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ABSTRACT: Graphene-based nanomaterials are of great
interest in a wide range of applications in electronics, the
environment, and energy as well as in biomedical and
bioengineering. Their unique properties make them generally
applicable as prognostic, diagnostic, and therapeutic agents in
cancer. In this work, we focused on photodynamic and
photothermal therapeutic properties of our previously
synthesized carboxylated photoluminescent graphene nano-
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dots (cGdots). The cGdots are ~5 nm in diameter and excited at 655 nm. Our findings reveal that, upon laser irradiation by
near-infrared (wavelength 670 nm) sensitizer, electrons of the cGdots starts to vibrate and form electron clouds, thereby
generating sufficient heat (>50 °C) to kil the cancer cells by thermal ablation. The generation of singlet oxygen also occurs due
to irradiation, thus acting similarly to pheophorbide-A, a well-known photodynamic therapeutic agent. The cGdots kills MDA-
MB231 cancer cells (more than 70%) through both photodynamic and photothermal effects. The cGdots were equally effective
in the in vivo model of MDA-MB231 xenografted tumor-bearing mice also as observed for 21 days. The cGdot was intravenously
injected, and the tumor was irradiated by laser, resulting in final volume of tumor was ~70% smaller than that of saline-treated
tumor. It indicates that the growth rate of cGdot-treated tumor was slower compared to saline-treated tumor. The synthesized
cGdots could enable visualization of tumor tissue in mice, thereby illustrating their use as optical imaging agents for detecting
cancer noninvasively in deep tissue/organ. Collectively, our findings reveal that multimodal cGdots can be used for phototherapy,
through photothermal or photodynamic effects, and for noninvasive optical imaging of deep tissues and tumors simultaneously.
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1. INTRODUCTION

Multimodal nanoparticles have been studied extensively for
improving medical diagnosis and treatment of various
diseases.”” Theranostic strategies, using materials that combine
diagnostic with therapeutic agent, have the potential to
overcome undesirable
selectivity that currently exist between distinct imaging and
therapeutic agents.”* Several research studies have recently
indicated that zero-dimensional (0D) multi/mono layer
graphene has been found to be an emerging carrier for drug
delivery.>® This includes, for example, use of hybrid SiO,-
coated quantum dot-conjugated graphene, for targeted
fluorescent imaging, tracking, and monitoring of drug delivery,
as well as cancer photo (photothermal) therapy.” "' The most
promising aspects of utilizing carboxylated photoluminescent
graphene nanodots (cGdots) as theranostic agents is that these
nanoparticles have high surface area-to-volume ratios, thus
providing high loading capacities. The planar surface of
graphene quantum dots is considered an additional window
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for drug delivery since many drug molecules could be placed on
both surfaces (top and bottom) of graphene through physical
or chemical interaction.'” Thus, graphene quantum dots are
one of the most attractive materials to propel cancer treatment
toward individualized imaging and treatment.

Cancer phototherapy is one of the emerging fields of
research for cancer treatment. The concepts of photo/light
therapy is based on two unique properties of photosensitizers
(a material when exposed to light of specific wavelength) that
generate cytotoxic reactive oxygen species (photodynamic) or
generate heat (photothermal) that are capable of killing cells
through photoablation. Because photosensitizers are typically
harmless without light, tumor treatment can be precisely
targeted by selective illumination, thus limiting damage to
surrounding healthy tissues. In addition, photodynamic therapy
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has been shown to damage tumor vasculature through direct
effects on vascular endothelial cells.'> However, clinical
application of photodynamic therapy is limited due to the
hydrophobic nature and poor tumor selectivity of the existing
photosensitizers. Recently, extensive efforts have been devoted
to design various delivery systems for photosensitizers,
including self-assembled nanoparticles and polymer/photo-
sensitizer conjugates. In some studies, the aqueous solubility of
the photosensitizers was improved by loading the hydrophobic
photosensitizer into the cores of the amphiphilic copolymer or
by conjugating with hydrophilic polymers.'* Photothermal
therapy is a new promising form of cancer phototherapy using
nontoxic light-sensitive compounds that are exposed selectively
to light, whereupon they become toxic, in a very targeted way,
to malignancies through generating heat."” This approach
provides specialized chemotherapeutic treatment for cancer
patients either without surgery or synergistically,"® and it has
attracted significant attention in recent years as a promising
alternative or supplement to general cancer therapies.
Numerous reports have shown encouraging therapeutic effects
of photothermal therapy in animal experiments, using various
light-absorbing nanomaterials. Ideal photothermal therapeutic
agents should exhibit strong absorbance in the near-infrared
region, which is a transparency window for biological tissues,
allowing eflicient conversion of the absorbed near-infrared
optical energy into heat. In addition to their tumor-homing
ability, the biocompatibility of photothermal therapeutic agents
is of significant concern.

A near-infrared optical imaging probe is the best candidate
for in vivo imaging of deep veins, tissues, and organs in addition
to early detection of cancer from bloodstream. Over the past
few years, near-infrared quantum dots (Qdots) have been
developed and used for deep-tissue imaging, due to their
excellent photostability and photoluminescence properties.
However, these Qdots are far from approval for clinical trials
due to their severe toxicity.'” Recently, photoluminescent
graphene nanoparticles were introduced by several groups as
having excitation and emission wavelengths in the range of 400
to 600 nm."*”>' We have also previously reported on the
synthesis of visible to near-infrared photoluminoscent graphene
nanoparticles.”> We have also widely studied the toxicology of
Gdots in different cell lines and in rats over a 22 d period of
intravenous (IV) administration. No signs and symptoms of
severe toxicity were observed after the IV administration of the
cGdots, as the results showed a similar profile with the control
groups.”® By controlling the reaction parameters, we produced
cGdots excited at 670 nm. When cGdot irradiates by external
laser source, it absorbs energy and undergoes a 7—z* transition.
In the case of a conjugated 7 system, the energy gap for 7—n*
transition is smaller than the isolated unsaturated bond.**"*® As
a result, the conjugated 7 system become larger, the energy gap
for a m—n* transition becomes increasingly narrow, and thus
the wavelength of light absorbed correspondingly becomes
longer. Our cGdots contain extended conjugated 7 systems and
absorb light from visible to near-infrared ranges.”” On the basis
of the chemical structure of cGdots, we assumed that a
photodynamic therapeutic effect could be obtained through
singlet oxygen generation upon laser irradiation. In vitro models
were developed to observe photothermal and photodynamic
therapeutic effects through thermogenesis and singlet oxygen
genesis. These effects were compared to those obtained using a
commercial photosensitizer (PheA) or reduced graphene oxide
with high near-infrared absorbance.

Our results indicate that the cGdots can be used, without
chemical modification, as multimodal probes for simultaneous
cancer optical imaging and therapy. The nanosized cGdots with
~5 nm in diameter are observed to kill ~70% of cancer cells in
both in vitro and in vivo studies. Thus, tumor growth
dramatically inhibits compared to saline-treated model upon
laser irradiation of solid tumor by 670 nm laser source. Our
findings suggest that cGdot can be considered as an attractive
optical contrast agent in biomedical applications for deep-tissue
imaging, organ imaging, as well as cancer phototherapy.

2. EXPERIMENTAL SECTION

Materials. Pitch carbon fiber was purchased from Fiber Glast
Development Corporation (Carr Drive Brookville, OH). Sulfuric acid,
nitric acid, sodium hydroxide, and sodium carbonate were purchased
from Sigma-Aldrich (St. Louis, MO). Cell culture reagents, including
fetal bovine serum (FBS), Dulbecco’s Modified Eagle Medium
(DMEM), penicillinestreptomycin, trypsin/ethylenediaminetetraacetic
acid, and Dulbecco’s phosphate buffer saline (PBS) were purchased
from Gibco BRL (Carlsbad, CA, USA). 3-(4,5-dimethylthiazol-2-yl)-2
and S-diphenyl tetrazolium bromide (MTT) were obtained from
Amresco Inc. (Solon, OH, USA).

Synthesis and Characterization of Photoluminescent Gra-
phene Nanoparticles. Synthesis and characterization of cGdots have
been reported previously”*® and were partially modified in this
research. In brief, sulfuric acid (40 mL) was added in a beaker. Carbon
fiber (100 g) was added to the solvent and sonicated by Ultra
sonicator for 10 min. Nitric acid (20 mL) and sulfuric acid (450 mL)
were added in a three-neck flask and placed in a heating mantle.
Temperature was adjusted to 95 = 5 °C. The previously sonicated
carbon fiber solution was slowly injected into the flask with a syringe
injector. The reaction was carried out for 12 h at the same
temperature. Excess amount of water (200 mL) was added to the
beaker slowly. Sodium hydroxide and sodium carbonate were added to
the solution to make the pH 8. The flask was placed in an ice bath,
which was temperature-controlled to 0—4 °C with slow stirring.
Precipitation was removed from the flask by decantation. Citric acid
was added with the solution and stirred for 2 h at room temperature.
The graphene Qdots-containing solution were freeze-dried for 48 h,
and the powder was obtained.

Raman spectra were recorded with a Renishawln Via Raman
microscope using a 50 objective lens at room temperature, with a
514.5 nm laser beam and 1,800 lines per mm grating. Photo-
luminescent, excitation, and emission were measured by luminescent
analyzer FluoroMate FS-2 (Scinco, Korea). The X-ray diffraction
(XRD) data were collected on a Rigaku D/Max Ultima II powder X-
ray diffractometer. X-ray photoelectron spectroscopy (XPS) analyses
were carried out on a PHI Quantera X-ray photoelectron spectrometer
with a chamber pressure of § X 10~° 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. Band-gap values of near-infrared graphene nanoprticles were
measured based on the absorbance and reflectance of the respective
graphene nanoprticles. The calculation methods have been elaborately
discussed elsewhere.””

Measurement of Singlet Oxygen Generation. The generation
of singlet oxygen was measured by the decrease of fluorescence
intensity of 9,10-dimethylanthracene (DMA) utilizing fluorescent
spectroscopy as described previously.'* In brief, a cGdots solution
containing 1.184 X 107> mM DMA was irradiated at a light intensity of
0.3 W/cm” using a 670 nm laser source (LWRL-100 K, Laserwave,
China). The decrease in fluorescence intensity of DMA (emission:
380—550 nm, with excitation at 360 nm) as a result of singlet oxygen
generation was monitored using a spectrofluorophotometer.

In Vitro Photothermal Treatments. The MDA-MB231 cells
were seeded into an eight-well plate with 200 uL of culture medium.
To visually observe the photothermal therapeutic efficacy of cGdots,
the existing medium was replaced by the medium with cGdots
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Scheme 1. Schematic Representative Chemical Structure of near-Infrared cGdots (Excitation Wavelength: 655 nm) for Optical
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“The suspected scheme of cGdots shows presence of carboxyl acid and hydroxyl functional groups located on the edges. It indicates the rapid
generation of singlet oxygen as a function of the time of laser exposure, as soon as near-infrared cGdots was uptaken in the cancer cells.
Photothermal effect of cGdots could also be observed even if the nanoparticle locates outside the cells. Cellular uptakes of cGdots were easily
monitored in real time by confocal laser scanning microscopy. It suggests that the cGdots with ideal size are accumulated within the tumor micro

environment by EPR effect.

containing 0.5 mg/mL, and the medium without cGdots was used as
the control. The experimental process is reported elsewhere.”® After 1
h of incubation, the plate was placed in a dark clean bench and
irradiated by laser (670 nm, 0.3 W/cm?) for 30 min. After additional 2
h of incubation, cells were washed with PBS. The cells were stained
with calcein-AM (Invitrogen) and incubated for 20 min to visually
observe the live cells by confocal laser scanning microscope (CLSM).

Photocytotoxicity Evaluation. In vitro phototoxicity study of
near-infrared cGdots was examined in MDA-MB231 cell for 24 h of
incubation. At 37 °C and 5% CO, containing humidified atmosphere,
cells were grown in a medium containing MEM with 10% fetal calf
serum. After 24 h, the complete medium was suctioned, and cGdots
was added into the well at different concentrations (50, 100, 250, and
500 pg/mL) with complete medium. The entire cell containing wells
were irradiated by laser (670 nm, 0.3 W/cm?) for 30 min. After 4 h,
100 4L of MTT solubilizing solution was added and gently shaken for
15 min. Finally, the absorbance of MTT colorimetric assay was
measured by Varioskan flash (Thermo Scientific, USA) at a
wavelength of 570 nm. The viable quantity of cells was calculated
by the following equation:

cell viability(%) = (absorbance of sample cells

/absorbance of control cells) X 100

Lactate Dehydrogenase Release Assay. cGdots samples were
introduced separately to the cells with different concentrations (S0,
100, 250, and 500 pg/mL) and incubated for another 24 h, and the
entire cell-containing well was irradiated by laser (670 nm, 0.3 W/
cm?) for 30 min. The positive control was prepared by adding 10 L of
lysis solution to the control cells at 45 min prior to the centrifugation.
Then, the centrifugation (1200 rpm X S min) was performed. The
lactic dehydrogenase (LDH) leakage (% of positive control) is
expressed as the percentage of (test — blank)/(positive — blank),
where test is the cells exposed to cGdots, positive is the optical density
of the positive control cells, and blank is the optical density of the wells
without MDA-MB231 cells.

In Vitro Cellular Uptake. For a cellular uptake study of cGdots
nanoparticle, the nanoparticles were incubated with the MDA-MB231
cell line. Different concentrations of the cGdots nanoparticles were
added to the eight-well plate and incubated for 1 h before observation
using a confocal laser scanning microscope. The wells were washed
five times by PBS to remove the free particles from the outside of the
cell membrane. The cellular images were observed by confocal laser
scanning microscope (CLSM) at an excitation filter of 654 nm.

Flow Cytometric Analysis of Apoptosis and Necrosis. The
MDA-MB231 cells were cocultured with/without cGdots, incubated
for 1 h, and irradiated by laser (670 nm, 0.3 W/cm?) for 30 min. Flow
cytometric analysis was performed on a FACSCalibur flow cytometer
(BD Biosciences, Heidelberg, Germany), using a CellQuest Pro
software for acquisition and analysis.*” The size and granularity of cells
were assessed using forward scatter (FSC) and side scatter (SSC)
analysis, respectively. Necrotic and/or apoptotic cell death was
analyzed by double staining with Annexin V-fluorescein isothiocyanate
(FITC) and propidium iodide, in which the former binds to early
apoptotic cells with exposed phosphatidylserine, while the latter labels
the late apoptotic/necrotic cells with membrane damage. Staining was
performed according to the instructions by the manufacturer (BD
Pharmingen, San Diego, CA).

In Vivo Imaging and Biodistribution Analysis. Molecular
imaging was conducted according to our previously published article.*’
In brief, for in vivo imaging studies, SKH1 mice were administered 2.5
mg/kg of cGdots through the tail vein. Mice were anesthetized with
ketamine (87 mg/kg, Virbac Laboratories, France) and xylazine (13
mg/kg, Kepro B.V., Netherland) via intraperitoneal injection. In vivo
mice images were taken by a time-domain diffuse optical tomography
system. In Experimental Section, mice were placed on the imaging
platform. Images were taken at 4 h of post injection. The ex vivo
images of organs were taken after dissection of the mice. The organs
were isolated after 4 h of observation.

Temperature Measurement during Laser Irradiation. The
cGdots were dissolved in PBS (2 mg/mL) and dispersed uniformly.
MDA-MB231 tumor-bearing nude mice were injected with intra-
tumoral SO uL of CGdot suspension. PBS (50 uL) was also injected to
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Figure 1. Physicochemical properties of cGdots. (a) Generation of singlet oxygen (DMA) profile of Phephorbide A and cGdots and (b) increment
of temperature according to different exposure time of laser irradiation. Data were expressed as mean + SEM (n = 3). (c) Thermal image of vials
containing cGdots according to different exposure time under laser. (d) Cell viability assay of MDA-MB231 cell at 4 and 25 °C, coincubation of

rGO, and cGdot for 24 h. Data were expressed as mean + SEM (n = 6).

the control mice. Both the tumor and vials containing cGdots solution
were irradiated by a light intensity of 0.3 W/cm? using a 670 nm laser
source (LWRL-100 K, Laserwave, China) for up to 30 min. The
images were taken by thermal imaging analyzing camera
(TH9100MV/WV, NEC san-ei (Japan)) with time intervals (0, S,
10, 15, 20, 25, and 30 min).

Animals and Tumor Model. Female BALB/c nude mice with an
average body weight of 30 g (4—5 weeks old) were purchased from
Oriental Bio (Daejeon, South Korea). MDA-MB231 cells (1 x 10°)
suspended in PBS were administered by subcutaneous injection into
the flank region of the nude mice. Tumor volume was calculated as
follows: volume = 7/6 X length (mm) X width (mm) X height (mm).

In Vivo Antitumor Study. The MDA-MB231 tumor-bearing mice
were divided into four respective groups, namely, saline, saline with
laser, cGdots, and cGdots with laser, which were injected with
intratumoral SO uL of PBS or cGdots containing PBS dispersion (1.5
mg/mL). Each group contained four mice. Tumors of (saline with
laser and cGdots with laser) various groups were irradiated by 670 nm
laser at 0.3 W/cm? for 30 min after every 1 d interval. The tumor
volumes and changes in body weight of each mouse were measured.
Histology studies of treated tumor tissue were further studied by H&E
staining to observe the effect of photothermal therapy in vivo after 21 d
of observation.

3. RESULTS AND DISCUSSION

Synthesis and Characterization of Photoluminescent
Graphene Nanoparticles. The synthesis and characterization
method of cGdots has been elaborately described in our
previously published articles.””** The method in brief,
exfoliation of CF, occurred during sonication and ultra-
sonication in acidic media (mixture of sulfuric acid and nitric
acid). Because of sonication in acids, multilayer and/or
monolayered graphene were formed. The remaining multi-
layered graphene re-exfoliated during reaction for 12 h at 95 +
S °C and formed monolayered graphene. These conditions
facilitate the formation of a zigzag-shaped nanosize graphene,
showing an almost transparent gray-black color solution. The

hexagonal nanosized graphene particles formed due to long
time exposure in strong acid solution and vigorous stirring.
Water was slowly added to the flask after completing the
reaction period, and the color of the reaction mixture changed
to reddish from brown. Sodium hydroxide (NaOH) was then
slowly added to the beaker until the pH reached about 1.
Sodium carbonate (Na,CO;) was added to adjust the pH to 8.
The flask was placed in an ice bath to regulate temperature to
0—4 °C. Precipitation appeared due to slowly stirring at that
temperature. The precipitation was removed by decantation,
and the photoluminescent cGdots containing the liquid portion
was freeze-dried for 48 h. The entire process was performed to
protect from photobleaching.

We believed that cGdots could show bimodality for the dual
purposes of optical imaging and photodynamic therapy
(Scheme 1). A photothermal therapeutic effect of graphene
has been previously shown.>"** However, to the best of our
knowledge, cancer phototherapy and simultaneous imaging has
not yet been demonstrated. Previously, we designed cGdots
with promising photoluminescence activity.”>** The chemical
structure of those cGdots was investigated using X-ray
photoelectron spectroscopy as well as excitation and emission
profiling. We also found that cGdots were zigzag in shape and
had a hexagonal structure, containing a number of carboxyl and
hydroxyl groups on their edges including numerous unsaturated
bonds. These unsaturated bonds resulted in the photo-
sensitization of the cGdots (Supporting Information, Figure
S1a). In addition, the cGdots structure was partially folded with
arm-chair shape due to interaction among functional groups
(Supporting Information, Flgure Slb d), whereas graphene
itself has a planar sheet structure.*® XPS of the cGdots with a
high-resolution spectrum of each element demonstrated that
the cGdots were mainly composed of carbon (62.4%) and
oxygen (35.5%) (Supporting Information, Figure S2 and Table
S1). Compared to carbon fiber, we observed (Supporting
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Figure 2. Viability and apoptosis of MDA-MB231 breast cancer cells after the treatment of cGdots with laser irradiation for 30 min. (a) Fluorescence
images of MDA-MB231 cells stained by Calcein-AM. Scale bar: 100 um. (b, c). Flow cytometry analysis of Annexin V-FITC-labeled MDA-MB231
cells for analysis of cellular apoptosis. (d) Viability of MDA-MB231 cells by using MTT assay kit. (e) Cellular toxicity of MDA-MB231 cells by using

LDH assay kit. Data were expressed as mean = SEM (n = §).

Information, Figure S3) a different Raman shift in our cGdots.
The presence of carboxyl and hydroxyl groups in the cGdots
was confirmed by FT-IR spectroscopy and 'H NMR
spectrometry (Supporting Information, Figure S4).

The cGdots were slowly degraded above 100 °C and showed
a glass transition temperature (T,) of 410 °C (Supporting
Information, Figure SS). Using XRD, we found that the peak of
crystalline formation of cGdots appeared at 12°, whereas the
peaks of carbon fiber and graphene were shown at 25° and 20°,
respectively (Supporting Information, Figure S6). Two-dimen-
sional Fourier transform electron imaging showed the
hexagonal shape of cGdots. The uniform size and lack of
aggregation of the cGdots were confirmed by transmission
electron microscopy and dynamic light scattering (Supporting
Information, Figure S7).

Photodynamic and Photothermal Properties of
cGdots. The (triatomic) ozone molecules absorb radiation
energy from an external source and are converted to diatomic
molecular oxygen along with a free oxygen atom, also known as
free-radical oxygen (Supporting Information, Figure S8). This
cGdots with a high level of unsaturation absorbed visible light
(wavelength 670 nm) from the external laser irradiation and
transferred the energy to surrounding oxygen molecules and
unsaturated bonds, resulting in the generation of reactive
oxygen species (ROS) such as singlet oxygen and free radicals.
Around 85% quenching occurred with 25 min of irradition.
Thus, cancer cells can be killed by the ¢Gdots through laser

12417

irradiation. The singlet-oxygen quantum yield of the cGdots
was determined using 9,10-dimethylanthracene as the singlet
oxygen trap (Figure 1a). PheA was used as a control in the
singlet-oxygen generation study. Thermogenesis by cGdots was
measured upon laser irradiation. During laser irradiation at 670
nm, the temperature change was measured with a photothermal
imaging analyzer and laser thermometer. The temperature
increased to 50 °C after 30 min of laser irradiation (Figure 1b),
confirming the appropriateness of our cGdots for photothermal
therapy of cancer. Figure lc represents the visual thermal
images of water and cDots upon time of irradiation. The results
described in Figure 1 demonstrated that the cGdots generates
reactive singlet oxygen and heat simultaneously upon
irradiation. The proposed model shows that the ground-state
electrons of cGdots become excited when cGdots absorbs
energy from the external laser source, creating electron clouds
(Supporting Information, Figure S9). The accelerated electrons
generate heat that is fatal to surrounding cells. To more
specifically prove that the cell-destruction is either from the
photothermal or photodynamic effects of cGdot, another
comparative study was conducted. Reduced graphene oxide
(rGO) is a well-proven photothermal agent, and cGdots were
incubated with cell lines and irradiated at 25 and 4 °C
temperature. A noticeable amount (46.5%) of cellular death
was observed when rGO-treated cells were irradiated at 25 °C.
However, a much higher (63%) amount of cell death was
counted in case of cGdot at same condition. On the other hand,
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Figure 3. In vitro and in vivo optical imaging of MDA-MB231 breast cancer cell-bearing mice after injection of cGdots. (a) Non-invasive images of
cGdots-treated mice having MDA-MB231 cells in vivo. (b) Ex vivo images of each harvested organ from cGdots-treated mice having MDA-MB231
cells. HE: heart, LI: liver, LU: lung, SP: spleen, K: kidney, and Tumor: MDA-MB231 cells. (c) Fluorescence intensity of each harvested organ
measured by PL analyzer. Data were expressed as mean + SEM (n = 4). (d) In vivo photoquenching profile of cGdots upon laser irradiation up to 30
min through intratumoral injection of cGdots. (e, f) Light dose effect on skin was investigated at 0.6 and 0.3 W/cm®

very low amount (15.4%) of cell deaths were counted for rGO
when irradiated at 4 °C, but a higher number (47.5%) of cell
deaths was observed for cGdot at 4 °C. The results
demonstrated that the cGdot generated singlet oxygen at
both 25 and 4 °C, but thermogenesis from rGO only occurs at
25 °C. This in vitro study provides strong supporting evidence
that the cGdot kills cells through both photodynamic and
photothermal therapy (Figure 1d).

In Vitro Photocancer Therapy in MDA-MB231 Cell
Line. After incubation of cGdots (at 100 pg/mL) with MDA-
MB231 cancer cells for 2 h, fluorescence images of the cells
were observed using confocal laser scanning microscopy to
know the cellular accumulation profile of cGdots (Supporting
Information, Figure S13a). The cGdots were internalized and
preferentially located in the nuclei (red fluorescence). To
confirm the internalization of cGdots, we created three-
dimensional histogram images of the cells (Supporting
Information, Figure S13b,c). The results demonstrated that
the cGdots were internalized through nonspecific binding
affinity or the reticuloendothelial system.

The photodestruction capabilities of cGdots were first
observed by confocal laser microscopy in cancer cells with
lower concentrations such as 50, 100, 250, and 500 pg/mlL,
though high concentration (2 mg/mL) of Gdot was used

during in vitro thermogenesis study. For in vitro studies,
choosing lower concentration is more rational than choosing
high concentration, since high concentration of even less-
effective materials can show high cellular toxicity and cellular
uptake. Therefore, to evaluate the optimum therapeutic
concentration, a range of lower concentrations of cGdot
suspension were taken into account during in vitro toxicity
studies instead of high concnetration (2 mg/mL or more).
After incubation with the cGdots with MDA-MB231 breast
cancer cells, the cells were irradiated for 1 h with an external
laser source. Cellular damage was only observed in the
cotreatments of cGdots and laser irradiation (Supporting
Information, Figure S10). In addition, concentration and laser
exposure dependent cytotoxicity of cGdots in MDA-MB231
cells were studied, and the results showed that the cell viability
is inversely proportional and cell death is directly proportional
to concentration and laser exposure duration. (Supporting
Information, Figures S11 and S12). After cotreatment of
cGdots and laser irradiation, the viable MDA-MB231 cells were
were stained with Calcein-AM (green fluorescence dye) by
incubating for 20 min (Figure 2a). The visible live cells were
observed by light microscope and showed less cell viability in
cGdots and laser irradiation group compared to that of PBS and
laser group. However, cGdots without laser also shows around
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Figure 4. In vivo photothermal therapy of MDA-MB231 breast cancer cell-bearing mice after injection cGdots and laser exposure. (a) Morphology of
MDA-MB231 cells in subcutaneous space at 21 d after cGdots injection and laser exposure. (b) Plot of tumor size volume in mice. Data were
expressed as mean + SEM (n = 4). (c) Histological analysis of tumor tissue at day 21 after cGdots injection and laser exposure. Magnification: X 400.

90% or more cell viability. Treatment of cGdots with laser
irradiation initiated apoptosis, which was confirmed by flow
cytometry analysis with Annexin V-FITC labeling (Figure
2b,c). The flow cytometry analysis demonstrated the apoptosis
state of the cGdots with laser-treated cells is 72% compared to
that of control cells treated by PBS. The laser-irradiation dose-
dependence of cell death was again confirmed (Figure 2d,e)
with greater than 70% of the cells killed.

In Vivo Photocancer Therapy and Real-Time Imaging.
The cGdots were also administered to tumor-bearing mice for
in vivo imaging and photocancer therapy. For in vivo optical
imaging studies, nude mice were inoculated with MDA-MB231
breast cancer cells. We then evaluated the optical imaging of
cGdots after intravenous injection of cGdots via tail vein using
the Kodak Molecular Imaging System as described previ-
ously.>*** After injection (4 h) of cGdots (2.5 mg/kg), they
were broadly (and nonspecifically) distributed in the body
including tumor tissue (Figure 3a). The fluorescence intensities
of harvested organs were observed (Figure 3b,c), and the
cGdots were found to be mostly in the liver, lung, and kidneys.
The cGdots were also present at a relatively high level in the
MDA-MB231 cell xenografted tumor tissue.

In vivo photobleaching was observed after injection of cGdots
into the MDA-MB231 tumor. Optical images were captured at
10, 20, and 30 min of laser irradiation to observe photo-
bleaching profile of cGdots. The photoluminescence intensity
of the cGdots slowly decreased over the duration of irradiation
because cGdots absorb energy from the laser source (Figure
3d). A laser-energy dose-dependent thermogenesis profile of
cGdots in tumor-bearing mice was obtained at 30 min at 0.3
and 0.6 W/cm® The results demonstrate that the higher dose
of laser energy accelerates thermogenesis (Figure 3e).
However, the higher dose (0.6 W/cm®) is not an optimum
dose in terms of skin damage. The skin of the mice was burnt at
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the higher dose, whereas the damage was not observed in mice
with lower dose irradiation (Figure 3f). Therefore, we suggest
that irradiation at the lower dose for a longer time is safer than
that of higher dose at shorter time to protect the skin as well as
surrounding organs.

Finally, the photocancer therapy of cGdots was evaluated in
MDA-MB231 tumor-bearing mice to obtain further proof-of-
concept of anticancer effect of cGdots. Fifty microliter (2.5 mg/
kg dose) of cGdots suspension (1.5 mg/mL in PBS) was
injected in 1 d intervals into MDA-MB231 tumor tissue by
direct intratumoral injection. Then the tumor tissue was
irradiated by laser for 30 min. The results demonstrated that
the volume of the MDA-MB231 tumor tissue in mice was not
affected when treated with saline, saline with laser, or cGdots
alone (Figure 4a,b). However, cGdots injection coupled with
laser irradiation significantly inhibited tumor growth (the final
size was about one-third that of the controls). The tumor
weight from the mice treated with cGdots injection and laser
irradiation was also significantly lower compared to the controls
(Supporting Information, Figure S14). In our previous study,
we observed in vivo toxicology of graphene for 21 d with 2.5
and 5 mg/kg dosage. No significant toxicity was observed even
in biochemistry studies.”> Therefore, it is undoubtedly safe and
effective to use 2.5 mg/kg in terms of therapeutic aspects as
observed from the in vivo antitumor study.

Histology of Tumor Tissue. The tumor tissue was
examined histologically to evaluate the photothermal and
photodynamic therapy obtained by cGdots injection and laser
irradiation. As shown in Figure 4c, tumor cells treated with
cGdots injection and laser irradiation were strongly damaged.
Also cGdots injection along with laser irradiation produced
cellular toxicity in and around the tumor tissue (Supporting
Information, Figure S15). The cellular damage by cGdots
injection and laser irradiation quantified histolocially showed
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~70% necrotic cells, whereas no necrotic cells were observed in
saline-treated tumors (Supporting Information, Figure S16).
cGdots injection and laser irradiation did not produce
significant change in body weight compared to control groups
(Supporting Information, Figure S17), suggesting that these
treatments were nontoxic or at least only slightly toxic.

4. CONCLUSION

This study concluded that these findings demonstrate that
photoluminescent cGdots can be used as an optical contrast
agent for biomedical imaging and theranostic agent as well,
simultaneously. The most imporant and emerging finding from
this study is that cGdots is also effective as a photodynamic
therapeutic agent when exposed to laser irradiation. Both in
vitro and in vivo investigations provide adequate evidence for
proving its feasibility as an active agent to be used for cancer
phototherapy and noninvasive biomedical imaging. This study
shows cGdot is active for only inhibition of tumor growth,
which reduces tumor size by 70% compared to control group.
However, further studies are designed to develop more
fascinating formulation to destroy the solid tumor through
photochemotherapy. We also aim to do further advanced work
for observing effects on cellular and molecular levels.
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