDs composites might provide 
a potential for non-invasive optical in vitro imaging 
[24]. Huang et al utilized PEG to prevent GO-induced 
quenching of conjugated fluorescein [25]. Thus the 
fluorescein-PEG-GO conjugate exhibited excellent pH-
tunable fluorescent properties. 

Fig. 6 Morphology of GQDs. (a) TEM image of the GQDs (average size 
5.3 nm) and their size distributions. (b) AFM image of the GQDs and 
their height distributions. Copyright permission from ref. 26.

Fig. 5 Images of Hela cells (A) without interacting with any 
nanoparticles, (B) directly labeled by 60 μg mL−1 of graphene-QDs 
for 2 h. In the two panels, the left columns represent the bright-field 
images, the center columns represent the fluorescent images, and the 
right columns are the merged images of the left and center columns). 
Copyright permission from ref. 24.

Fig. 4 TEM images of (A) GO, (B-D) graphene-QDs. TEM images of 
CdTe QDs crystals on graphene sheets are observed in (C) and (D). The 
inset in (D) is the SAED patterns recorded from the CdTe QDs crystals 
on the RGO sheets. Copyright permission from ref. 24.

    Recently, more researches are focusing on graphene and 
GO with smaller laterial dimensions which were called 
as graphene quantum dots (GQDs). The GQDs could 
be synthesized through density gradient ultracentrifugal 
rate separation [15,27] and bottom-up fabrication [28]. 
The intrinsic photoluminescence of GQDs is caused 
by quantum confinement and edge effect [26,29,30]. 
Additionally, it has been demonstrated that the isolated 
polyaromatic structures and passivated surface defects 
also contribute to the fluorescence of GQDs [26,31], 
similar to other carbon-based fluorescent nanomaterials 
like the carbon dots. Therefore these GQDs with good 
biocompatibility possess the potential as fluorescence 
probe. For example, B. Yang et al have synthesized GQDs 
of 5.3 nm in diameter by solvothermal method, as shown 
in Fig. 6 [26]. They also showed that after incubation 
with cells, fluorescence of GQDs could be observed in 
dark field, as shown in Fig. 7. This is due to the unique 

Fig. 7 Cellular toxicity and cellular imaging of GQDs. (a) Effect of 
GQDs on MG-63 cells viability. (b), (c) and (d) are washed cells imaged 
under bright field, 405 nm, 488 nm excitations, respectively. Copyright 
permission from ref. 26.
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behavior of wavelength-dependent excitation of PL, that 
when excitation wavelengths are 405nm and 488nm, 
GQDs exhibit green and green-yellow color, respectively 
[26]. 

    H. Dai’s group has synthesized nano-graphene oxide 
(NGO) and explored its biological applications [15]. 
An amine-terminated, branched PEG was used to 
functionalize GO, making PEGylated nano-graphene 
(NGO-PEG) be highly stable in physiological solutions. 
In near-infrared (NIR) region, live cells with little auto-
fluorescence could be stained by GQDs clearly. The 
process of NGO-PEG with Rituma selectively binding 
to Raji-B cell lymphoma is illustrated in Fig. 8 (a). The 
process of selectively binding between NGO-PEG with 
Rituxan (B-cell specific antibody, or so-called anti CD-
20) and Raji-B cell lymphoma is illustrated in Fig. 8 (a). 
After incubation with NGO-PEG-Rituxan conjugate, 
positive RajiB-cells exhibit bright green color in dark 
field, while Rituxan maintained its ability to specifically 
target B-cells [15].

4. Applications for cancer therapy
    In most cases, the aromatic drug molecules show poor 
water solubility, such as doxorubicin and Paclitaxel, but 
they might be loaded onto GO effectively though π-π 
stacking. As delivery vehicle, GO could also deliver gene 
and SiRNA to enhance their efficacies. 

    Squaraine, a class of dyes which are known to exhibit 
efficient photodynamic therapeutical application, bears 
the positive charge, interacts with GO, but the PL could 
be quenched accordingly. After addition of BSA to the 
Squaraine-GO composite, the fluorescence intensity raises 
as much as 80-fold because of the improved dye delivery 

Fig. 8 Nano-graphene for targeted NIR imaging of live cells. (a) A 
schematic drawing illustrating the selective binding and cellular imaging 
of NGO-PEG conjugated with anti-CD20 antibody, Rituxan. (b) NIR 
fluorescence image of CD20 positive RajiB-cells treated with the NGO-
PEG-Rituxan conjugate. The scale bar shows the intensity of total NIR 
emission (in the range 1100-2200 nm). Images are false-colored green. 
(c) NIR fluorescence image of CD20 negative CEM T-Cells treated with 
NGO-PEG-Rituxan conjugate. Copyright permission from ref. 15.

Fig. 9 SNGS functionalized with PEG. (a) A scheme of a NGS with PEG 
functionalization and labeled by Cy7. (b) An AFM image of NGS-PEG. 
(c) A UV-vis-NIR spectrum of a NGS-PEG solution at the concentration 
of 0.05 mg mL−1. NGS has high optical absorption from UV to NIR 
regions. Inset: a photo of a NGS-PEG solution at the concentration of 
0.5 mg mL−1. (d) Temperature change curves of the NGS-PEG solution 
and the water exposed to the 808 nm laser at a power density of 2 W 
cm−2. Rapid raise of temperature was noted for the NGS-PEG solution, 
in marked contrast to the water temperature which showed little change 
during the laser irradiation. Copyright permission from ref. 33.

by GO. It proves that GO could serve as a drug carrier 
[32].

   Actually, NGO-PEG/DOX complexes have been 
utilized for cancer therapy in H. Dai’s group [15]. In 
their work, the relative cell viability decreases more 
dramatically than that treated by free DOX. 

    As shown in Fig. 9, the PEGylated NGO was labeled 
with a NIR fluorescent dye Cy7 to study the in vivo 
behaviors of NGO. After intravenously injection of NGS-
PEG-Cy7 into Balb/c mice (with 4T1 murine breast 
cancer) and nude mice (with KB human epidermoid 
carcinoma or U87MG human glioblastoma), enrichment 
of NGS-PEG-Cy7 was observed in sites of tumors with 
high fluorescence, as shown in Fig. 10. The UV-vis-NIR 
spectrum showed that the NGO-PEG with a size range of 
10-50 nm could absorb NIR light highly. The high NIR 
absorption of NGO-PEG was successfully utilized for in 
vivo photothermal ablation of tumors (Fig. 11) [33].

    Early in 2011, Z. Liu et al. demonstrated that the 
Chlorin e6 loaded on PEGylated GO could be delivered 
into cells due to the efficient cell entry of GO-PEG. 
Moreover, they show that the combination of the NIR 
light-triggerd photothermal effect of graphene and the 
photodynamic treatment using Ce6 delivered by GO-PEG 
could enhance the PDT efficacy remarkably [34].

    In addition, the chitosan-functionalized GO and PEI-
grafted GO were also used as a nanocarrier for drug and 
gene[23], and SiRNA [22] deliveries to achieve enhanced  
therapy. 

5. Toxicity of graphene and graphene oxide
    Although many potential biological and medical 
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applications of graphene and its derivatives have been 
explored, their toxicities are remained to be debated. So 
far, there were many researches focusing on cytotoxicity 
of graphene and GO. For example, H. Wang et al have 
investigated GO-induced cytotoxicity in vitro through 
cell morphology, cell viability, cell mortality, membrane 
integrity and reactive oxygen species(ROS) level. Their 
results suggest that GO can not enter A549 cells and has 
no obvious toxicity. However, GO can cause a loss of cell 
viability at high concentration [35].

    Graphene with poor water solubility could cause some 
cells apoptosis and death. Y. Zhang et al. have showed 
that graphene can increase the activation of caspase [3], 
which releases of lactate dehydrogenase and activates 
generation of ROS, in neural pheochromocytoma-derived 
PC12 cells [10,36].

    Different results also emerged. Through methythiazoly-
diphenyl-tetrazolium bromide (MTT) assay, C. Haynes 
and coworkers found that it fails to predict the toxicity of 
graphene oxide and graphene toxicity because of a false 
positive result induced by the spontaneous reduction of 
MTT by graphene and GO. The water-soluble tetrazolium 
salt (WST-8), trypan blue exclusion, and reactive oxygen 
species assay have also been used as alternate assessments 
to assay the toxicity [37].

    On the other hand, for testing the in vivo toxicity, GO 
without any modification was injected into mice and 

Fig. 10 In vivo behaviors of NGS-PEG-Cy7. (a) The blood circulation 
curve of NGS-PEG-Cy7 determined by measuring Cy7 fluorescence 
in the blood at different time points post injection. The unit was a 
percentage of injected dose per gram tissue (% ID/g). Error bars were 
based on triplicated samples. (b) Spectrally unmixed in vivo fluorescence 
images of 4T1 tum or bearing Balb/c mice, KB, and U87MG tumor 
bearing nude mice at different time points post injection of NGS-PEG-
Cy7. Mouse autofluorescence was removed by spectral unmixing in 
the above images. High tumor uptake of NGS-PEG-Cy7 was observed 
for all of the three tumor models. Hairs on Balb/c mice were removed 
before fluorescence imaging. Copyright permission from ref. 33.

Fig. 11 In vivo photothermal therapy study using intravenously 
injected NGS-PEG. (a) Tumor growth curves of different groups after 
treatment. The tumor volumes were normalized to their initial sizes. 
There were 6 mice in the untreated, 10 mice in the ‘laser only’, 7 
mice in the ‘NGS-PEG only’, and 10 mice in the ‘NGS-PEG+laser’ 
groups. While injection of NGS-PEG by itself or laser irradiation on 
uninjected mice did not affect tumor growth, tumors in the treated 
group were completely eliminated after NGS-PEG injection and the 
followed NIR laser irradiation. (b) Survival curves of mice bearing 
4T1 tumor after various treatments indicated. NGS-PEG injected 
mice after photothermal therapy survived over 40 days without any 
single death. (c) Representative photos of tumors on mice after various 
treatments indicated. The laser irradiated tumor on NGS injected mouse 
was completely destructed. Error bars in (a) were based on standard 
deviations. Copyright permission from ref. 33.

dose-dependent pulmonary toxicity, accumulating in 
lungs, was abserved after. The reason is that physiological 
environment caused GO agglomerate [10]. However, 
PEGlytated-NGO mainly localized in liver and speen 
[10,33]. 

6. Conclusions
    Due to the π-π stacking force and hydrophobic 
interaction, it has been demonstrated that the graphene 
and GO could interact with biomacromolecules, such 
as DNA and enzymes, and may affect their biochemical 
properties. Therefore, graphene and GO could be utilized 
for enzymes immobilization and DNA detection. On the 
other hand, graphene-based composites and graphene 
quantum dots with tiny lateral dimension possess 
photoluminescence property. It has also been proved that 
they are promising candidates for biomolecules detection, 
cell imaging and cancer treatment. If the cytotoxicity and 
biodegradation could be addressed, the application of 
graphene and graphene-based nanomaterials in practical 
use would be unlimited. On the other hand, whether 
graphene and GO would bring hazardous effect on cells 
is still in intensive debate. If the concern of cytotoxicity 
could be addressed, the application of graphene and 
graphene-based nanomaterials in practical use would be 
unlimited.
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