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a  b  s  t  r  a  c  t

Glycol  chitosan  (GC)  grafted  with  2,3-dimethylmaleic  acid (DMA)  and  fullerene  (C60)  conjugates  (GC-
g-DMA-g-C60)  were  developed  for use  in  a photosensitizer  prodrug.  GC-g-DMA-g-C60 was  prepared  via
the  simple  two-step  chemical  grafting  reactions  of (i)  DMA  to  free  amine  groups  of GC  and  (ii)  hydroxyl
groups  of  GC-g-DMA  to  � � carbon  bonds  of  C60. This  conjugate  was  self-assembled  to  form  polysac-
charidic  nanogels  consisting  of a hydrophilic  block  (GC  and  DMA)  and  a hydrophobic  block  (C60).  Here,
GC-g-DMA-g-C60 nanogels  also  formed  multi-nanogel  aggregates  due  to  the  electrostatic  interaction
between  the  pendant  carboxylic  acid  group  (due  to  the  DMA)  and  residual  free  amine  group of  GC  at
pH  7.4.  Interestingly,  the nanogel  aggregates  can  be disintegrated  at  pH  5.0  due to  the  reduction  of
electrostatic  interaction  resulting  from  the  cleavage  of the  DMA  blocks  at pH  5.0.  Upon  670  nm  light
,3-Dimethylmaleic acid
hotodynamic therapy

illumination,  photo-responsive  properties  of  the  nanogel  aggregates  allowed  different  singlet  oxygen
generation  according  to the  pH condition:  the reduced  singlet  oxygen  generation  (due to increased  photo-
interference  effect  between  C60 molecules  close-packed  in nanogel  aggregates)  at pH  7.4,  but  the  elevated
singlet  oxygen  generation  (due  to  the  disintegration  of  nanogel  aggregates)  at pH  5.0.  GC-g-DMA-g-C60

nanogel  aggregates  responds  to pH  5.0  (∼endosomal  pH)  can  be  a good  candidate  for  endosomal  pH
todyn
targeting  and  in  vivo  pho

. Introduction

The therapeutic benefit of photodynamic therapy (PDT) has
ained considerable attention in antitumor applications because
DT utilizes external light illumination at the tumor sites for
he generation of highly reactive oxygen species (such as singlet
xygen) from photosensitizer drugs systemically delivered to
umors (Bosi, Da Ros, Spalluto, & Prato, 2003; Chen, Ma,  Liu, &
hen, 2012; Diener, Alford, Kennel, & Mirazdeh, 2007; Zhu et al.,
008). This method of tumor therapy provides promising modality
or the treatment of local tumors illuminated by external light
ource, associated with ameliorated drug side effects for normal
issues (Bosi et al., 2003; Chen et al., 2012; Diener et al., 2007).
owever, most photosensitizer drugs used in PDT have been out-

ide this expectation and exhibit limited clinical availability due

o the lack of multifunctionality for improving drug therapeutic
ffects (Chen et al., 2012; Nakamura & Isobe, 2003; Tabata & Ikada,
999; Wei, Zhang, Lu, Man, & Wen, 2010). Introduction of a novel
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amic  therapy  in various  malignant  tumor  cells.
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photosensitizer drug tailor-made for this purpose can provide a
means to overcome the aforementioned issue.

One of important trials in photosensitizer drug design is directed
toward the incorporation of stimuli-responsive polymers (Lee,
Oh, Baik, Youn, & Lee, 2010; Lee et al., 2011; Oh  et al., 2010,
2012) to photosensitizer drugs. For example, our group recently
reported a photosensitizer drug with an intelligent phototoxicity
switch which was pH dependant (Park et al., 2011, 2012). This
photosensitizer drug consists of glycol chitosan grafted with a
functional 3-diethylaminopropyl isothiocyanate (DEAP), chlorin e6
(photosensitizer drug), and poly(ethylene glycol), which allowed
relatively higher phototoxicity at tumor extracellular pH (∼pH
6.8), while minimizing phototoxicity at physiological pH (∼pH
7.4) (Park et al., 2011). These pH-dependent properties empha-
size the potential of photosensitizer drugs for improved tumor
therpay.

Fullerene (C60), one of the photosensitizer chemicals, can readily
transfers the exited energy to oxygen molecules during the light
illumination at 670 nm,  resulting in the generation of singlet oxy-

gen in a high yield (Bosi et al., 2003; Chen et al., 2012; Diener et al.,
2007). Several investigations for photosensitizer drug design have
been made by utilizing exohedral derivatization methods using
synthetic polymers, peptide/proteins, and antibodies (Bosi et al.,
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Table  1
Characterization of GC-g-DMA-g-C60.

Sample Conjugated DMA  molecules
per one repeating unit of GCa

Conjugated C60 molecules per
one repeating unit of GCb

GCDF 0.57 0.11
GCF 0 0.09
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intensity of full 9,10-dimethylanthracene (without the nanogels,
, b The conjugation of C60 (or DMA) to GC was estimated from 1H NMR  (DMSO-d6
ith TMS).

003; Chen et al., 2012; Diener et al., 2007; Wen  et al., 2012). How-
ver, even in the case of several exohedral fullerenes, there has
een a lack of progress in pharmaceutical approaches due to poor
unctionalities in tumor therapy.

Here, we  describe the facile synthesis of fullerene deriva-
ives based on functionalized glycol chitosan (GC) for PDT. Glycol
hitosan (GC) grafted with 2,3-dimethylmaleic acid (DMA) and
ullerene (C60) (GC-g-DMA-g-C60) were synthesized via a simple
wo-step chemical grafting reaction of (i) DMA  to free amine groups
f GC and (ii) free hydroxyl groups of GC-g-DMA to � � carbon
onds of C60 (Fig. 1a). It is interesting to note that the GC-g-DMA-
-C60 self-assembled in aqueous solution can form multi-nanogel
ggregates due to the electrostatic interaction between pendant
MA  groups and the residual free amine group of GC at pH 7.4.
hese nanogel aggregates can be divided into single nanogel parts
t pH 5.0 due to the reduction of electrostatic interactions result-
ng from cleavage of the DMA  blocks (Lee et al., 2010) at pH 5.0
Fig. 1b). These changes in physicochemical properties will support
he potential of GC-g-DMA-g-C60 nanogel aggregates for targeting
ndosomal pH (∼pH 5.0) (Canton & Battaglia, 2012) in tumor cells.
n this study, we preferentially investigated the pH-responsive
roperties of these nanogel aggregates, their singlet oxygen gen-
ration, and their phototoxicity toward malignant tumor cells.

. Experimental

.1. Materials

Fullerene (C60) was purchased from NanoLab Inc. (Waltham,
A,  USA). Glycol chitosan (GC, Mw  = 500 kDa), 2,3-dimethylmaleic

nhydride (DMA), dimethylsulfoxide (DMSO), triethylamine (TEA),
,10-dimethylanthracene, lithium hydroxide (LiOH), pyridine,
odium borate (Na2B4O7), and toluene were purchased from
igma–Aldrich (St. Louis, MO,  USA). RPMI-1640, fetal bovine serum
FBS), penicillin, and streptomycin were purchased from Welgene,
nc (Seoul, South Korea). The Cell Counting Kit-8 was obtained from
ojindo Molecular Technologies Inc (Kumamoto, Japan).

.2. GC-g-DMA-g-C60 synthesis

GC (300 mg)  was reacted with DMA  (564 mg)  in DMSO (20 mL)
ontaining TEA (1.2 mL)  and pyridine (1.2 mL)  at room temperature
or 3 days, yielding GC grafted with 2,3-dimethylmaleic acid (GC-
-DMA) (yield ∼89%). GC-g-DMA or GC (200 mg) was coupled with
60 (143 mg)  in toluene (50 mL)/DMSO (20 mL)  co-solvent contain-

ng LiOH (23 mg)  at room temperature for 7 days (Fig. 1a), yielding
C-g-DMA-g-C60 (GCDF) or GC-g-C60 (GCF) (Table 1). After the

eaction, toluene was removed using a rotary evaporator, and the
esulting solution was transferred to a pre-swollen dialysis mem-
rane tube (Spectra/Por® MWCO  15K, Spectrum Lab. Inc., Rancho
ominguez, USA) and was dialyzed against sodium borate buffer

pH 7.4) solution to remove non-reacted chemicals. The solution

ithdrawn from a dialysis membrane tube was freeze-dried for 2
ays (Kwag et al., 2012; Kwag, Park, Oh, & Lee, 2013). The yield of
nal products (GCDF or GCF) was ∼84%.
ers 101 (2014) 692– 698 693

2.3. Nanogel synthesis

GCDF or GCF (10 mg)  were dissolved in DMSO (2 mL)  and
transferred to a pre-swollen dialysis membrane tube (Spectra/Por
MWCO  15K), after which the solutions were dialyzed against
150 mM phosphate buffer saline (PBS, pH 7.4) for 24 h. The outer
phase was replaced three times with fresh PBS solution (Kwag et al.,
2012, 2013). The solution was  subsequently freeze-dried for 2 days.
The yield of nanogel synthesis was ∼92%.

2.4. Particle size distribution

The particle size distribution of GCDF or GCF  nanogels (1 mg/mL)
at different pH values (pH 7.4–5.0, PBS 150 mM)  was measured
using a Zetasizer 3000 instrument (Malvern Instruments, Westbor-
ough, MA,  USA) equipped with a He Ne Laser beam at a wavelength
of 632.8 nm and a fixed scattering angle of 90◦ (Kwag et al., 2012,
2013). Before the test, GCDF or GCF nanogels at different pHs  (pH
7.4–5.0, PBS 150 mM)  were stabilized at room temperature for 4 h.
The morphology of GCDF or GCF nanogels was confirmed using a
field emission scanning electron microscopy (FE-SEM, Hitachi s-
4800, Tokyo, Japan).

2.5. Light transmittance

The light transmittance of solutions was  measured using a
UV–visible spectrophotometer (Labantech Co., USA) (Kwag et al.,
2012, 2013). Before the test, GCDF or GCF nanogel solutions
(1 mg/mL) at different pH (pH 7.4–5.0, PBS 150 mM)  were stabilized
at room temperature for 4 h. Relative transmittance of the GCDF or
GCF nanogel solution was  measured in the selected pH range with
respect to transmittance at pH 7.4.

2.6. Zeta potential

The zeta potential of each sample (1 mg/mL) stabilized at dif-
ferent pH values (PBS 150 mM,  pH 7.4–5.0) for 4 h was  measured
using a Zetasizer 3000 instrument (Malvern Instruments)

2.7. Singlet oxygen generation

The generation of singlet oxygen from GCDF or GCF nanogels
was confirmed using 9,10-dimethylanthracene. First, GCDF, GCF
nanogels (equivalent to 1 mg/mL  C60) or free C60 (1 mg/mL)
at different pHs (pH 7.4–5.0, PBS 150 mM)  were stabilized at
room temperature for 4 h. The samples (equivalent to 1 mg/mL
C60) were mixed with 9,10-dimethylanthracene (20 mmol) in PBS
(150 mM,  pH 7.4) and were then illuminated at a light intensity of
100 mW/cm2 using a 670 nm laser source for 10 min. Fluorescent
9,10-dimethylanthracene reacts selectively with singlet oxygen,
resulting in decreased fluorescent intensity (Gomes, Fernandes,
& Lima, 2005). The change of 9,10-dimethylanthracene fluores-
cence intensity in each sample was measured using a Shimadzu
RF-5301PC spectrofluorometer at �ex 360 nm and �em 380–550 nm.
When the fluorescence intensity of 9,10-dimethylanthracene
reached a plateau after 1 h, the change in fluorescence intensity
of 9,10-dimethylanthracene (Ff − Fs) was  plotted after subtracting
the fluorescence intensity of each sample (Fs) from the fluorescence
indicating no singlet oxygen, Ff). All data were obtained by using the
slit-width of excitation and the emission of the spectrofluorometer
at 5 nm (Kwag et al., 2012, 2013).
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Fig. 1. (a) Synthesis scheme and (b) concept of purposed GC-g-DM

.8. In vitro phototoxicity

Human nasopharyngeal epidermal carcinoma KB cells were
aintained in RPMI-1640 medium with 2 mM l-glutamine, 1%

enicillin–streptomycin, and 10% FBS in a humidified standard
ncubator with a 5% CO2 atmosphere at 37 ◦C. Prior to testing,
ells (1 × 105 cells/mL) were grown as a monolayer, and were har-
ested via trypsinization using a 0.25% (w/v) trypsin/0.03% (w/v)
DTA solution. KB cells were suspended in RPMI-1640 medium and
ere seeded onto well plates and cultured for 24 h prior to in vitro

ell testing (Kwag et al., 2012, 2013). Phototoxicity of GCDF or
CF nanogels with light illumination was tested in KB tumor cells.
CDF, GCF nanogels (equivalent to 0.1–10 mg/mL  C60) or free C60

0.1–10 mg/mL  C60) dispersed in RPMI-1640 medium was admin-
stered to the cells. The cells were incubated with each sample for
2 h and were then washed three times with PBS (pH 7.4). The cells

n in fresh RPMI-1640 medium were illuminated at a light inten-

ity of 100 mW/cm2, using a 670 nm laser source for 5 min  and were
hen further incubated for 12 h without light illumination. Cell via-
ility was determined using a Cell Counting Kit-8 (CCK-8 assay)
Lee, Ahn, Youn, & Lee, 2013).
C60 conjugates. (c) 1H-NMR peak of GC-g-DMA-g-C60 conjugates.

In addition, to estimate the original toxicity of each sample, cell
viability tests of KB cells treated with GCDF, GCF nanogels (equiv-
alent to 1–50 mg/mL  C60) or free C60 (1–50 mg/mL  C60) for 24 h
without light illumination was  conducted.

2.9. pH-activatable phototoxicity

KB cells treated with GCDF or GCF nanogels (equivalent
to 10 mg/mL  C60) were dispersed in RPMI-1640 medium (pH
7.4 or 5.0, adjusted using 0.1 M HCl or 0.1 M NaOH) for
30 min, and then illuminated at a light intensity of 10 mW/cm2,
using a 670 nm laser source for 5 min  and then washed with
fresh 150 mM  PBS (pH 7.4). The cells in fresh RPMI-1640
medium were further incubated in fresh RPMI-1640 medium
for 12 h. Cell viability was determined using CCK-8 assay in KB
cells.
2.10. Transmission electron microscopy (TEM) analysis

The KB tumor cells, incubated with GCDF or GCF nanogels
(equivalent to 10 mg/mL C60) for 6 h at 37 ◦C, were washed three
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Fig. 3. Particle size change of GCDF nanogels (1 mg/mL) exposed at different pH
ig. 2. (a) Particle size distribution and (b) FE-SEM image of GCDF nanogels
150 mM,  pH 7.4, 1 mg/mL). (c) Optical image of free C60, GCF or GCDF nanogels
ispersed in PBS solution (150 mM,  pH 7.4, 2 mg/mL).

imes with fresh PBS, and were then fixed in 4% paraformalde-
yde/2.5% glutaraldehyde in 0.1 M PBS overnight. After washing
ith 0.1 M PBS, the specimens were post-fixed with 1% osmium

etroxide in PBS for 1 h. The specimens were then dehydrated with
ure ethanol and embedded in Epon 812. The polymerization of
pon 812 was performed at 60 ◦C for 3 days. Ultra-thin sections
60–70 nm)  from embedded specimens were obtained using an
ltra-microtome (Leica Ultracut UCT, Germany). Ultra-thin sections
ere mounted onto carbon-coated copper grids and examined
sing TEM (JEM 1010, Japan) operating at 60 kV and CCD camera
SC1000 Orion, USA) (Kwag et al., 2013).

.11. In vivo fluorescence imaging

In vivo studies were conducted with 4–6-week old female nude
ice (BALB/c, nu/nu mice, Institute of Medical Science, Tokyo,

apan). Nude mice were maintained under the guidelines of an
pproved protocol from the Institutional Animal Care and Use Com-

ittee (IACUC) of the Catholic University of Korea (Republic of

orea).
For the in vivo animal experiments, KB tumor cells were

ntroduced into female nude mice via subcutaneous injection of
values (n = 3). (b) The relative change of GCDF or GCF nanogels (1 mg/mL) in trans-
mittance according to the pH of each solution (n = 3). (c) Zeta potential change of
GCDF nanogels (1 mg/mL) exposed at different pH values (n = 3).

1 × 105 cells suspended in PBS pH 7.4 (ion strength: 0.15) medium.
When the tumor volume reached about 70 mm3, the nanogels
(equivalent to C60 10 mg/kg mice body) were injected intra-
venously into tumor-bearing nude mice through the tail vein. A
12-bit CCD camera (Image Station 4000 MM;  Kodak, Rochester, NY,
USA) equipped with a special C-mount lens and a long wave emis-
sion filter (600–700 nm;  Omega Optical, Brattleboro, VT, USA) was
used to obtain live fluorescence images of the nude mice (Oh et al.,
2012; Park et al., 2011). In addition, fluorescent images from wells
containing GCDF nanogel solution (equivalent to 10–100 mg/mL
C60, PBS 150 mM,  pH 7.4) were visualized with a KODAK image
station (�excitation = 635 nm,  �emission = 720 nm).

3. Results and discussion

3.1. Characterization of GC-g-DMA-g-C60

GC-g-DMA was synthesized through the graft chemical reaction
of DMA  to free amine groups of GC. GC-g-DMA-g-C60 was then pre-
pared through the coupling reaction between free hydroxyl groups
of GC-g-DMA and � � carbon bonds of C60 in the presence of LiOH

(as a catalyst). The conjugation of DMA  to GC was  estimated from
1H-NMR (DMSO-d6 with TMS) from the peaks of ı 1.88 ppm ( CH3
in DMA) and ı 3.30 ppm ( CH2 in GC) (Fig. 1c). The conjugated DMA
molecules for each repeating unit of GC was 0.57 (GCDF) (Table 1).
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Fig. 5. (a) Phototoxicities were determined using a CCK-8 assay in KB cells
treated with GCDF, GCF nanogels (equivalent to 0.1–10 mg/mL  C60) or free C60

(0.1–10 mg/mL) for 12 h with light illumination (n = 7). (b) Cell viabilities of KB
ig. 4. The generation of singlet oxygen of (a) GCDF, (b) GCF nanogels (equivalent
o  1 mg/mL  C60) or (c) free C60 (1 mg/mL) exposed at different pH values.

he conjugation of C60 to GC was also estimated from 1H-NMR
DMSO-d6 with TMS) from the peaks of ı 6.55 ppm ( CH in C60) and

 3.30 ppm ( CH2 in GC) (Fig. 1c). The conjugated C60 molecules per
ne repeating unit of GC were 0.11 (GCDF) or 0.09 (GCF) (Table 1).

.2. GC-g-DMA-g-C60 nanogel aggregates

The GC-g-DMA-g-C60 nanogels were simply prepared by the
elf-assembling process (Hahn et al., 2007; Park et al., 2006) of
C and DMA  blocks on a hydrophilic shell, and C60 blocks at the
ydrophobic core using the dialysis method. Here, it is hypothe-
ized that the GC-g-DMA-g-C60 nanogels can form multi-nanogel
ggregates due to the electrostatic interactions of nanogels with
he pendant carboxylic acid group (due to the DMA) and residual
ree amine group of GC. Fig. 2a shows that the average particle
ize of the GC-g-DMA-g-C60 (GCDF) nanogels was approximately
83 nm,  which is comparable with the average particle size of
he GC-g-C60 (GCF) nanogels without DMA  blocks (approximately
6 nm)  (data not shown). This difference in particle size indi-
ates complicated nanostructure formation in GCDF. In addition,
he image obtained from FE-SEM evidenced that GCDF nanogels

re almost spherical (Fig. 2b), similar to those of GCF nanogels
data not shown). The GCDF or GCF nanogels exhibited effective
ispersion in PBS (Fig. 2c). The GCDF or GCF nanogels were also
table for 2 week without any precipitation; the changes in the
cells  treated with GCDF, GCF nanogels (equivalent to 1–50 mg/mL C60) or free C60

(1–50 �g/mL) for 24 h without light illumination (n = 7).

size of the nanogels were negligible (data not shown). However,
as shown in Fig. 3a, the average particle size of GCDF nanogels
changed from 283 nm (pH 7.4) to 221 nm (pH 6.8), 133 nm (pH
6.0), and 54 nm (pH 5.0), upon alteration of pH. While the par-
ticle size change of GCF nanogels was  not significant upon pH
reduction from 7.4 to 5.0 (data not shown). Fig. 3b shows the trans-
mittance change of the nanogel solution according to changes in
pH. As the pH of the solution declined from 7.4 to 5.0, the rela-
tive transmittance of the GCDF nanogel solution increased, which
is consistent with the reduction of nanogel size in GCDF with
decreasing pH (Fig. 3a). In addition, the GCF nanogels exhibited
no significant difference in relative transmittance at the various
tested pH values (Fig. 3b). Fig. 3c shows the change in zeta poten-
tial of the nanogels as a function of pH. The zeta potentials of GCDF
nanogels changed from –19.5 mV  to + 9 mV  upon pH reduction from
7.4 to 5.0. However, the change in zeta potentials of GCF nanogels
was negligble (data not shown). It is known that DMA-conjugated
pirmary amine would occur as free primary amine at a slightly
acidic pH due to the rapid hydrolysis of DMA  (Lee et al., 2010;
Oh et al., 2012). It seemed that the negative zeta potential, which
originated from the DMA  block, was offset by the cleavage of the
DMA  block (backing to cationic free amine groups in GC)  at pH
5.0.

Overall, the changes in physicochemical properties of GCDF
upon pH reduction from 7.4 to 5.0 indicate that the nanogel aggre-
gates (283 nm size) were disintegrated to single nanogel parts
(54 nm, similar to the particle size of GCF nanogels) at pH 5.0 due
to the reduction of electrostatic interactions between the nanogels

by the cleavage of the anionic DMA  blocks (Fig. 1b). As a result, the
conjugation of GC-g-DMA to C60 seemed to be greatly influence the
physicochemical properties of C60.



S. Kim et al. / Carbohydrate Polymers 101 (2014) 692– 698 697

Fig. 6. (a) pH-activatable phototoxicity of GCDF or GCF nanogels (30 min treatment)
at  pH 7.4 or 5.0 with light illumination. (n = 7). (b) TEM analysis of KB tumor cells
treated with GCDF nanogels (equivalent to 10 mg/mL C60) for 6 h at 37 ◦C. The GCDF
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Fig. 7. (a) Near infra-red (NIR) fluorescence (�excitation = 635 nm,  �emission = 720 nm)
image from wells containing GCDF nanogels (equivalent to 10–100 mg/mL  C60) in
150  mM PBS (pH 7.4). (b) In vivo non-invasive fluorescent imaging of nude mice
harboring KB tumors. A GCDF (equivalent to C60 10 mg/kg mice body) was intra-
anogels in the endosome are indicated by a blue arrow. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version of
he  article.)

.3. Singlet oxygen generation from GC-g-DMA-g-C60 nanogels

Fig. 4 shows the singlet oxygen generation from GCDF,
CF or free C60 during light illumination (100 mW/cm2 at
70 nm). The changes in fluorescence intensity (Ff − Fs) of 9,10-
imethylanthracene (dectector for singelet oxygen) (Gomes et al.,
005) reveal singlet oxygen generation from the nanogels or free
60. The GCDF nanogels exhibited a reduced generation of singlet
xygen at pH 7.4–6.8, owing to the self-quenching event (due to
ncreased photo-interference effect between C60 molecules close-
acked in nanogel aggregates), which was recovered at pH 5.0
wing to the disintergration of nanogel aggregates. This is com-
arable with the pH-independent singlet oxygen generation of GCF
anogels (Fig. 4b) and the reduced singlet oxygen generation of free
60 molecules due to the poor solubility in water (Fig. 4c). These
ata support that GC-g-DMA-g-C60 nanogels can respond to pH 5.0
similar to endosomal pH) and selectively generate singlet oxygen
pon light illumination. These nanogels can be a good candidate for
ndosomal pH targeting and photodynamic antitumor therapy.

.4. In vitro/in vivo evaluation

Fig. 5 shows the in vitro antitumor therapeutic efficiency of GCDF
anogels. The photodynamic cell ablation of GCDF, GCF or free C60
nder light illumination was tested for human nasopharyngeal epi-
ermal carcinoma KB cells. The GCDF, GCF nanogels (equivalent to
.1–10 mg/mL  C60) or free C60 (0.1–10 mg/mL) dispersed in RPMI-
640 medium was administered to the cells. The cells were then
ncubated for 12 h. During these procedures, the nanogels undergo
ndocytosis and entrapment in acidic compartments (e.g., endo-
omes) in KB tumor cells (Canton & Battaglia, 2012; Nam et al.,
009). Throughout this endocytic internalization pathway (Canton
venously injected into nude mice and fluorescent images were obtained at 2 h (left)
or  8 h (right) post-injection. Tumor site is indicated by a white arrow.

& Battaglia, 2012) the GCDF in the endosomes (∼pH 5.0) are active
for light illumination. As a result, GCDF and GCF nanogels led to
relatively high levels of KB cell ablation upon light illumination
at 670 nm (100 mW/cm2) for 5 min. However, free C60 caused less
phototoxicity of KB tumor cells. In addition, GCDF, GCF nanogels or
free C60 prior to light illumination were not cytotoxic (Fig. 5b).

In an attempt to further evaluate the potential of GCDF as a
photosensitizer for tumor therapy, KB tumor cells were incubated
with GCDF or GCF nanogels (equivalent to 10 mg/mL C60) at pH
7.4 or 5.0. A relatively short incubation period (30 min) limits the
endocytosis of nanogels (Canton & Battaglia, 2012). We  illumi-
nated the cells at a light intensity of 10 mW/cm2 using a 670 nm
laser source for 5 min  and determined the phototoxicities of the
nanogels. It was  found that the self-quenched GCDF at pH 7.4
allowed relatively lower phototoxicity for KB tumor cells, while

the disintegrated GCDF at pH 5.0 displayed relatively increased KB
cell ablation (Fig. 6a). These results are comparable with the high
phototoxicities of GCF nanogels at all tested pH values. In addition,
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he TEM images (Fig. 6b) reveal that endocytosed GCDF nanogels
ere efficiently disintegrated to single nanogel parts, suggesting

he possibility of high phototoxicity in the endosomes upon light
llumination.

Fig. 7 shows fluorescent images of the nanogels upon light illu-
ination. It is known that hydroxyl group conjugation (breaking

 � carbon bonds of C60) to C60 using LiOH as a catalyst influ-
nces the electronic emission state of C60, resulting in a strong
ear-infrared (NIR) fluorescence intensity (Kwag et al., 2013). The
60 conjugates enable photo-luminescent tumor imaging with-
ut labeling any fluorophores or isotope. In Fig. 7a, fluorescent
ntensity of GCDF nanogels according to the C60 concentration

as visualized with a KODAK image station (�excitation = 635 nm,
emission = 720 nm). Furthermore, we obtained in vivo fluorescent

mages of KB tumor-bearing nude mice after the intravenous injec-
ion of GCDF or GCF through the tail veins of nude mice (Fig. 7b). The
CDF nanogels allowed for high-resolution fluorescent intensity
t the tumor site after 8 h, which may  be due to the extravasa-
ion of nanogels from the tumor vasculature due to the enhanced
ermeability and retention (EPR) effect (Maeda & Matsumura,
011). These results suggest that pH-responsive GC-g-DMA-g-C60
anogels can be applied to in vivo photodynamic therapy and in vivo
hoto-luminescent imaging in various malignant tumor cells. Of
ourse, to substantiate our findings of its potential, further investi-
ations, such as in vivo animal test, will be required.

. Conclusion

The GC-g-DMA-g-C60 nanogels exhibited an advanced property
or endosomal pH targeting, through an enhanced singlet oxygen
eneration at pH 5.0, and elevated photodynamic tumor cell abla-
ion at pH 5.0. The GC-g-DMA-g-C60 nanogels hold great promise
or use in the selective endosomal delivery of photosensitizer drugs
or tumors. We conclude that these qualities of GC-g-DMA-g-C60
anogels are expected to improve the utility of C60 for photody-
amic antitumor therapy.
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