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ABSTRACT: We report on the application of pristine graphene as a drug carrier for
phototherapy (PT). The loading of a photosensitizer, chlorin e6 (Ce6), was achieved
simply by sonication of Ce6 and graphite in an aqueous solution. During the loading
process, graphite was gradually exfoliated to graphene to give its composite with Ce6
(G—Ce6). This one-step approach is considered to be superior to the graphene oxide
(GO)-based composites, which required pretreatment of graphite by strong oxidation.
Additionally, the directly exfoliated graphene ensured a high drug loading capacity, 160
wt %, which is about 10 times larger than that of the functionalized GO. Furthermore,
the Ce6 concentration for killing cells by G—Ce6 is 6—75 times less than that of the

other Ce6 composites including GO—Ce6.
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Medicinal applications of nanomaterials, so-called “nano-
medicine”, have been attracting growing interest in
recent years. Among various shapes of nanomaterials including
nanotube and nanorod (1D),'™ nanosheet and a layered one
(2D),"® and nanosphere and nanoparticle (3D),””” a 2D-
layered nanosheet, most typically a few-layer graphene (FLG),
has its own characteristics as a drug carrier: flat structure,
hydrophobic surface, and large specific surface area.'”''
Although it is advantageous to load anticancer drugs having
flat structure and hydrophobic nature, the hydrophobicity
prevents the carrier, such as FLG, from dispersing in a
physiological environment. To solve this problem, the
graphenes have been strongly oxidized to generate numerous
hydrophilic oxygen-containing functional groups and employed
as drug carriers.>! %1 %13 Obviously, this chemical modification
of graphenes, leading to graphene oxides (GOs), harms the
planarity and hydrophobicity of the pristine graphenes,
significantly decreasing the drug loading capacity and eventually
losing the appeal of graphenes and 2D nanosheets as drug
carriers.

On the other hand, phototherapy (PT), including photo-
dynamic therapy (PDT) and photothermal therapy
(PTT),>*"*~'® is a promising noninvasive treatment for cancer.
To increase the efficacy of the therapy, the photosensitizer
should be delivered to the lesion as selectively as possible, most
likely with the aid of a carrier. It would be better if the loading
capacity of the carrier is higher, as long as the composite has
enough dispersibility in a physiological environment.

Herein, we report, for the first time, on a facile and
convenient approach to fabricate the graphene-based composite
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with high drug loading efficiency and enough aqueous
dispersibility directly from pristine graphite and a photo-
sensitizer (chlorin e6, Ce6). The composite was well dispersed
in a cell culture medium and directly applied to the cancer cell
for PT. As a result, significant cytotoxicity was observed upon
irradiation of light, while Ce6 without the graphene carrier was
not cytotoxic irrespective of light irradiation. Ce6 is found to
work not only as a photosensitizer in PT but also as an exfoliant
and a dispersant for graphene. In addition, graphene in the
composite plays an essential role as a carrier to deliver Ce6 into
the cell.

The aqueous graphene dispersion was prepared by liquid-
phase exfoliation,' ”'® which has been considered as a scalable
and practical approach for the preparation of graphene. By
using mild bath sonication, the pristine graphite was directly
exfoliated to FLG in an aqueous solution with the aid of a
photosensitizer, Ce6 (Figure 1a). A control experiment without
Ce6 was also carried out under the same conditions. As shown
in Figure 1b, blackish and colorless supernatants were obtained
after centrifugation at 3000 rpm (1029g) for 1 h in the presence
and absence of Ce6, respectively. The Ce6 composite with
graphene (G—Ce6) exhibited good aqueous dispersibility,
although both of the components, Ce6 and graphene, have
poor or no solubility in water. The complexes of porphyrin- and
pyrene-based host molecules, named nanotweezers' ' and
nanocalipers,”~>* with carbon nanotubes have shown similar
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Figure 1. (a) Molecular structure of Ce6. (b) Pictures of supernatants
after exfoliation and centrifugation in the presence (left) and absence
(right) of Ce6 in water.

phenomena; the complex was dispersed well, despite low or no
solubility of each component in methanol. The enhanced
dispersibility through complexation can be attributed to the
polarity induced by donation and acception of 7 electrons in
the complex, as discussed in our previous papers.”"”> The
formation of an electron donor—acceptor complex is supported
by quenching in the fluorescence spectrum, which will be
shown below.

Typical atomic force microscopy (AFM) images of the
greenish dispersion are shown in Figures 2 and S1. Most of the
plates are 1.2—2.5 nm in thickness, proving that the exfoliated
graphene has only a few layers. The plates observed in a
scanning transmission electron microscopy (STEM) image
(Figure S2) exhibit high transparency, supporting the above
conclusion of thin graphene sheets. The graphene dispersion
was further characterized by absorption, fluorescence, and
Raman spectroscopies. In the absorption spectra (Figure 3a),
the Q(I) band of free Ce6 at 655 nm disappeared after
exfoliation and centrifugation, indicating almost no free Ce6 in
the supernatant. This phenomenon can be explained by the
poor solubility of Ce6 in water; that is, only the Ce6 complexed
with graphene can be dissolved, and the free Ce6 was
precipitated out during the centrifugation process. The large
upward shift of the baseline and the red shift and broadening of
the Soret and Q(I) bands of Ce6 indicate that a significant
amount of graphene exists as a complex with Ce6 in the
supernatant. This is supported by the fluorescence quenching
observed in the fluorescence spectra (Figure 3b). To confirm
the stability of the composite in water for longer duration, the
dispersion was monitored by the absorption spectra after 1, 3,
and 7 days (Figure S3). Although the absorbance gradually

decreased for 7 days, no precipitation was observed for more
than a month. This indicates that Ce6 works as a dispersant for
graphene as well as an exfoliant for graphite.

Because the baseline shift and peak intensity correspond to
the graphene and Ce6, respectively, in the absorption spectrum
(Figure 3a), the loading capacity is calculated as 160 wt % (the
detail is described in the Supporting Information). In this
calculation, we used the absorption coefficient of each
component, Ce6 (aces = 4910 mL mg™' m™ at 655 nm)
and graphene ((thmphene = 3450 mL mg™' m™! at 660 nm), to
estimate the weight ratio in the G—Ce6 composite. The
capacity is 10 times larger than that using functionalized GO as
a carrier. The enhanced loading capacity can be attributed to a
large flat area in the pristine graphene surface of the directly
exfoliated graphene with Ce6. In contrast, GO has only a
limited flat region to accept Ce6. The high Ce6 loading capacity
in the composite is a remarkable advantage over the previously
reported methods as well as the facile and direct approach in
our process.

To clarify the structure, the exfoliated graphene was analyzed
by Raman spectroscopy at the excitation wavelength of 488 nm.
As shown in Figure 4a, typical Raman features of D, G, and 2D
bands at 1356, 1577, and 2733 cm™, respectively, were
observed for the pristine graphite. After exfoliation with Ce6,
fluorescence overlapped with the Raman peaks, making the
background of the exfoliated graphene upward. This phenom-
enon supports the existence of Ce6 with graphene.”® After
exfoliation, the 2D band in the Raman spectra shifts
significantly from 2733 to 2708 cm™' and the peak shape
becomes much more symmetrical, indicating exfoliation of thin-
layer graphene. This result is consistent with that of the AFM
image in Figure 2. Another AFM and STEM observation of a
much smaller lateral size of the graphene (Figures 2 and S1 and
S2) than the graphite (more than 10 um) is considered to
correlate with the increased intensity in the Raman D band at
1356 cm™' because of the large increase in the edges of the
smaller size graphene.”””® The increase in the relative intensity
of the D band may be attributed mainly to the edge rather than
the defect because the Ip/I; ratio of the exfoliated graphene
(0.21) in Figure 4a is much smaller than those of the reduced
GO (1.08—1.44).>”*° The smaller I,/I; ratio secures a higher
planarity of graphene, which did not disturb the 7— stacking
between the graphene and Ce6 and thus realized the high
loading capacity mentioned above.
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Figure 2. Typical AFM image (a) and height profiles (b) of the graphenes after exfoliation with Ce6.
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Figure 3. Absorption (a) and fluorescence (b; excited at 404 nm) spectra of Ce6 in water before and after exfoliation of graphene. The absorbance
contributed by graphene is indicated as the baseline (green trace) in the absorption spectra (a). Red and black arrows indicate the absorbance of Ce6

at the Q(I) band and graphene at 660 nm, respectively.
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Figure 4. (a) Raman spectra of pristine graphite and exfoliated graphene at the laser wavelength of 488 nm. (b) Release profile of Ce6 from G—Ce6

in PBS at pH 7.4.

To apply the composite to cancer cells for PT, the aqueous
medium was replaced by phosphate-buffered saline (PBS; pH
7.4). No absorption corresponding to free Ce6 was observed in
the absorption spectrum after the medium exchange (Figure
SS), indicating that the replacement of the medium did not
cause decomplexation of G—Ce6. The PBS dispersion was
quite stable without precipitation after a week (Figure SS).
However, a drug release experiment through dialysis of the PBS
dispersion of G—Ce6 against PBS (Supporting Information)
revealed that Ce6 was released gradually (Figure 4b), although
any precipitates were not observed.

The PBS dispersion of G—Ce6 was applied to HeLa cells
with or without photoirradiation. The experiments using Ce6
instead of G—Ce6 were also carried out under the same
conditions. Neither free Ce6 nor G—Ce6 exhibited any toxicity
to HeLa cells in the dark at Ce6 concentrations of up to 0.20 g
mL™" (Figure 5a). On the other hand, a remarkable difference
in the cell viability was observed under light irradiation. While
free Ce6 exhibited negligible cytotoxicity to HeLa cells up to
0.20 ug mL~', significant cytotoxicity was observed in the
presence of G—Ce6 at Ce6 concentrations of more than 0.050
ug mL™" (Figure 5b). More than 96% cancer cells were killed at
Ce6 concentrations of more than 0.10 ug mL™'. This
concentration is 6—75 times less than that of other carriers
such as GO,”*"** lanthanide-doped nanoparticles,**** con-
jugated polymers,"® and other types of nanomaterials,"®
although some of the conditions such as the laser power and
the kind of cancer cell are not the same. This indicates that Ce6
loaded on the graphene is delivered more efficiently into the
cell. We could say that G—Ce6 is one of the best PT agents in
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Figure 5. Cell viability of HeLa cells treated with G—Ce6 or Ce6 at
various concentrations without (a) or with (b) irradiation of a 660 nm
laser for 2 min. Error bars were based on four paralle] measurements.

terms of the drug loading capacity and cell killing efficiency as
well as the facile and scalable preparation process.
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The sharp contrast between G—Ce6 and Ce6 under light
irradiation suggests an important role of graphene for this
process. Therefore, the cellular uptake of Ce6 was evaluated by
flow cytometry (FACS) of the HeLa cells treated with free Ce6
or G—Ce6 at concentrations of up to 0.20 ug mL ™" in the dark.
Although the fluorescence intensities are proportional to the
initial Ce6 concentration applied to the cells in both free Ce6
and G—Ce6 (Figure 6), the degree of increase in the
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Figure 6. FACS analyses of HeLa cells after incubation with Ce6 and
G—Ce6 at various Ce6 concentrations (0.0062—0.20 ug mL™") for 24
h.

fluorescence intensity is much larger in G—Ce6 than Ce6,
indicating that Ce6 supported by graphene was uptaken by
HeLa cells much more than free Ce6 at the same Ce6
concentration. In other words, graphene strongly accelerated
insertion of the loaded drug into the cell. After being taken up
as a composite, Ce6 is considered to be released according to
the result of the release experiment (Figure 4b). Because the
fluorescence of G—Ce6 was much weaker than that of Ce6
(Figure 3b), the origin of the fluorescence in FACS analysis
(Figure 6) should be Ce6 released from G—Ce6 taken up by
the cell (Figure 4b).

When the 660 nm laser was irradiated at the cell taking up
G—Ce6, Ce6 released from G—Ce6 inside the cell may
generate reactive oxygen species (ROS) as the PDT agent
because of the effective absorption of the 660 nm light, as
shown in the red trace of Figure 3a. On the other hand, Ce6 in
the G—Ce6 composite inside the cell could absorb the 660 nm
light much less efficiently because of the red shift of the Q(I)
band, as shown in the blue trace of Figure 3a, implying much
less PDT effect of Ce6 in the composite. In fact, little

generation of singlet oxygen, the main component of ROS to
induce cell death, was confirmed from G—Ce6 upon irradiation
of 660 nm light in the presence of 1,3-diphenylisobenzofuran,
which is a well-known chemical probe of singlet oxygen (Figure
S6). The absorption intensity difference between free Ce6 and
complexed Ce6 at 660 nm indicates that Ce6 released from G—
Ce6 works as a PDT agent to kill the cancer cells. In addition,
graphene in G—Ce6 could absorb the 660 nm light. Once it
absorbs the light, it gets excited and may return to the ground
state by releasing heat. This implies that the photothermal
effect may act as another factor to kill the cancer cells. Actually,
a larger increase in the temperature was observed with G—Ce6
when the PBS solutions with and without G—Ce6 were
exposed to light under the same conditions (0.8 °C increase
with G—Ce6 compared with 0.4 °C without G—Ce6 in the
Supporting Information). Therefore, the mechanism based on
the very low cell viability in Figure Sb can be explained as PDT
by Ce6 released from G—Ce6 as well as PTT by graphene
complexed with Ce6.

In conclusion, we have fabricated a promising composite for
PT through direct exfoliation of graphene from graphite with a
photosensitizer, Ce6. Unexpectedly, the composite shows good
dispersibility in a physiological environment without any
chemical pretreatment of the graphene carrier and thus realizes
a high drug loading efficiency. In addition, the loaded drug is
efficiently inserted into the cell with the aid of a carrier, exerting
the PT phenomenon in contrast to free Ce6. We believe that
this approach of the direct fabrication of a graphene-based
photosensitizer is widely applicable to the drug-delivery system
based on a 2D-layered nanosheet.
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