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a b s t r a c t

Herein, we developed the photosensitizer, protoporphyrin IX (PpIX), conjugated glycol chitosan (GC)
nanoparticles (PpIXeGCeNPs) as tumor-homing drug carriers with cellular on/off system for photody-
namic imaging and therapy, simultaneously. In order to prepare PpIXeGCeNPs, hydrophobic PpIXs were
chemically conjugated to GC polymer and the amphiphilic PpIXeGC conjugates formed a stable nano-
particle structure in aqueous condition, wherein conjugated PpIX molecules formed hydrophobic inner-
cores and they were covered by the hydrophilic GC polymer shell. Based on the nanoparticle structure,
PpIXeGCeNPs showed the self-quenching effect that is ‘off’ state with no fluorescence signal and
phototoxicity with light exposure. It is due to the compact crystallized PpIX molecules in the nano-
particles as confirmed by dynamic light scattering and X-ray diffraction methods. However, after cellular
uptake, compact nanoparticle structure gradually decreased to generate strong fluorescence signal and
singlet oxygen generation when irradiated. Importantly, PpIXeGCeNPs-treated mice presented pro-
longed blood circulation, enhanced tumor targeting ability, and improved in vivo therapeutic efficiency in
tumor-bearing mice, compared to that of free PpIX-treated mice. These results proved that this tumor-
homing cellular ‘on/off’ nanoparticle system of PpIXeGCeNPs has a great potential for synchronous
photodynamic imaging and therapy in cancer treatment.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Photodynamic therapy (PDT) is becoming widely known for its
application in cancer therapy [1e4]. PDT is a medical treatment
using chemical photosensitizer and light irradiation at certain
wavelength onto target tumor tissues [5]. The light irradiation
causes the photosensitizer to generate cytotoxic singlet oxygen that
destroys tumor cells through apoptosis or necrosis [6]. In addition,
the selective accumulation of photosensitizers like protoporphyrin
IX (PpIX) in tumor tissues provides an intense fluorescence signal
that also can be employed in photodynamic imaging (PDI) [7].
: þ82 2 958 5909.
st.re.kr (K. Choi).

All rights reserved.
However, these photosensitizers are limited in clinical use because
of non-specific skin phototoxicity, poor water solubility, and inef-
ficient delivery to target tumor tissues in cancer treatment [8,9].

There are two strategies used for overcoming these limitations.
The one is to enhance the tumor specificity of photosensitizer by
using nano-sized drug carriers that are known to accumulate at the
tumor site by the so-called enhanced permeation and retention
(EPR) effect, resulting in efficient passive accumulation in solid
tumor tissues [10]. It has been reported that various photosensi-
tizer-encapsulated nano-sized carriers could enhance the tumor
target specificity and therapeutic efficacy in cancer treatment,
compared to free photosensitizer [2,3,11]. On the other hand, there
are some efforts to control the photosensitizer’s activity using
quenching/dequenching system, which show the specific recovery
of the photosensitizer’s activity in target tumor tissue [7]. For this
purpose, the quenched nano-sized drug carriers have been
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developed to recover the quenched photosensitizer’s activity under
tumor-specific stimuli such as tumoral acidic pH or tumor-specific
enzymes [12,13], whereas the carriers at normal state presented the
‘off’ state with no fluorescence signal and phototoxicity with light
exposure, due to the quenching effect. These quenching/
dequenching system which ‘turn on’ at the target sites, such as
target cell interior or tumor site, have provided the higher speci-
ficity over the photosensitized production of 1O2 in cancer treat-
ment. Unfortunately, in vivo studies have shown that the tumor
targeting and specificity of various nano-sized drug carrier was not
as high as anticipated. This is because that their tumor targeting
ability and specificity have not been as good as one would expect,
due to the in vivo instability, immunogenicity, and non-specific
targeting in normal tissues, etc. [14,15].

Previously we also developed PpIX-loaded glycol chitosan (GC)
nanoparticles that showed the higher tumor specificity in tumor-
bearing mice [3]. However, the instability of physically loaded PpIX
molecules in the nanoparticles might cause the burst drug release
profile during the circulation in vivo. This undesirable disadvantage
of PpIX-loaded nanoparticles caused the lower tumor target spec-
ificity and the unintended damage to normal tissues [15]. Herein,
we rationally designed the PpIX-conjugated GC nanoparticles
(PpIXeGCeNPs) based on cellular ‘on/off’ system for synchronous
PDI and PDT in cancer treatment. In order to produce
PpIXeGCeNPs, the hydrophobic sensitizers, PpIXs, were directly
conjugated to GC polymer, and they can self-assemble to form
stable nanoparticles in aqueous condition. The quenching/
dequenching system of PpIXeGCeNPs were carefully assayed
without or with sodium dodecyl sulfate (SDS), confirmed by
measuring the changes in particle size and crystalline structure
[16,17]. Also, the particle-structure switchable ‘on’ system of
PpIXeGCeNPs in the production of single oxygen generation was
examined in the cell culture system. Finally, the tumor targeting
specificity and anti-cancer therapeutic efficacy of PpIXeCGeNPs
were evaluated with HT-29 cancer xenograft model.

2. Materials and methods

2.1. Materials

Glycol chitosan (Mw ¼ 250 kDa; degree of deacetylation ¼ 82.7%), protopor-
phyrin IX (PpIX), N-hydroxysuccinimide (NHS), and 1-ethyl-3-(3-dimethylamino-
propyl)-carbodiimide hydrochloride (EDC), dimethyl sulfoxide (DMSO),
methylthiazolyldiphenyl-tetrazolium bromide (MTT), and sodium dodecyl sulfate
(SDS) were purchased from Sigma (St. Louis, MO). 9,10-anthracenedipropionic acid
(ADPA) purchased from Invitrogen (Carlsbad, CA, USA). All other chemicals and
solvents were analytical grade and used without further purification.

2.2. Preparation of PpIXeGCeNPs

In order to prepare PpIX-conjugated glycol chitosan nanoparticles
(PpIXeGCeNPs), first, hydrophobic PpIX was chemically conjugated to GC polymer.
Glycol chitosan (100 mg, 0.4 mmol) was dissolved in a distilled water (10 ml) and
PpIX (12.4 mg, 22 mmol) were dissolved in DMSO (2 ml), followed by the addition of
30 mmol of NHS and 30 mmol of EDC into DMSO solution. After the complete
dissolution, each sample was mixed slowly and gently stirred. After 1day, the
reaction mixture was dialyzed for 3 days against methanol/water mixed solution to
remove free PpIX molecules by using a dialysis tube (Molecular cutoff ¼ 12e14 kDa,
Spectrum�, Rancho Dominquez, CA). Finally, the product was filtered with a 0.8 mm
syringe filter (Cellulose acetate, Millipore) and then freeze-dried to give a green
powder, in resulting PpIXeGC conjugates. The degree of chemical conjugation of
PpIX in the PpIXeGC conjugates was measured using a Lambda UVevis 7 spectro-
photometer (PerkineElmer, CT). The synthesized PpIXeGC conjugates were dis-
solved in 2 ml of DMSO to give a clear solution. The PpIX’s concentration in the
conjugates was quantified by measuring the PpIX’s absorbance at 370 nm, based on
the standard concentration curve of free PpIX in DMSO.

Second, PpIXeGCeNPs were prepared by a simple sonication and self-assembly
as below. A suspension of PpIXeGC conjugates in distilled water was sonicated three
times each for a total of 2 min-pulse period using a probe-type sonicator (Sigma
High Intensity Ultrasonic Processor, GEX-600) at 90 W in 6 s-intervals (5 s-pulse
application; 1 s-off) to minimize the increase in temperature. After sonification, the
solution was filtered with a 0.8 mm syringe filter and then used in vitro and in vivo
studied. The recovery yield of nanoparticles after filtration was about >90%
according to the weight measurement, and size distribution was hardly changed
after filtration.

2.3. Particle analysis of PpIXeGCeNPs

The average size of PpIXeGCeNPs in aqueous condition was observed by using
dynamic light scattering (DLS,127-35 laser, spectra physics, Mountain View, CA). The
size distribution of PpIXeGCeNPs (1 mg/ml in PBS) was also measured using BI-
9000AT digital autocorrelator (Brookhaven, NY, USA), operated at 633 nm and 37 �C.
The spherical morphology of PpIXeGCeNPs was observed using transmission
electron microscopy (TEM, CM30 electron microscope, Philips, CA), that was oper-
ated at an acceleration voltage of 80 kV. The PpIXeGCeNP solution (1 mg/ml in
distilled water) was placed on a 300-mesh copper grid coated with carbon, followed
by drying the sample in room temperature. Negative staining was performed using
a droplet of 2 wt% uranyl acetate solution. X-ray diffraction images were also ach-
ieved by same sample preparation procedure and TEM microscope.

2.4. Fluorescence quenching effect and singlet oxygen generation of PpIXeGCeNPs

In order to assay the quenching effect of PpIXeGCeNPs, the fluorescence
intensity of PpIXeGCeNPs in distilled water or 5 wt% SDS solutionwas compared to
that of free PpIX. After dissolving each sample (50 mg/ml) in 96 well plates, the
fluorescence intensity of free PpIX and PpIXeGCeNPswas determined using a 12-bit
CCD camera (Image Station 4000 MM; Kodak, New Haven, CT) equipped with
a special C-mount lens and a long wave emission filter (600e700 nm; Omega
Optical). Also, the quantitative fluorescence intensity of each sample was measured
using fluorometer (ISS, Champaign, IL).

The generation of singlet oxygenwas observed chemically using a singlet oxygen
sensor, disodium salt of 9,10-anthracenedipropionic acid (ADPA), that is bleached by
singlet oxygen to the corresponding endoperoxide [18]. To measure the singlet
oxygen generation,1 ml of free PpIX (10 mM) or PpIXeGCeNP (10 mMof PpIX) in D2O
or 5 wt% SDS solutionwas added into 150 ml of the 5.5 mM of ADPA solution in quartz
cubette. After mixing each solution, it was completely bubbled with water-saturated
oxygen for 10 min and irradiated with a 633 HeeNe laser. The optical density at
400 nm (lmax of ADPA) was monitored every 2 min in a spectrophotometer (ISS,
Champaign, IL).

2.5. In vitro cellular uptake and phototoxicity of PpIXeGCeNPs in the cell culture
system

SCC-7 cells (squamous cell carcinoma, ATCC, Rockville, MD) are cultured in RPMI
1640 containing 10% FBS. SCC-7 Cells (1 � 105) were seeded onto 6-well plate and
grown for 2 days. In order to tracking the polymer carrier, GC polymers of
PpIXeGCeNPs (10 mg) were labeled with 0.1 wt% of FITC in 1 ml of DMSO [3]. RPMI
1640 containing 5 mg of FITC-labeled GCePpIX was added, and the cells were
incubated for 5, 10, 30 min, 1 h at 37 �C. And then, the cells were washed with PBS
and fixed for 5 min with 4% paraformaldehyde. The subcellular localization and
dequenching effect of PpIXeGCeNPs were imaged by Zeiss LSM 510 Meta NLD
confocal microscope (Carl Zeiss Inc., Germany). Each fluorescence image was
observed with FITC filter set (Ex ¼ 488 nm, Em ¼ band pass 500e550 nm) for FITC-
labeled glycol chitosan polymer and TRITC filter set (Ex ¼ 633 nm, Em ¼ band pass
676e719 nm) for PpIX [3].

In order to assay the phototoxicity of PpIXeGCeNPs in the cell culture system,
SCC-7 cells (1 � 104) were seeded onto 96 well plate and incubated with free PpIX,
GC, and PpIXeGCeNPs (5 mg/ml of free PpIX) for 1 h. After the incubation, all cells
were illuminated with a HeeNe laser (633 nm, 3 mW/cm2) for pre-determined
irradiation time. After 12 h post-incubation in dark condition, the phototoxicity of
each sample was evaluated cell viability and apoptosis using MTT (Sigma, St. Louis,
MO), and TUNEL assay was also performed with 12 min-irradiated samples using
commercial cell death detection kit (TAKARA Bio Inc).

2.6. In vivo imaging of PpIXeGCeNPs in tumor-bearing mice

Athymic nude mice (5 weeks old, Institute of Medical Science, Tokyo) were used
for animal experiments. Subcutaneous tumors were established by inoculating HT-
29 cells (1.0 � 106) onto the backs of mice. When tumors grew to approximately
150e200 mm3 in volume, free PpIX and PpIXeGCeNPs containing 20 mg/kg of free
PpIX were intravenously injected via the tail vein into the tumor-bearing mice. After
i.v. injection, the tumor tissues were imaged by positioning mice on an animal plate
heated to 37 �C in the eXplore Optix System (Advanced Research Technologies Inc.,
Montreal, Canada). A 670 nm pulsed laser diode was used to excite PpIX molecules
and the emitted long wave fluorescence (600e700 nm) was detected with a fast
photomultiplier tube (Hamamatsu, Japan) and a time-correlated single photon
counting system (Becker and Hickl GmbH, Berlin, Germany). To compare the bio-
distribution of free PpIX and PpIXeGCeNPs in normal tissues (liver, lung, spleen,
kidney, and heart) and tumor tissue, after 3 day post-injection, the mice were
sacrificed and each tissue was excised. The fluorescence intensity of PpIX in each
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tissue was measured using a 12-bit CCD camera (Image Station 4000 MM; Kodak,
New Haven, CT) with a special C-mount lens and a long wave emission filter
(600e700 nm; Omega Optical). The fluorescence intensity in each tissue was
recorded as total photons per centimeter squared per steradian (p/s/cm2/sr) per each
organ (n ¼ 3 mice per group).

2.7. In vivo photodynamic therapy

To compare therapeutic efficacy of free PpIX and PpIXeGCeNPs, subcutaneous
HT-29 tumormodel were established onto the backs of mice in similarmethodswith
imaging experiments (Section 2.6.). When the tumors grew to about 50 mm3 in
volume (n ¼ 5), saline, free PpIX (20 mg/kg) and PpIXeGCeNPs (20 mg/kg of free
PpIX) were intravenously injected via a tail vein. After 1 day post-injection, solid
tumors were irradiated with a 633 nm laser (HeeNe laser, 3 mW/cm2) for 30 min.
Then,wemonitored the therapeutic efficacyof saline, freePpIX, andGCePpIX-treated
mice and the tumor volumes were calculated as width � length� height � 1/2 with
a caliper for 14 days [12]. Differences between experimental and control groupswere
determined using one-way ANOVA and deemed statistically significant (indicated by
an asterisk (*) in figure) if p < 0.01.

3. Results and discussion

3.1. Synthesis and characterization of PpIXeGCeNPs

Herein, we designed the PpIX-conjugated GC nanoparticles
(PpIXeGCeNPs) based on a cellular ‘on/off’ system for PDI and PDT
in cancer treatment. As shown in Fig. 1a, to make PpIX-conjugated
glycol chitosan nanoparticles (PpIXeGCeNPs), free PpIX molecules
were directly conjugated the amine moieties of glycol chitosan
polymer in the presence of NHS and EDC as coupling agents. After
the reaction, we confirmed the formation of the amide linkage
between glycol chitosan and PpIX by FT-IR (the amide peak at
1655 cm�1). On average, PpIXeGC conjugates had the 42.4 � 2.3
molecules of PpIX in the one glycol chitosan polymer, confirmed by
a UVevis spectrum. At this optimized reaction condition, PpIXeGC
conjugates produced self-assembled nanoparticle structurewith an
average diameter of about 280 � 3.5 nm as determined by DLS and
its nano-sized spherical shape was also observed in TEM image
(Fig. 1b and c). This nano-size of PpIXeGCeNPs was stably
Fig. 1. Design and characterization of PpIXeGCeNP. (a) The chemical structure of PpIXeGCe
diagram of self-assembled PpIXeGCeNP and cellular ‘on/off’ system for synchronous photo
maintained at least after one week in PBS showing the good
stability of GCeNPs in physiological condition (data not shown).
The result indicates that PpIXeGCeNPs may self-assemble to form
stable nanoparticles in aqueous condition, wherein hydrophilic GC
is on the outside shell due to a hydrophilic interaction with water,
and the water-insoluble PpIXs form dense cores by hydrophobic
interactions via pep stacking of the phenanthrene rings and
hydrogen bonding [19].

Based on the nanoparticle structure, the PpIXeGCeNP may be
used as cellular ‘on/off’ photodynamic system, because the highly
dense PpIX cores are quenched ‘off’ state and may not generate
sufficient fluorescence or singlet oxygen (Fig. 1d). It was suggested
that photosensitizers in high density are quenched state with
minimum fluorescence and phototoxicity in cancer treatment [7].
However, after cellular uptake, the dense PpIX cores gradually may
decrease integrity in intracellular environment [16,17], which
induces PpIX to the ‘on’ state and their activity can be recovered to
generate strong fluorescence and singlet oxygen when irradiated.
3.2. Particle structure-dependant on/off system of PpIXeGCeNPs

We firstly tested whether PpIXeGCeNPs can produce the
particle structure-dependant on/off system of singlet oxygen
generation without or with SDS [16,17,20,21]. It has been reported
that the integrity of self-assembled nanoparticles conjugated with
hydrophobic moieties decreased by adding surfactant components,
and this phenomenon similarly occurred by intracellular proteins
in cell cytosol [16,17,22,23]. We assumed that the harsh intracel-
lular condition is capable of disrupting condensed nanoparticle
structure and exposing the inside hydrophobic molecules from
nanoparticles [16,23,24]. As expected, the PpIXeGCeNPs incubated
in 1e5 wt% SDS solution increased the particle’s size from
350 � 15 nm to 640 � 32 nm, compared to PpIXeGCeNPs in
distilled water (size: 280 nm), indicating that the surfactant, SDS,
could disrupt the highly dense PpIX hydrophobic cores in the
NP. (b) Size and shape of PpIXeGCeNP determined by DLS and TEM image. (c) Scheme
dynamic imaging and therapy of cancer.



S.J. Lee et al. / Biomaterials 32 (2011) 4021e40294024
nanoparticles [20] (Fig. 2a). It also suggests that the dense structure
of the PpIXeGCeNPs may decrease the particle’s integrity in
cytosol mimic environment, which induce the quenched PpIX
molecules to the ‘on’ state for singlet oxygen generation.

From the fluorescence imaging data, the fluorescence intensity
of PpIXeGCeNPs in distilled water was completely quenched due
to dense hydrophobic PpIX molecules in the nanoparticles even
though under the higher PpIX’s concentration of 50 mg/ml (Fig. 2b).
Fig. 2. Fluorescence and singlet oxygen generation of PpIXeGCeNP in cell free condition.
Fluorescence imaging of 96-well microplates containing PpIXeGCeNP in water (upper) or 5
Singlet oxygen generation of GCePpIX in water or 5 wt% SDS aqueous solution. (e) X-ray diffr
When PpIXeGCeNPs were incubated in 5 wt% SDS solution for 1 h,
the fluorescence intensity rapidly increased in proportion to the
PpIXeGCeNPs concentration with light exposure. This result indi-
cates that PpIXeGCeNPs substantially present the particle struc-
ture-dependant ‘on/off’ switching property in fluorescence
imaging. As shown in Fig. 2c, the fluorescence intensity dramati-
cally increased to 10-fold of that in distilled water. On the contrary,
the fluorescence recovery of free PpIX was very smaller than that of
(a) TEM images of PpIXeGCeNPs in 1% (left) and 5% (right) SDS aqueous solution. (b)
% SDS aqueous solution (lower) (c) Fluorometer data of free PpIX and PpIXeGCeNP. (d)
action images of PpIXeGCeNP in water (upper) or 5 wt% SDS aqueous solution (lower).
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PpIXeGCeNPs when the same concentration of SDS was treated. It
means that the fluorescence on/off system of free PpIX molecules is
not effective in the presence of SDS, compared to that of
PpIXeGCeNPs.

To evaluate singlet oxygen generation characteristics of
PpIXeGCeNPs without or with SDS, we measured the efficiency of
1O2 generation using the disodium salt of 9,10-anthracenedipro-
pionic acid (ADPA) as a singlet oxygen sensor (Fig. 2d). The control
sample, pure GC polymer, and PpIXeGCeNPs in distilled water did
not present any singlet oxygen generation, due to the strongly
quenched state of PpIX molecules in the nanoparticles. However,
PpIXeGCeNPs-treated with 5 wt% SDS showed a sharp decline in
the presence of SDS, indicating rapid generation of 1O2 with light
exposure. It indicates that PpIXeGCeNPs can provide the particle
structure-dependant specificity over the photosensitized produc-
tion of 1O2. We expect that PpIXeGCeNPs can produce specific
phototoxicity in the target cancer cell environment, wherein the
particles may lose their stable particle structure.

In addition, we further examined the precise structure of
PpIXeGCeNPs via X-ray diffraction to confirm the crystalline
structure of quenched PpIX molecules in the particles (Fig. 2e). In
the distilled water, the ‘off’ state PpIXeGCeNPs showed a shining
crystal structure with white spots due to the self-aggregated PpIX
molecules in the nanoparticles [25]. This is deduced that 1O2
sensitizers are very close enough to successfully quench each PpIX
molecules in the nanoparticles with light exposure. As expected,
however, the crystal structure of PpIX molecules rapidly dis-
appeared in the presence of SDS, wherein PpIX molecules may
present the ‘on’ system of florescence signal and singlet oxygen
generation against laser irradiation. This X-ray diffraction data
substantially presented the reasonable structural changes of PpIX
molecules without or with surfactant molecules in aqueous
condition. From the in vitro characterization data of PpIXeGCeNPs,
we confirmed that PpIXeGCeNPs exhibited noticeable trends in
recovery of fluorescence signal and singlet oxygen generation in the
presence of SDS, demonstrating that PpIXeGCeNPs have the
particle structure-dependant ‘on/off’ switching property for both
PDI and PDT in cancer treatment.
3.3. Cellular uptake and in vitro phototoxicity of PpIXeGCeNPs in
the cell culture system

Cellular uptake characteristic of PpIXeGCeNPs containing 5 mg/
ml of free PpIX were evaluated using FITC-labeled PpIXeGCeNPs in
the cell culture system. PpIXeGCeNPs showed fast cellular uptake
within 10 min (Fig. 3a). After 10 min post-incubation, only green
color of FITC-labeled GC polymer (FITC filter set: Ex ¼ 488 nm,
Em ¼ 500e550 nm) was distributed throughout the cytoplasm,
however, the PpIX molecules did not present any strong red fluo-
rescence signal (TRITC filter set: Ex ¼ 633 nm, Em ¼ 676e719 nm),
due to the self-quenching effect of PpIX molecules in the nano-
particles [19]. As time went on, red fluorescence intensity of PpIX
molecules increased significantly in the cell, indicating that PpIX
was restored to ‘on’ state with light exposure. This result is
consistent with previous result of fluorescence recovery in the
presence of surfactant, while PpIX was remained conjugated to GC
polymers. As control, the fluorescence intensity of free PpIX
molecules (5 mg/ml) was much lower than that of PpIXeGCeNPs.
Previously, we reported that nanoparticle delivery system can
increase their cell adhesion and cellular uptake of encapsulated or
chemically conjugated PpIX molecules, compared to free PpIX
molecules [3]. This high cellular uptake of PpIXeGCeNPs may be
closely related to the enhanced phototoxicity in the cultured cell
system, compared to that of free PpIX molecules.
Importantly, PpIXeGCeNPs reduced the phototoxicity of
photosensitizer itself. Without light exposure, there was no signifi-
cant cytotoxic effect in SCC-7 tumor cell culture system (Fig. 3b).
However, free PpIX without irradiation treatment showed signifi-
cant cytotoxicity for SCC-7 cells in dose-dependent manner, indi-
cating that PpIX-conjugated nanoparticles may help to reduce the
additional side effect of free photosensitizer in vivo [26]. As control,
GCpolymer showeda substantial biocompatibility in the cell culture
system even at the higher concentration. After 1 h post-incubation,
to evaluate the phototoxicity of PpIXeGCeNPs (5 mg/ml of PpIX),
these cells were irradiatedwith a HeeNe laser (633 nm, 3mW/cm2)
for 12 min. We observed that light-specific phototoxicity in the
tumor cells induced by PpIXeGCeNPs using both MTT and TUNEL
assay. After the light exposure, PpIXeGCeNPs-treated cells showed
a substantial and proportional phototoxicity according to the irra-
diation time, due to the rapid production of singlet oxygen (Fig. 3c).
Furthermore, PpIXeGCeNPs-treated cells presented an enhanced
phototoxicity than free PpIX-treated cells, due to the particle’s
enhanced cellular uptake characteristics, as shown in Fig. 3a.
Without light exposure, PpIXeGCeNP-treated cells did not present
any apoptosis image after 6 h incubation. However, most
PpIXeGCeNP-treated cells exhibited strong fluorescence signals
indicative of apoptosis in TUNEL assay after 12 min irradiation
following 6 h post-incubation. It really means that the harsh intra-
cellular condition can be capable of particle structure-dependant
‘on/off’ system for singlet oxygen generation in cell culture system.

3.4. In vivo photodynamic imaging with PpIXeGCeNPs

By using the non-invasive optical imaging system, the tumor
targeting ability of PpIXeGCeNPs was evaluated and compared to
that of free PpIX and PpIX-loaded glycol chitosan nanoparticles
(PpIXeCNPs) in vivo with HT-29 human colon adenocarcinoma
tumor-bearing mice. As positive control, PpIXeCNPs were prepared
by physical loading of free PpIX into hydrophobic 5b-cholanic acid
modified glycol chitosan nanoparticles, as previously reported [3].
When the tumor size grew to about 150e200 mm3, free PpIX,
PpIXeCNPs and PpIXeNPs were intravenously injected via tail vein
into tumor-bearing mice, wherein the PpIX concentration is 20 mg/
kg in all samples. Fluorescence intensity and total photon count in
the tumor region for each PpIXmolecules in all sampleswas directly
measured by imaging the fluorescence emission of PpIX itself
(Fig. 4a). PpIXeGCeNP-treated mice exhibited the enhanced fluo-
rescence intensity than that of free PpIX and PpIXeCNP in the tumor
area at 1 h post-injection. The fluorescence signal of PpIXeGCeNP-
treated mice gradually increased to 1 day and persisted for 3 days,
indicating prolonged circulation, substantial tumor accumulation,
and successful recovery of fluorescence intensity after cellular
uptake of PpIXeGCeNPs, whereas in the case of free PpIX a relative
weak fluorescence signal was detected at all time points. Within 1
day post-injection, PpIXeCNPs-treated mice as positive control,
wherein PpIX molecules are physically loaded into the glycol chi-
tosan nanoparticles, showed the similar tumor targeting specificity
that of PpIXeGCeNPs. However, after 1 day post-injection, fluo-
rescent signals in tumor tissue substantially decreased like free
PpIX-treated mice, due to the rapid excretion of physically loaded
free PpIX molecules from the tumor tissue. Particularly,
PpIXeGCeNP-treated mice maintained the highest tumor target
specificity up to 3 days, indicating that the chemically conjugated
PpIX molecules successfully localized in tumor tissue. We also
assayed the biodistribution of PpIXeGCeNPs in dissected tumors
and other major organs (liver, lung, spleen, kidney, and heart).
Ex vivo fluorescence images at 3 days after PpIXeGCeNP injection
showed the highest fluorescence signal in tumor tissue but weak
signals in other organs, indicating efficient accumulation in tumor



Fig. 3. In vitro fluorescence recovery of PpIXeGCeNP and photodynamic therapy. (A) Cellular uptake and time-dependent fluorescence recovery of PpIXeGCeNP in SCC-7 cells. (B)
MTT assay against SCC-7 cells with different concentrations of free PpIX and PpIXeGCeNP after 1 h incubation in dark condition. (C) MTT assay against SCC-7 cells with free PpIX
and PpIXeGCeNP according to laser irradiation time. (D) TUNEL stain images of SCC-7 cells incubated with PpIXeGCeNP before and after laser irradiation.
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tissue, whereas themajority of free PpIXwas uptake in the liver due
to its high hydrophobicity (Fig. 4b). The total photon counts of
PpIXeGCeNPs in tumor tissue are 1.41e2.1 folds higher than that of
PpIXeCNP and free PpIX-treated mice, respectively (Fig. 4c). These
results indicate that the conjugation of PpIX toGCpolymermayhelp
to increase retentionof PpIX in tumor tissues for slowexcretion from
cells [27]. This selectivedeliveryand accumulation of PpIXeGCeNPs
in tumor region provides an intense fluorescence image that allows
successive cancer-related diagnosis by PDI.
3.5. In vivo photodynamic therapy with PpIXeGCeNPs in tumor-
bearing mice

When the tumor size grew to about 50 mm3, we administered
Free PpIX and PpIXeGCeNP (20 mg/kg of PpIX) into the tail vein of
HT-29 tumor-bearing mice. At 12 h and 24 h after injection, all mice
were irradiated with a HeeNe laser (633 nm, 3 mW/cm2) for
30 min. After 1 day, PpIXeGCeNP-treated mice showed a clear
hemorrhagic injury at the irradiation site, and severe cell death



Fig. 4. In vivo tumor accumulation of PpIXeGCeNP and photodynamic imaging. (A) In vivo non-invasive fluorescence imaging of the PpIXeGCeNP accumulation at tumor site in HT-
29 tumor-bearing mice. (B) Ex vivo images of major organs (liver, lung, spleen, kidney, and heart) and tumors excised at 3 days post-injeciton of saline, free PpIX and PpIXeGCeNP.
(C) Total photon counts per centimeter squared per steradian (p/s/cm2/sr) per each excised organ of free PpIX and PpIXeGCeNP was recorded as at 3 days post-injection in HT-29
tumor-bearing mice (n ¼ 3).
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occurred within 10 days (Fig. 5a). While free PpIX showed little
therapeutic efficacy with only a small portion of the tumor showing
cell death, and there was no severely damaged tissue. During 2
weeks, the tumor growth rate was compared in three groups of
mice with saline, free PpIX, and PpIXeGCeNP (Fig. 5b). The size of
tumors in mice with free PpIX was about 260 mm3 after 14 days,
and this value was not significantly different with the case of
negative control, saline. This result may come from the poor
production of singlet oxygen due to insufficient tumor accumula-
tion of free PpIX. However, in the case of PpIXeGCeNP-treated
mice, the tumor growth was successfully suppressed below
50 mm3, showing the effective therapeutic result. The histological
tissue images also proved the significant therapeutic efficacy of
PpIXeGCeNP than that of free PpIX (Fig. 5c). After 14 days, themice



Fig. 5. In vivo photodynamic therapy with PpIXeGCeNP. (A) Tumor images of free PpIX and PpIXeGCeNP (20 mg/kg of PpIX) in photodynamic therapy. (B) Measured tumor growth
for 14 days (n ¼ 5). Data represent mean � s.e. (* ¼ p < 0.01 by one-way ANOVA).
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were sacrificed, and each tumor tissue was obtained and H&E
staining was performed. In case of free PpIX, only a small portion of
apoptosis and necrosis were observed, confirming effective
concentration of free PpIX was not delivered to tumors and the
amount of generated singlet oxygen was insufficient. In contrast,
PpIXeGCeNP-treated mice, large amount of cells in tumor tissue
were severely dead, showing the successful results of PDT. Taken
together, these results indicate that PpIXeGCeNPs efficiently
localized to tumors and, following irradiation, produced cytotoxic
singlet oxygen that induced tumor cell death and reduced tumor
volume.

4. Conclusion

We synthesized PpIXeGCeNPs, the photosensetizer conjugated
polymeric nanoparticle, and its cellular ‘on/off’ switching and in
vivo tumor-homing ability was examined. In aqueous condition,
PpIXeGCeNPs self-assembled to construct stable spherical struc-
ture with a mean diameter of about 280 nm. In the nanoparticles,
PpIXs formed dense cores as a crystalline, and they were ‘off’ state
via self-quenching with no fluorescence or singlet oxygen genera-
tion. However, after cellular uptake of their particles, intracellular
severe environment decreased the integrity of dense structure and
turned PpIX fluorescence ‘on’ and restored therapeutic activity. This
cellular ‘on/off’ nanoparticle system can reduce unintended cyto-
toxicity and increase therapeutic efficacy after cellular uptake and
irradiation. Furthermore, the PpIXeGCeNPs presented prolonged
blood circulation, enhanced tumor-homing ability, and improved in
vivo therapeutic efficiency in tumor-bearingmice. Thereforewe can
conclude that this tumor-homing cellular ‘on/off’ system,
PpIXeGCeNP has great potential for synchronous PDI and PDT in
cancer treatment.
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