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S
p2 carbon nanomaterials especially car-
bon nanotubes have attracted signifi-
cant interest in the area of nano-

medicine in the past decade. Functionalized
carbon nanotubes have been widely ex-
plored as drug delivery vehicles for poten-
tial cancer treatment, contrast agents in
different imaging modalilties, and novel
biosensor nanoplatfroms.1�5 Graphene, a
single or few-layered two-dimensional (2D)
sp2-bonded carbon sheet, is another class of
sp2 nanocarbons and exhibits many out-
standing properties in physics and chemis-
try. Since its discovery in 2004, graphene
has been extensively studied in many dif-
ferent fields including nanoeletronics, com-
posite materials, energy research, catalysis,
and more recently biomedicine.6�20 Utiliz-
ing the interesting optical, electrical, and
chemical properties of graphene, various
graphene-based biosensors have been fab-
ricated to detect biomolecules with high
sensitivities.12,21�30 Graphene has a poly-
aromatic surface structure with an ultrahigh
surface area, which is available for efficient
loading of aromatic drugmolecules viaπ�π

stacking for applications in drug deli-
very.13,14,31�34 Recently, we and others have
also demonstrated effective gene delivery
with graphene nanovectors.35,36 Owing to
its high optical absorption in the near-infra-
red (NIR) region, PEGylated graphene oxide
(GO-PEG) has also been used for efficient
photothermal ablation of tumors in animal
experiments in our recent study.16 Our
latest work37 used a radiolabeling met-
hod to study the pharmacokinetics and
biodistribution of intravenously injected
GO-PEG in mice, observing gradual renal
and fecal clearance, which was confirmed
by direct counting of GO-PEG aggregates in
themouse liver. Systematic serum chemistry,
complete blood panels, and histological as-
says all showed that GO-PEG at our injected

dose (20 mg/kg) was not obviously toxic at
least to mice. Those results encourage the
future exploration of graphene-based nano-
medicine for novel cancer therapies.
Photodynamic therapy (PDT) is known as

a noninvasive medical technology to treat
diseases such as cancer. In the process of
PDT, the photosensitizer (PS) molecule
transfers the photon energy to surrounding
oxygen molecules to generate reactive oxy-
gen species (ROS) such as singlet oxygen
to kill cancer cells under the irradiation of
light with appropriate wavelengths.38�40

Compared to traditional chemotherapies
and radiotherapies, PDT cancer treatment
shows remarkably reduced side effects and
improved selectivity since only the lesion
that is exposed to the light is treated,
while other tissues in the dark are not
affected. To increase the water solubility
of PS molecules and improve their deliv-
ery into cancer cells, various nanocarriers
have been actively developed for the
delivery of PDT agents.41

Clinical hyperthermia methods, including
incubation chambers, limb perfusion, and
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ABSTRACT Graphene with unique physical and chemical properties has shown various potential

applications in biomedicine. In this work, a photosensitizer molecule, Chlorin e6 (Ce6), is loaded on

polyethylene glycol (PEG)-functionalized graphene oxide (GO) via supramolecular π�π stacking.

The obtained GO-PEG-Ce6 complex shows excellent water solubility and is able to generate cytotoxic

singlet oxygen under light excitation for photodynamic therapy (PDT). Owing to the significantly

enhanced intracellular trafficking of photosensitizers, our GO-PEG-Ce6 complex offers a remarkably

improved cancer cell photodynamic destruction effect compared to free Ce6. More importantly, we

show that the photothermal effect of graphene can be utilized to promote the delivery of Ce6

molecules by mild local heating when exposed to a near-infrared laser at a low power density,

further enhancing the PDT efficacy against cancer cells. Our work highlights the promise of using

graphene for potential multifunctional cancer therapies.
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radiowave irradiation, are able to increase the lesion
temperature, improving the therapeutic effect of che-
motherapy drugs.42�45 However, such nonspecific
heating may also increase the toxicity of chemother-
apy to normal organs. In recent years, photothermal
therapy using optical absorbing nanomaterials includ-
ing graphene has beenwidely applied to “cook” cancer
cells at high temperatures above 50 �C under NIR light
irradiation.16,46�51 On the other hand, it has been
demonstrated in a recent work that mild photothermal
heating to∼43 �C by lower power NIR laser irradiation
of FeCo/graphitic nanoparticles was able to enhance
the intracellular delivery of a chemotherapy drug,
doxorubicin, for improved cancer cell killing.52

In this work, we show that nanographene can be an
excellent nanoplatform for PDT delivery, whose effi-
ciency is further improved by the unique photothermal
treatment. Branched PEG-functionalized nanographene

oxide (GO-PEG) is loaded with Chlorin e6 (Ce6) via π�π
stacking. The graphene-based PDT delivery offers dra-
matically increased intracellular shuttling of Ce6, largely
enhancing the light-induced cancer cell killing effi-
ciency. Interestingly, we uncover that graphene with
high NIR absorption is able to produce local heating
under NIR laser irradiation atmild conditions, increasing
the cellular uptake of GO-PEG-Ce6 by approximately
2-fold and thus further enhancing the cancer cell killing
during PDT treatment. Our data show the promise of
using graphene in combined phototherapies of cancer
with synergistic efficacies.

RESULTS AND DISCUSSIONS

Graphene oxide (GO) was conjugated to amine-
terminated six-armed PEG via amide formation follow-
ing our previously reported procedures and then
loaded with Ce6 via supramolecular π�π stacking

Figure 1. Loading of Ce6 on GO-PEG. (a) Schematic drawing showing Ce6 loading on GO-PEG. Red: Ce6; black: GO; blue: six-
arm PEG. (b) AFM image of GO-PEG. (c) UV�vis spectra of GO-PEG-Ce6 at different Ce6 feeding concentrations. Inset: photo of
GO-PEG (left) and GO-PEG-Ce6 (right) solutions. (d) Relationship between the feeding Ce6 concentrations and the amounts of
Ce6 loaded on GO-PEG. (e) Release of Ce6 from GO-PEG-Ce6 in PBS. Error bars were based on standard deviations (SD) of
triplicate samples.
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(Figure 1a), which was a strategy widely used to load
aromatic chemotherapy drugs (e.g., doxorubicin) on
the surface of sp2-bonded nanocarbons such as gra-
phene and carbon nanotubes.13,14,31,53,54 PEGylated
nanographene (GO-PEG) exhibited excellent stability
in a range of physiological solutions including saline,
cell medium, and serum (Supporting Figure S1).13,14,16

Atomic force microscope (AFM) imaging showed that
the size of GO-PEG was less than 50 nm and the
thickness was about 1 nm (Figure 1b). After mixing
GO-PEG with varied concentrations of Ce6 in phos-
phate-buffered saline (PBS) overnight and the followed
purification to remove free Ce6, successful Ce6 loading
on GO-PEG was evidenced by UV�vis spectra of GO-
PEG-Ce6, in which the characteristic Ce6 absorption
peaks were clearly identified (Figure 1c). The UV�vis
peak at 404 nm was then used to determine the
concentrations of Ce6 in GO-PEG-Ce6 samples after
subtraction of absorbance contributed by GO-PEG. We
investigated the relationship between the feeding
concentrations of Ce6 and the amount Ce6 finally
loaded on GO-PEG by UV�vis spectra (Figure 1c and
d). It was found that the loading capacity (the weight
ratio of Ce6:GO in the GO-PEG-Ce6 sample) of Ce6 on
GO-PEG reached a maximum of 15% at Ce6 concentra-
tions above 3 mM. We chose 1 mM Ce6 as the appro-
priate feeding concentration (mCe6/mGO-PEG ≈ 0.11) in

our following experiments. Although the loading of
Ce6 on GO-PEG is less efficient, excess unloaded Ce6
may be collected and recycled to reduce the cost of
future large-scalemanufacture. The Ce6 loaded onGO-
PEG was rather stable in phosphate buffers with acidic
(pH 5) and neutral pH (pH 7), as well as in fetal bovine
serum (FBS) (Figure 1e). Due to the deprotonation of
carboxyl groups in the Ce6 molecule, its release from
GO-PEGwas accelerated in basic solutions (e.g., pH= 9).
For long-term storage, GO-PEG-Ce6 may be stored in a
slightly acidic environment (e.g., pH = 5) to avoid
premature release of Ce6.
To understand the interaction between graphene

and Ce6, fluorescence spectra of GO-PEG-Ce6 and Ce6
were recorded (Figure 2a). It was uncovered that
80�90% of Ce6 fluorescence was quenched once it
was loaded on GO-PEG, likely owing to the direct
contact between Ce6 and the graphene sheet
(Figure 2a and b). Singlet oxygen generation was the
critical step in PDT. We then compared the abilities of
singlet oxygen generation between GO-PEG-Ce6 and
free Ce6 under irradiation by a 660 nm laser (Figure 2c
and d). The generation of singlet oxygen (1O2) was
detected by the bleaching of N,N-dimethyl-4-nitrosoa-
niline (RNO), whose absorbance at 440 nm would be
diminished in the presence of 1O2.

55 Interestingly,
although the fluorescence of Ce6 was drastically

Figure 2. Fluorescence and singlet oxygen generation data of GO-PEG-Ce6 and free Ce6. (a) Fluorescence spectra of GO-PEG-
Ce6 and free Ce6 at 100 nM of Ce6 equivalent under 400 nm excitation. (b) Fluorescence intensities of GO-PEG-Ce6 and free
Ce6 at different concentrations. (c) Time-course generation of singlet oxygen by GO-PEG-Ce6 and free Ce6 at 2 μM of Ce6
equivalent under 660 nm laser irradiation (0.1 W/cm2). (d) Generation of singlet oxygen by GO-PEG-Ce6 and free Ce6 at
different concentrations after 660 nm laser irradiation (0.1W/cm2) for 10min. The decreased RNO absorbance at 440 nm (ΔA)
was in linear relationship to the concentration of generated singlet oxygen. Error bars were based on the SD of triplicated
samples.
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quenched after it was loaded on graphene (10�15% of
free Ce6), the 1O2 production ability by GO-PEG-Ce6
was still substantially high (50�60% of free Ce6). We
are aware that the quenching effect of 1O2 production
from Ce6 by GO-PEG appears to be less drastic com-
pared to that by carbon nanotubes in an earlier study,56

likely owing to the difference in their structures, as GO
has much more surface defects and may be less
effective in energy absorbing compared with pristine
single-walled carbon nanotubes. The largely retained
1O2 generation efficiency of Ce6 loaded on graphene

allows us to use GO-PEG-Ce6 for PDT treatment of
cancer cells.
We next tested the graphene-delivered PDT in cel-

lular experiments using human nasopharyngeal epi-
dermal carcinoma KB cells. Cells were incubated with
Ce6, GO-PEG, and GO-PEG-Ce6 at a series of concen-
trations for 24 h and then irradiatedwith a 660 nm laser
at a power density of 0.1W/cm2 for 10min (light dose =
60 J/cm2). The standard methyl thiazolyl tetrazolium
(MTT) assay was carried out to determine relative
viabilities of cells at 24 h post various treatments.

Figure 3. In vitro photodynamic cancer cell killing. (a�d) Cell viability data obtained from the MTT assay of KB cells after
various treatments indicated. Relative cell viabilities in all samples were normalized to the control saline-added samples
without laser irradiation (100% viability). Cells treated with GO-PEG-Ce6 and free Ce6 without (a) and with (b) irradiation by
the 660 nm laser (0.1W/cm2, 10min). Cells treatedwith GO-PEG-Ce6 andGO-PEGwithout (c) andwith (d) light irradiation. The
cell viability values were all normalized to control untreated cells. Tyrpan blue stained images of KB cells incubated with Ce6
(e, g) or GO-PEG-Ce6 (f, h) with andwithout laser irradiation. The Ce6 concentrationwas 1 μM in e�h. Error barswere based on
SD of four parallel samples.
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Without light exposure, GO-PEG-Ce6 and free Ce6
exhibited negligible dark toxicity to KB cells (Figure
3a). Surprisingly, although GO-PEG-Ce6 was less effec-
tive in 1O2 generation, its cancer cell killing effect when
irradiated by the 660 nm laser was remarkably higher
than that of free Ce6 at Ce6 concentrations from0.25 to
2 μM (Figure 3b). As expected, GO-PEGwas not toxic to
KB cells either in the dark (Figure 3c) or under light
irradiation (Figure.3d). Microscopic images of Trypan
blue stained cells further evidenced the improved PDT
efficiency of GO-PEG-Ce6 over free Ce6 (Figure 3e�h).
To understand why the PDT effect using GO-PEG-

Ce6 was much better than that of free Ce6, we com-
pared their cellular uptake behaviors. KB cells were
incubated with GO-PEG-Ce6 or free Ce6 at the same
Ce6 concentration (10 μM) for 0.5, 2, 7, and 24 h at 37 �C

and then imaged under a confocal fluorescence micro-
scope (Figure 4a). While the intracellular fluorescence
increased over time for both Ce6 and GO-PEG-Ce6
incubated cells, the latter showed obviously stronger
Ce6 fluorescence inside cells, despite the fluorescence
quenching of Ce6 attached on GO-PEG. The localized
fluorescence distribution inside cells was possibly ow-
ing to the endocytosis14 of GO-PEG-Ce6 by cells. We
then quantitatively measured the cellular uptake of
Ce6 and GO-PEG-Ce6 by extracting Ce6 from cell lysate
samples. Ce6 molecules loaded on the hydrophobic
graphene sheets were completely detached after the
strong base (NaOH) treatment as indicated by the
∼100% recovery of Ce6 fluorescence (Figure 4b), ow-
ing to the deprotonation of three carboxyl acid groups
in the Ce6molecule in base. Cell uptake of GO-PEG-Ce6

Figure 4. Cellular uptake of Ce6 and GO-PEG-Ce6. (a) Confocal fluorescence images of cells incubated with GO-PEG (upper
row), free Ce6 (second row), and GO-PEG-Ce6 (bottom row) after different periods of incubation (0.5, 2, 7, and 24 h). (b)
Fluorescence intensities of different concentrations of free Ce6 and GO-PEG-Ce6 solutions after base treatment (12.5, 25, 50,
100, 250 nM). (c) Fluorescence intensities of cell lysate samples from cells incubated with Ce6 and GO-PEG-Ce6 ([Ce6] = 1 μM)
for different periods of time (0.5, 2, 7, and 24 h). Error bars were based on SD of triplicate samples.
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and Ce6 was quantified by the measured fluorescence
intensities of cell lysates after different periods of
incubation (0.5, 2, 7, and 24 h) (Figure 4c). The amount
of Ce6 delivered into cells byGO-PEG-Ce6was found to
be 1 order of magnitude higher than that of free Ce6, a
reason that well explained the remarkably improved
efficiency of graphene-delivered PDT (Figure 3). We
speculate that the significantly enhanced Ce6 delivery
may likely be due to the efficient cell entry of GO-PEG
(e.g., by endocytosis14) that shuttles Ce6 into cells,
while free Ce6 has less effective intracellular cross-
membrane diffusion ability.
In our previous work, we have used nanographene

for effective photothermal ablation of tumors in a
mouse model. Here, we tried to utilize the NIR light
absorption ability of GO-PEG to enhance the intracel-
lular delivery of Ce6 for improved PDT efficacy by a
mild photothermal treatment. As shown in Figure 5, KB
cells were incubated with GO-PEG-Ce6 and irradiated
for 20min by an 808 nmNIR laser at a power density of
0.3 W/cm2 (360 J/cm2). Such a laser exposure would
induce only mild heating without causing significant
cell death. After washing with PBS to remove excess
GO-PEG-Ce6, cells were then exposed to the 660 nm
laser at a low optical dose of 15 J/cm2 (50 mW/cm2,
5 min). Free Ce6 was used as the control (Figure 5a). The
nonirradiated samples were incubated in the dark at

37 �C for 20 min before PDT treatment (Figure 5b). It is
worth noting that we chose the 808 nm light instead of
the 660 nm light by itself for the mild photothermal
treatment, not only to differentiate the photothermal
and photodynamic effects but also to avoid photo-
bleaching of Ce6 before it is carried into cells.
We first studied the cell uptake of GO-PEG-Ce6 at

different conditions by confocal fluorescence imaging.
It was found that the cellular uptake of GO-PEG-Ce6
was significant increased after the 808 nm laser irradia-
tion compared to cells incubated in the dark (Figure 6a
and b). Increasing the incubation temperature to
43 �C also resulted in the enhanced uptake of GO-
PEG-Ce6 by cells (Figure 6c), likely owing to the in-
creased cell membrane permeability at a slightly higher
temperature.52,57 A quantitative cell uptake assay was
also conducted tomeasure the Ce6 fluorescence in cell
lysates (Figure 6d and e). At two incubation concentra-
tions (2.5 and 5 μM of Ce6 equivalent), both laser
irradiation and direct heating at 43 �C were able to
notably increase the cellular uptake of GO-PEG-Ce6 by
2�3-fold.
A cell viability assay was conducted 24 h post PDT

treatment at two Ce6 concentrations (2.5 and 5 μM)
(Figure 6f and g). Compared to cells incubated with
GO-PEG-Ce6 in the dark before 660 nm laser irradia-
tion (50 mW/cm2, 5 min, equal to 15 J/cm2), those

Figure 5. Schemes of the experimental design in photothermally enhanced photodynamic therapy. KB cells were incubated
with free Ce6 (a) and GO-PEG-Ce6 (b) for 20 min in the dark and then irradiated by the 660 nm laser (50 mW/cm2, 5 min,
15 J/cm2) in control experiments. (c) To induce the photothermal effect, GO-PEG-Ce6 incubated cells were exposed to the
808 nm laser (0.3 W/cm2, 20 min, 360 J/cm2) first before PDT treatment.
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preirradiated by the 808 nm laser (0.3 W/cm2, 20 min,
equals to 360 J/cm2) and then exposed to the 660 nm
laser showed further reduced cell viabilities, owing to
the photothermal enhanced cellular uptake of GO-
PEG-Ce6. Note that Ce6 has no absorption at 808 nm
and cannot be excited by this NIR laser. The power and
optical dose of the 660 nm light applied in this experi-
ment were extremely low without causing any notice-
able heating of GO-PEG-Ce6 (Supporting Figure S2a).
The 808 nm laser irradiation at such a low power
was able to generate only mild heating of GO-PEG
(temperature increase 5�6 �C, Supporting Figure S2b)
and thus by itself induced no obvious cell death to GO-
PEG-Ce6-treated cells (Figure 6f and g). The NIR light-
induced local heating of nanographene sheets that
are close to the cell membrane may contribute to

the increased cellular uptake of GO-PEG-Ce6. As the
control, no noticeable cell death was observed for Ce6-
incubated cells, regardless of laser treatment. An in-
cubation time of 20 min was likely too short to allow
sufficient uptake of free Ce6 to offer any appreciable
PDT effect. As expected, GO-PEG-incubated cells were
essentially not affected after laser irradiations. Our data
clearly evidenced that the photothermal effect of
graphene was able to enhance the delivery of PDT
agents for improved photodynamic cancer cell killing.
Lastly, targeted delivery of photosensitizers to spe-

cific types of cancer cells was demonstrated. By con-
jugating Herceptin (anti-Her2 antibody) to GO-PEG
using a well-established protocol,1,13 actively targeted
delivery of PDT to a specific type of Her2 up-regulated
cancer cells could also be achieved (Supporting

Figure 6. Photothermally enhanced delivery of PDT by graphene. (a�c) Confocal images of KB cells incubated with GO-PEG-
Ce6 (5 μMof Ce6 equivalent) at 37 �Cwith (b) or without (a) 808 nm laser irradiation (360 J/cm2) and cells incubated at 43 �C in
the dark (c). (d, e) Cell uptake of GO-PEG-Ce6 under the three conditions at Ce6 concentrations of 2.5 μM (d) and 5 μM (e)
determined by the measured fluorescence intensities of cell lysate samples. (f, g) Cell viability data of KB cells incubated with
GO-PEG-Ce6, free Ce6, or GO-PEG respectively at Ce6 concentrations of 2.5 μM(f) and 5 μM(g). Black, red, blue, andgreenbars
represent sampleswithout any light exposure, with both 808 nm (360 J/cm2) and 660nm (15 J/cm2) light irradiation, with only
660 nm light exposure, and with only 808 nm light exposure, respectively. Relative cell viabilities in all samples were
normalized to the control saline-added samples without laser irradiation (100% viability). Error bars were based on SD of at
least four parallel samples. P values were calculated by the student's t test: *p < 0.01, **p < 0.001.
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Figure S3). The antibody-conjugated GO-PEG may
potentially be used for targeted photothermal and
photodynamic therapy.

CONCLUSION

In this work, we use PEGylated nanographene as a
multifunctional nanocarrier to load photosensitizer
Ce6 for photothermally enhanced photodynamic
therapy. Although GO-PEG-Ce6 shows lower singlet
oxygen generation efficiency than free Ce6, the
former offers dramatically improved photodynamic
cancer cell killing efficacy due to the increased
cellular uptake of Ce6 delivered by nanographene.
Moreover, we show that the combination of NIR

light-triggered mild photothermal heating of gra-
phene and the photodynamic treatment using Ce6
delivered by GO-PEG enhances the PDT efficacy
remarkably. The unique physical (strong NIR
absorption) and chemical (surface π�π stacking)
properties of PEGylated nanographene oxide are
both taken advantage of in this work, showing a
synergistic effect in cancer cell destruction. The same
strategy may also be applied in graphene-based che-
motherapy delivery and gene transfection.13,14,31,35

Our study demonstrates the controllable multifunc-
tional cancer therapy using graphene and promises
future explorations of this class of 2D nanomaterials in
nanomedicine.

MATERIALS AND METHODS

Synthesis of GO-PEG. GO-PEG was synthesized following our
previous studies.13,14,37 In brief, graphene oxide was made
following a modified Hummers method. NaOH (0.05M) was
added to the GO suspension and bath sonicated for about 4 h at
50 �C. The solution was adjusted to pH = 1 using HCl (36% v/v).
The resulting solution was neutralized and purified by repeated
rinsing and centrifugation. Alkalized graphene oxide (9 mL) at
the concentration of ∼1 mg/mL was sonicated for 30 min to
give a clear solution. A solution of six-armed PEG-amine (Sunbio
Inc.) (56 mg/mL, 0.8 mL) was added to the GO solution, and the
mixture was sonicated for 5min.N-(3-Dimethylaminopropyl-N0-
ethylcarbodiimide) hydrochloride (EDC, from Fluka Inc.) was
added in two portions to give a final concentration of 5 mM.
After overnight reaction, free six-armed PEG-amine was re-
moved by filtration through a 100 kDa filter (Millipore Inc.)
and washed with water. The UV/vis absorbency spectrum of the
GO-PEG was recorded by a Lambda 750UV/vis/NIR spectro-
meter (Perkin-Elmer Inc.). The concentration of GO-PEG was
determined by the absorbance at 245 nm with a weight
extinction coefficient of 65 L g�1 cm�1. The formed GO-PEG
was stored at 4 �C.

Synthesis of GO-PEG-Ce6. Ce6 (Frontier Scientific Inc.) was dis-
solved in DMSO at 10 mM as stock solution for further use. GO-
PEG (0.2 mg/mL), Ce6 (1 mM), and PBS (0.02 M) were mixed in a
1 mL aqueous solution and incubated overnight. Unadsorbed
excess Ce6 was removed by filtration through a 100 kDa filter
and washed with water (about six times) until the filtrate
became free of green color.

Characterization of GO-PEG-Ce6. The concentration of Ce6
loaded on GO-PEG was determined by the Ce6 characteristic
absorption peak at 404 nmwith amolar extinction coefficient of
1.1 � 105 M�1 cm�1 after subtracting the absorbance contrib-
uted by GO-PEG at the same wavelength, similar to the mea-
surement of doxorubicin loading on functionalized carbon
nanotubes.53,54 Fluorescence spectra of the GO-PEG-Ce6 and
free Ce6 were measured using a Fluoromax-4 spectrofluorom-
eter (Horiba Jobin Yvon Inc.) under 400 nm excitation. To
measure the release of Ce6 from GO-PEG-Ce6, a GO-PEG-Ce6
solution was incubated in PBS (pH = 7.4) for different periods of
time (0, 3, 7, 12, 24, and 48 h). The amount of retained Ce6 on
GO-PEG was measured by UV/vis spectra after removal of
detached Ce6 by centrifugal filtration.

Detection of Singlet Oxygen. The generation of singlet oxygen
was determined following the Kraljic55 procedure. Solutions
containing GO-PEG-Ce6, GO-PEG, or Ce6 (0, 0.25, 0.5, 1, 2, 4 μM
of Ce6; or 0, 0.00125, 0.0025, 0.005, 0.01, 0.02 mg/mL of GO-PEG
equivalent, 2 mL of each) were mixed with p-nitrosodimethyla-
niline (25 μM), imidazole (25 μM), and PBS (10mM, pH = 7.4) and
then irradiated by 660 nm laser at the light power density of
0.1 W/cm2 for different periods of time. The generation of singlet
oxygen by Ce6 or GO-PEG-Ce6 would result in the bleaching

of RNO absorption at 440 nm. The reduction of optical
density at 440 nm thus reflects the production of 1O2.

Photodynamic Treatment and Cell Toxicity Assay. The human
nasopharyngeal epidermal carcinoma KB cell line was pur-
chased from American Type Culture Collection (ATCC) and
cultured in RPMI-1640 culture medium containing 10% FBS
and 1% penicillin/streptomycin at 37 �C under 5% CO2. For the
cell toxicity assay, KB cells were precultured in 96-well cell
culture plates at 1 � 104/well for 24 h and then added with
GO-PEG-Ce6, free Ce6, or GO-PEG at a series of concentrations.
After incubation for 24 h, cells were irradiated by the 660 nm
laser at a power density of 0.1 W/cm2 for 10 min. After another
24 h incubation, the standardMTT (Sigma Inc.) assay was carried
out to determine the cell viabilities relative to the control
untreated cells (incubated with the same volume of PBS).

Two optical-fiber coupled power-tunable diode lasers
(continuous wave) withwavelengths at 660 nm (maximal power =
2 W) and 808 nm (maximal power = 10 W) were both
purchased from Hi-Tech Optoelectronics Co. (Beijing, China)
and used in this work. The laser beams are round in shape
with diameters of 4 and 3 cm, for the 660 and 808 nm
laser, respectively, during experiments. The exact optical
powers of lasers used in our experiments were calibrated
and measured by a LPE-1B laser power/energy meter
(Physcience Opto-Electronics Co. Ltd. Beijing).

For photothermally enhanced PDT, KB cells grown in the
FBS-containing RMPI-1640mediumwere precultured in 96-well
cell culture plates at 1 � 104/well for 24 h and then added with
GO-PEG-Ce6, free Ce6, or GO-PEG at 2.5 or 5 μM Ce6 equivalent
concentrations. The cells were immediately irradiated using the
808 nm laser at a power density of 0.3 W/cm2 for 20 min (360
J/cm2). After photothermally heating, cells were irradiated by
the 660 nm laser at a power density of 0.05 W/cm2 for 5 min (15
J/cm2). After another 24 h incubation, the cell viabilities of
samples were determined by the MTT assay.

Cell Uptake Assay. The method of cell uptake assay followed
the Ogura procedure.58 KB cells (1� 105 cells) grown in the FBS-
containing medium were cultured in 35 mm culture dishes
containing 1 μM GO-PEG-Ce6 or 1 μM free Ce6 in the dark at
37 �C for different periods of time (0.5, 2, 7, and 24 h). Cells were
then washed with PBS three times, harvested using a cell
scraper, and then dissolved in 1 mL of 2% sodium dodecyl
sulfate for 2 h to obtain homogeneous solutions. One milliliter
of 0.2 M NaOH was then added into each culture dish to extract
Ce6. Note that Ce6, with three carboxyl acid groups, would be
deprotonated and thus detached from GO-PEG in basic solu-
tions. Fluorescence spectra of the obtained solutions were
measured under 400 nm excitation.

Trypan Blue Assay. KB cells (2 � 105 cells) grown in the FBS-
containing medium cultured in 35 mm culture dishes were
added with GO-PEG-Ce6 or free Ce6 at 1 μM of Ce6 equivalent
and incubated for 24 h. After irradiation by the 660 nm laser at

A
RTIC

LE



TIAN ET AL . VOL. 5 ’ NO. 9 ’ 7000–7009 ’ 2011

www.acsnano.org

7008

the light power density of 0.1 W/cm2 for 10 min followed by
incubation for 24 h, cells was washed with PBS and stained with
0.04% Trypan blue solution (Sigma Inc.) for 5 min. Microscopic
images of cells were then taken using a Leica microscope.

Confocal Fluorescence Imaging. KB cells (1 � 105 cells) were
cultured with GO-PEG-Ce6 or free Ce6 (Ce6 concentration =
10 μM) in culture dishes. After washing the cells three timeswith
PBS, confocal images of cells were recorded under a Leica SP5
laser scanning confocal microscope (405 nm laser excitation).
The emission was collected from 580 to 720 nm.
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