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ABSTRACT: Because of the superiority of GQDs (graphene quantum dots) in biomedical imaging, in terms of biocompatibility
and toxicity of semiconductor quantum dots, GQDs bring new opportunities for the diagnosis and detection of diseases. In this
study, we synthesized photoluminescent (PL) graphene quantum dots (GQDs) through a simple exfoliation and oxidation
process, and then coated them with polydopamine (pDA) for enhanced stability in water and low toxicity in vivo. From the
results, the GQDs coated with pDA showed an excellent stability of PL intensity. It showed that the PL intensity of noncoated
GQDs in PBS solution rapidly decreased with time, resulting in a 45% reduction of the PL intensity for 14 days of incubation in
PBS solution. After coating with polydopamine, PL intensities of polydopamine-coated GQDs was maintained more stably for 14
days compared with uncoated GQDs. We have observed the in vitro and in vivo biocompatibility of pDA-coated GQDs in nude
mice. The overall observation revealed that pDA-coated GQDs could be used as a long-term optical imaging agent as well as a
biocompatible drug carrier.
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1. INTRODUCTION

In past decades, optical imaging agents based on nano-
technology have been studied extensively to overcome
photobleaching and toxicity of organic dyes, to avoid healthy
tissue damage by ionization of inorganic optical imaging agents,
and to improve the stability of dyes in vivo.1−7 Compared with
organic dyes, inorganic semiconductor quantum dots (QDs)
are considered to be one of the most effective materials,
showing photobleaching resistant properties and a high
quantum yield.8−14 However, issues of toxicity are prominent
among semiconductor QDs, and limited their application in
biological system.15−20 Therefore, several strategies, such as
surface modification and polymeric coating have been proposed
to minimize the toxicity of semiconductor QDs.21−26 However,
little progress of the toxicity problem is being reported.
Recently, similar applications of carbon-based graphene

quantum dots (GQDs) have been reported by a few research
groups,27−30 and their luminescent properties make them a very
promising candidate for cell imaging with a visible excitation
wavelength.31−33 Peng et al. reported on the synthesis of blue
and green color GQDs from carbon fiber, and also provided
adequate evidence to prove the chemical composition of the
GQDs, showing that a hexagonal GQDs contains numerous
amounts of carboxylic acid and hydroxyl groups, with a specific

energy band gap.34 They also have demonstrated that
excitation-based color is tuned by varying the reaction
temperature. Recently, our group reported a simple method
to synthesize photoluminescent near-infrared graphene nano-
particles, showing single or multiple graphene layers with a size
of only several nanometers.35

There are several well-known and well-studied materials such
as polyethylene glycol (PEG), PLGA, chitosan, heparin, poly
acrylic acid (PAA) introduced for surface coating and
functionalize. However in this study we have considered
dopamine to functionalize the 2D GQDs surfaces. The 3,4-
dihydroxyphenylalanine (DOPA) plays a key role in mussel
adhesion in an aqueous environment.36 It has been widely
reported/acknowledged that DOPA is a novel and dramatic
material which can be used to modify any smooth or rough
surface to make it cohesive and functionalized.37−40 Hong et al.
has reported that pDA-coated QDs greatly reduced the
inflammatory response and the immunological responses of
blood.41 In this study, pDA was chosen as a coating material as
it has been widely studied to coat graphene, graphene oxide,
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silver nanoparticle and gold nanoparticles, observed as an
emerging bioinspired materials.42,43

In this study, mussel-inspired pDA was introduced into the
GQDs to interconnect with each other. It is also expected to
improve the PL stability of GQDs for a long-term in vivo. The
particle size of pDA-coated GQDs increased from 9 to 30 nm
in diameter, depending on the polymerization duration. The
presence of pDA was confirmed on the surface of GQDs by
FT-IR and FT-NMR spectroscopic analysis. Thermal stabilities
of GQDs and pDA-coated GQDs were compared by TGA and
DTA. Most importantly we have investigated the optical
imaging profile of GQDs and pDA-coated GQDs in both in
vitro and in vivo systems. The intravenously injected pDA-
coated GQDs shows the interesting biodistribution profile in
nude mice as observed by noninvasive molecular imaging
system. In vitro and in vivo observations demonstrated that
pDA-coated GQDs had improved biocompatibility, and PL
stability of GQDs for a long-term. GQDs are considered as a
new potential optical imaging agent for in vitro and in vivo
applications, and pDA coating can enhance PL stability in
aqueous solution as well as biocompatibility. The pDA-
mediated surface-unctionalized GQDs could be further studied
to learn feasibility for drug delivery and biomedical imaging.

2. EXPERIMENTAL SECTION
Materials. Pitch carbon fiber (5−10 μm in diameter) was

purchased from Fiber Glast Development Corporation (Carr Drive
Brookville, OH). Sulfuric acid, nitric acid, sodium hydroxide, sodium
carbonate and dopamine were purchased from Sigma-Aldrich (St.
Louis, MO). Cell culture reagents, including fetal bovine serum (FBS),
Dulbecco’s Modified Eagle Medium (DMEM), penicillin- streptomy-
cin, trypsin/EDTA, and Dulbecco’s phosphate buffer saline (PBS)
were purchased from Gibco BRL (Carlsbad, CA, USA). 3-(4,5-
dimethylthiazol-2-yl)-2 and 5-diphenyl tetrazolium bromide (MTT)
were obtained from Amresco Inc. (Solon, OH, USA).
Synthesis of Photoluminescent Graphene Quantum Dots.

Sulfuric acid (40 mL) and carbon fiber (CF, 100 g) were added to a
beaker and were sonicated by ultrasonicator for 10 min at room
temperature. Nitric acid (20 mL) and sulfuric acid (40 mL) were
added to a three neck flask and were placed in a heating mantle.35,44

The temperature was adjusted to 95 ± 5 °C and the previously
sonicated carbon fiber solution was slowly injected to the flask by a
syringe injector. Reaction was carried out for 12 h at the same
temperature. Citric acid (100 mg) was added and stirring was
continued for 1 h at 60 ± 5 °C. An excess amount of water (300 mL)
was added slowly to the beaker. Sodium hydroxide and sodium
carbonate were added respectively to the solution to bring the pH to
8.0. The flask was placed in an ice bath and the temperature was
controlled to 0−4 °C with slow stirring. Precipitated material was
removed from the flask by decantation, and the GQDs containing
solution was freeze-dried for 48 h.
Polydopamine-Coated Graphene Quantum Dots. The

required amount of Tris-buffered saline (TBS, pH typical of marine
environments, 2 mg/mL of 10 mM tris, pH 8.5) was added to a
beaker.45 DOPA (30 mg) was dissolved in the buffer and was stirred
for 3, 6, and 12 h at room temperature. Hydrochloric acid (0.1 N) was
added slowly to the solution until the pH reached 4.5. Degree of
polymerization of polydopamines was estimated from the 1H NMR
spectrum of respective pDA formulations (3, 6, and 12 h). The
previously prepared dried GQDs were added to the solution and
stirring was continued for 2 h under the same conditions. The solution
was dialyzed (MWCO-2000) against water for 12 h to remove the
uncoated GQDs and free DOPA. The solution was dried in freeze-
dryer for 48 h to result in a dried powder.
Characterization of GQDs and Polydopamine-Coated GQDs.

The size distribution and morphologies of GQDs nanoparticles were
examined using dynamic light scattering (DLS) (ELS-Z2, Otsuka

Electronics Co., Ltd., Japan) and a TEM (JEOL, Japan). Photo-
luminescence, excitation and emission were measure by luminescent
analyzer FluoroMate FS-2 (Scinco, Korea). The thermal stability was
studied using a TA-Q50 thermo-gravimetric analyzer (TGA) (TA,
state). Each sample (GQDs and pDA-coated GQDs) was heated from
room temperature to 500 °C with a heating rate of 10 °C/min under a
nitrogen atmosphere. The XRD data were collected on a Rigaku D/
Max Ultima II Powder X-ray diffractometer (Rigaku Corporation,
Japan). XPS analyses were carried out on a PHI Quantera X-ray
photoelectron spectrometer with a chamber pressure of 5 × 10−9
Torr and an Al cathode as the X-ray source. The source power was set
at 100 W, and pass energies of 140.00 eV for survey scans and 26.00
eV for high-resolution scans were used.

In Vitro Stability of Polydopamine-Coated GQDs. To
investigate the stability of GQDs nanoparticles, we measured the
changes in the fluorescent intensity of GQDs and pDA-coated GQDs
nanoparticles in an aqueous solution (PBS), serum solution (10% FBS,
90% PBS) and electrolyte solution (2% NaCl) over time.46 PL
intensity was also observed at four different pH values (5, 7, 9 and 11).
GQDs (1 mg/mL) and pDA-coated GQDs nanoparticles (1 mg/mL)
were dispersed in different solvents, and changes of PL intensity were
monitored for 14 days.

Cytotoxicity and Cellular Imaging of Polydopamine-Coated
GQDs. In vitro toxicity of GQDs and D-GQDs has been examined in
KB cells for 24 and 48 h. At 37 °C and a 5% CO2 containing
humidified atmosphere, cells were grown in a medium containing
MEM with 10% fetal calf serum. The cells (5 × 104 cells/mL), grown
as a monolayer were harvested by 0.25% trypsin-0.03% EDTA
solution. 200 μL KB cells containing medium were placed in 96 well
plates and were incubated for 24 h. After 24 h, the complete medium
was suctioned and samples were added to the wells at different
concentrations (10, 25, 50, 100, and 200 μg/mL) with complete
medium. MTT solution aliquots at 5 mg/mL in PBS were prepared,
followed by culture incubation with this solution at 5% in the culture
medium for 4 h in an incubator with a moist atmosphere of 5% CO2 at
37 °C. After 4 h, 100 μL of MTT solubilizing solution was added and
shaken for 15 min. Finally, the absorbance of the MTT colorimetric
assay was measured by Varioskan flash (Thermo Scientific, USA) at a
wavelength of 570 nm. The viable quantity of cells was then calculated
by the following equation:

=

×

cell viability (%) (absorbance of sample cells

/absorbance of control cells) 100

For a cellular uptake study of GQDs and D-GQDs, they were each
added and incubated with the KB cell line. The KB cells were cultured
at 37 °C in a humidified atmosphere containing 5% CO2 in a MEM
medium with 10% fetal bovine serum. The cells (5 × 104 cells/mL)
were grown as a monolayer, and were harvested by 0.25% trypsin-
0.03% EDTA solution. The cells (200 μL) in their respective media
were seeded in an 8-well plate and were preincubated for 24 h before
the assay. Both the GQD (0.1 mg/mL) and D-GQD (0.1 mg/mL
equivalent to GQDs) formulations were added to 8-well plates and
were incubated for 1 h before observation by a confocal laser scanning
microscope (CLMS). The wells were washed 5 times with PBS to
remove the free particles from the cells. A 4% formaldehyde solution
was added to preserve the cells, and the fixed cells were observed by
CLMS. The cells were scanned at 530 nm excitation to get PL
intensity of GQDs.

In Vivo Biodistribution and Imaging Study. Six to seven week-
old SKH1 female nude mice (ranges of body weight was 20−23 g)
were purchased from Orient Bio INC., (Seoul, Korea) and were
maintained under specific pathogen-free conditions. All experiments
were approved by institutional guidelines of the Institutional Animal
Care and Use Committee (IACUC) of the Catholic University of
Korea College of Medicine in accordance with NIH Guidelines. For in
vivo imaging studies, nude mice were administered with GQDs and
pDA-coated GQD nanoparticles (50 μL, 5 mg/kg) respectively
through intravenous injection (IV). Mice were then anesthetized with
ketamine (87 mg/kg, Virbac Laboratories, France) and xylazine (13
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mg/kg, Kepro B.V., Netherland) via intraperitoneal injection, and
noninvasive images of GQDs injected mice were taken by a time-
domain diffuse optical tomography system. In the Experimental
Section, mice were placed on the imaging platform. Images were taken
at 4 h post injection. The mice were dissected to isolate the organs and
optical ex vivo images were taken to observe biodistribution. The 3D
scanning region of interest was selected using a bottom-view charge-
coupled device (CCD).46 All images were taken using the Kodak in
vivo imaging system (4000MN PRO, Kodak, USA). Exposure time was
30 s, and excitation and emission filter were 530 and 550, respectively.

3. RESULTS AND DISCUSSION

Synthesis and Characterization of Graphene Quan-
tum Dots. To make monolayered graphene quantum dots, we
first performed exfoliation of carbon fiber in a strong acid
mixture (cosolvent of sulfuric acid and nitric acid) for 12 h at
95 ± 5 °C. Figure 1 and Scheme S1 in the Supporting
INformation showed the formation of zigzag shaped graphene
quantum dots, containing a number of hydroxyl, carboxyl and
keto groups around the edge and surfaces. The PL emission
(550 nm) and excitation (530 nm) spectrum of GQDs shows a
narrow emission spectra (30−40 nm full width at half-
maximum of the spectrum, fwhm) with excellent photo-
luminescent intensity. From HRTEM, we confirmed that
graphene quantum dots have a hexagonal structure and are 4−6
nm in diamter. The hydrodynamic particle size of GQDs was
also measured by DLS, shows particle size ranges from 3 to 7
nm in diamters. The GQDs showed negative value in zeta
potential measurement due to presence of numerous hydroxyl
and carboxyl groups. The water-soluble GQDs dramatically lost

the PL intensities under different conditions (FBS, 10% FBS
and 2% NaCl solution) as shown in Scheme S1. The possible
reason of unstable PL intensity of GQDs in aqueous solution is
due to the charge−charge interactions between protons (H+)
generated from H2O and negative charged GQDs, resulting in
quenching of PL intensity of the GQDs.

Polydopamine-Coated Graphene Quantum Dots. To
maintain PL intensity of GQDs in water long term, we utilized
the self-polymerization of DOPA at pH 8.5. The coating has
been performed through two steps; first polydopamine (pDA)
was formed from DOPA through vigorous stirring at pH 8.5 at
different duration (3, 6, and 12 h) shown in Scheme S2 in the
Supporting Information. The polymerization of pDA or
repeating unit of DOPA was controlled by controlling
polymerization time. The pDA3, pDA6 and pDA12 were
characterized by 1HNMR to estimate degree of polymerization
dopamine for 3, 6, and 12 h of reaction, respectively. The
results presented in Figure S2 in the Supporting Information
show that degree of polymerization is 12, 48, and 97 for pDA3,
pDA6 and pDA12, respectively (see Figure S2 in the
Supporting Information). DSC analysis of polydopamine-
coated GQDs also shows that the molecular weight of D-
GQD12 is higher than those of D-GQD3 and D-GQD6.The
results obtained from 1H NMR match with the DSC. Before
adding the GQDs, the pH of the pDA containing solvent was
controlled to 4.5 to avoid any multilayer coating. The mixture
were stirred for 2 h at room temperature as shown in Scheme
S3 in the Supporting Information, resulting in the surfaces of
GQDs was covered by pDA due to oxidation of catechol

Figure 1. Properties of GQDs. (a) Computer simulated structure of GQDs containing carbon (gray), oxygen (red), and hydrogen (white) atoms as
carboxylic and hydroxyl functional groups. (b) UV absorbance and photoluminescent excitation and emission spectrum of GQDs. (b) TEM image of
GQDs (scale bar indicates 100 nm). (d) Average size distribution of GQDs measured by dynamic light scattering (DLS). (e) HRTEM images of
GQDs showing the edge structure of lattice and 2D Fourier transform pattern.
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groups.39 It seems that the catechol of pDA strongly interacts
with the surfaces of GQDs through coordination bonding, as
shown in Scheme S4 in the Supporting Information. The

successful coating of GQDs was confirmed by FT-IR spectra, as
the moieties of DOPA such as catechol and amine groups
appeared in FT-IT spectra, as shown in Figure S3. The

Table 1. Size and Zeta Potential of GQDs and pDA-Coated GQDs

formulation GQDs (mg) DOPA (mg) TBS (pH-8.5) mL reaction period size (nm) zeta potential (mV)

GQDs 10 N/A N/A 5 ± 2 −9.26 ± 0.75
DOPA 30 15 N/A N/A −13.93 ± 1.05
D-GQD3 10 30 15 3 7 ± 2 −19.29 ± 0.22
D-GQD6 10 30 15 6 12 ± 3 −21.33 ± 1.11
D-GQD12 10 30 15 12 21 ± 5 −22.66 ± 0.79

Figure 2. Size and morphology of pDA-coated GQDs. TEM images of pDA-coated GQDs (a) D-GQD3, (b) D-GQD6, and (c) D-GQD12 shows
the size variation depending on the polymerization time. The magnified TEM images show the pDA layer coated on the GQDs. The average sizes of
(d) D-GQD3, (e) D-GQD6, and (f) D-GQD12 are 8, 15, and 24 nm, respectively.

Figure 3. Thermal stability of GQDs and pDA-coated GQDs measured by (a) TGA and (b) DTA. (c) Glass transient temperature of GQDs and the
coated GQDs. The thermal degradation and thermal profile demonstrated that the surfaces of GQDs have been successfully coated by pDA.
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spectrum of pDA-coated GQDs shows the presence of both
carboxyl (−COOH, ∼1600 cm−1) and amine (−NH, ∼1550
and ∼1700 cm−1) groups as well as hydroxyl (−OH, ∼3400
cm−1) functional groups. The as synthesized GQDs and pDA-
coated GQDs were further analyzed by XPS. Figure S4 in the
Supporting Information shows the C 1s core level XPS survey
scanning spectrum of those respective products. The C 1s
spectra of GQDs attributable to the C−C, C−O, CO, and
O−CO where as pDA-coated GQDs attributable to the C−
C, C−N, C−O, CO, and O−CO species. The results do
not demonstrated any evidence reduction of GQDs due to
pDA coating. Figure S5 in the Supporting Information shows
the NMR spectrum of DOPA, GQDs, and pDA-coated GQDs.
The spectrum confirm the pDA located on the surface or edge
of GQDs as the amine (−NH2) and hydroxyl (−OH) moieties
of DOPA confirmed by NMR analysis. The zeta potential
showed that each GQDs and DOPA was −9.26 ± 0.75 and
−13.93 ± 1.05. After coating with pDA, the zeta potential
values of D-GQD3, D-GQD6, and D-GQD12 was slightly
increased to −19.29 ± 0.22, −21.33 ± 1.1,1 and −22.66 ± 0.79
mV, respectively, as shown in Table 1 and Figure S6 in the
Supporting Information. From the TEM and DLS observation,
the average size of D-GQD12 increased to about 3 times than
that of D-GQD3, resulting in a higher polymerization of DOPA
with GQDs (Figure 2a−c). The larger particle at D-GQDs12
represents the aggregation of two or more nanoparticles. The
results demonstrated that the higher polymerization of pDA
could link two or more GQDs where as the shorter
polymerization could only coat single GQDs. The DLS data
also shows the mean diameter of the D-GQD3, D-GQD6 and
D-GQD12 to be 8, 15, and 24 nm, respectively (Figure 2d−f).
The thermal properties of pDA-coated GQDs were observed by
thermal gravimetric analysis (TGA) and differential thermal
analysis (DTA), Figure 3 demonstrated that the weight loss of
the pDA-coated GQDs started from 280 °C, whereas carbon
fiber was maintained up to 500 °C. D-GQD3, D-GQD6, and
D-GQD12 also showed a different weight loss and increased

with increasing amounts of pDA to around 30%. The DTA
spectrum of GQDs showed three exothermic peaks, whereas
CF did not show any exothermic or endothermic properties.
PDA-coated GQDs showed an exothermic peak at around 300
°C (Figure 3b). The glass transient temperatures (TG) of CF,
GQD, and pDA-coated GQDs were measured and showed
noncoated CF does not have TG up to 500 °C On the other
hand, TG values of GQDs, D-GQD3, D-GQD6 and D-GQD12
are 460, 300, 290, and 320 °C, respectively (Figure 3c).

Stability of Polydopamine-Coated GQDs. Photolumi-
nescent (PL) stability of GQDs and pDA-coated GQDs were
observed in PBS, 10% FBS, pHs (5, 7, 9, and 11) buffers and
electrolytes solution (2% NaCl) for 14 days, respectively.
Figure 4 shows that the PL intensity of noncoated GQDs in
PBS solution rapidly decreased with time, resulting in a 45%
reduction of the PL intensity for 14 days of incubation in PBS
solution. After coating with pDA, PL intensities of D-GQD3,
D-GQD6, and D-GQD12 were maintained stability for 14 days
compared with GQDs. Figure 4c also showed a different PL
intensity between coated and noncoated GQDs. This dramatic
result is likely due to the aggregation or protonation of the
surface of GQDs with serum/strong acid, causing quenching of
GQDs. PL stability of GQDs and pDA-coated GQDs presented
at Figure 4d, measured after 1 h of vortexing. The results
demonstrated that the coated GQDs are stable in acidic, neutral
and base pH, because the excess proton of acidic buffer could
not get in touch of the GQDs due to coated by pDA. Resulted
in no PL quenching of GQDs was occurred. However, the free
PL intensity GQDs was also stable in pH higher than 7 due to
no possibility quenching through charge−charge interaction
(negative charged GQDs and proton). From the results, we
concluded that the coated pDA on the surface of GQDs
provides a barrier to GQDs over the long term. However, dip-
coating of GQDs by pDA improves PL stability in aqueous
solution due to the covering of the edge and surfaces of GQDs,
and therefore quenching did not occur. At the same time, the
pDA linked with GQDs through coordination bonding on the

Figure 4. In vitro stability of GQDs and pDA-coated GQDs. PL intensities (a) in phosphate buffer saline (PBS), (b) in 10% fetal bovine saline
(FBS), (c) in 2% NaCl solution, and (c) in pH buffers for 14 days. Data represent mean ± SEM (n = 6).
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surface of GQDs, which enhances PL stability of GQDs (see
Scheme S4 in the Supporting Information). Size stability of
GQDs and D-GQDs was also observed for 7 days to observe
the changes of diameter of GQDs and D-GQD6 in different
media such as PBS, 10% FBS, 2% NaCl solution. The results
demonstrate that the GQDs become aggregate as particle size
increased. However, no precipitation was observed through
naked eyes during those 7 days of observation (see Figure S7 in
the Supporting Information).
In Vitro Cytotoxicity. The cytotoxicities of GQDs and

pDA-coated GQDs were investigated in KB cancer cell lines.
Different concentrations (50, 100, 250, and 500 μg/mL) of
GQDs and the coated GQD were incubated for 24 h and cell
viability was measured by MTT colorimetric assay. The results
demonstrated that the largest amounts of viable cells are
observed in D-GQD12, indicating a direct relationship between
cell viability and the amount of pDA. The noncoated GQDs
expressed minimal cytotoxicity due to the huge amount of
oxygen on the surface and on the edge. However, after coating
with biocompatible bioinspired pDA, GQDs do not show any
mentionable toxicity in cells, as shown in Figure 5.

In Vitro Cellular Imaging. Figure 6 shows the cellular
uptake profile of GQDs formulations in the KB cells observed
by confocal laser scanning microscope after 1 h of incubation
with GQDs and pDA-coated GQDs, respectively. The result
showed that free GQDs, as well as pDA-coated GQDs are
capable of entering into the KB cell line. After 1 h incubation,
we could observe strong green color PL intensity from GQDs
and pDA-coated GQDs, respectively. The negatively charged
GQDs and pDA-coated GQDs were effectively taken up by the
cells and observed in the cytoplasm and membrane. The in
vitro cell imaging results were well-matched with those of MTT
assay. It is assumed that the strong cellular uptake of noncoated
GQDs is related with cytotoxicity of GQDs at high
concentration. However, the strong optical signal of the coated
pDA in the cells may be not related with cytotoxicity, as shown
in Figure 6. As further study, we may need to carry out toxicity
study with animals in order to determine the long-term effects
of such nanoparticles.
In Vivo Imaging of Polydopamine-Coated GQDs. To

evaluate in vivo biodistribution and bioimaging, pDA-coated
GQDs (D-GQD3, D-GQD6 and D-GQD12) and GQDs were
dispersed in PBS and were injected into nude mice individually
through tail vein. The mice were sacrificed 4 h after i.v.
injection, and images were taken by a Kodac Molecular Imaging

System (KMIS). The mice were dissected and the organs (lung,
kidney, liver, spleen and kidney) were isolated from the mice.
The ex vivo images of those isolated organs were then observed
by KMIS to distinguish biodistribution, location and accumu-
lation of the administered GQDs and pDA-coated GQDs,
respectively. Figure 7 demonstrates the fluorescence images of
GQDs and pDA-coated GQDs after i.v. injection in mice. We
confirmed that both GQDs and pDA-coated GQDs were
distributed into each organ tissue (heart, liver, lung, spleen and
kidney) through systemic circulation. The relatively low
fluorescence intensity for noncoated GQDs might reflect the
rapid renal clearance of GQDs with size in the range of 3−6 nm
after 4 h injection. On the other hand, the coated D-GQDs
showed stronger fluorescence intensities in each organ than
GQDs, except in the lung. In the liver, we found that the
fluorescence intensity of mice treated by D-GQD12 is brighter
than those of GQDs, D-GQD3, and D-GQD6 injected mice,
indicating the presence of D-GQD12 in the liver for a longer
period. We assumed two possible ways; one of the reasons is
that the PL intensity of D-GQD12 is more stable than those of
GQDs, D-GQD3 and D-GQD6. The other is that the excretion
rate of D-GQD12 is slower than that of other formulations as
the particle size is larger. The different biodistribution profile
was also observed due to variation in particle size and

Figure 5. In vitro cytotoxicity of GQDs and pDA-oated GQDs.
Different concentration of GQDs, D-GQD3, D-GQD6 and D-GQD12
were cocultured with KB cells and were incubated for 24 h to measure
cell viability by MTT colorimetric assay. Data represents mean ± SEM
(n = 6).

Figure 6. In vitro cellular uptake study observed by confocal laser
scanning microscope. (a) GQDs, (b) D-GQD3, (c) D-GQD6, and (d)
D-GQD12 were cocultured with KB cells and were incubated for 1 h.
Scale bar indicates 50 μm.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am4023863 | ACS Appl. Mater. Interfaces 2013, 5, 8246−82538251



properties. The in vivo observation and findings from the
animal experiments demonstrate that the modification of
GQDs by pDA retains PL intensity in the in vivo model. A
dramatic biodistribution profile was also observed among the
animals treated by different GQDs formulations.

4. CONCLUSIONS

In our study, pDA successfully covered the surfaces of the
GQDs by means of catechol chemistry. Our supporting data
provided us a broad range of evidence and profiling of surface
modification, PL stability and thermal stability. PDA-coated
GQDs show better PL stability than noncoated GQDs,
maintaining quite stable PL intensities for 14 days. Cell images
observed by confocal laser scanning microscope demonstrated
that the GQDs and pDA-coated GQDs are promising
candidates for single cell imaging. Optical images in nude
mice demonstrate visualization to track the location of GQDs
found in different organs, such as the liver, spleen and kidney.
In vivo biodistribution of the GQDs also show different
fluorescence intensities according to the size and coating
thickness. Finally, we conclude that the bioinspired catechol
chemistry-mediated surface modification of GQDs is a
biocompatible and promising method to enhance PL stability
for the long-term. The pDA-coated GQDs could be considered
as a promising agent for drug and gene delivery. Further studies
can be continued based on the surface decoration by different
agents such as anticancer drugs and MRI imaging agents or
genes, for a novel drug design and delivery.
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