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Tumor-targeted imaging and therapy have been the challenging issue in the clinical field. Herein, we
report tumor-targeting hyaluronic acid nanoparticles (HANPs) as the carrier of the hydrophobic photo-
sensitizer, chlorin e6 (Ce6) for simultaneous photodynamic imaging and therapy. First, self-assembled
HANPs were synthesized by chemical conjugation of aminated 5b-cholanic acid, polyethylene glycol
(PEG), and black hole quencher3 (BHQ3) to the HA polymers. Second, Ce6 was readily loaded into the
HANPs by a simple dialysis method resulting in Ce6-loaded hyaluronic acid nanoparticles (Ce6-HANPs),
wherein in the loading efficiency of Ce6 was higher than 80%. The resulting Ce6-HANPs showed stable
nano-structure in aqueous condition and rapid uptake into tumor cells. In particular Ce6-HANPs were
rapidly degraded by hyaluronidases abundant in cytosol of tumor cells, which may enable intracellular
release of Ce6 at the tumor tissue. After an intravenous injection into the tumor-bearing mice, Ce6-
HANPs could efficiently reach the tumor tissue via the passive targeting mechanism and specifically
enter tumor cells through the receptor-mediated endocytosis based on the interactions between HA of
nanoparticles and CD44, the HA receptor on the surface of tumor cells. Upon laser irradiation, Ce6 which
was released from the nanoparticles could generate fluorescence and singlet oxygen inside tumor cells,
resulting in effective suppression of tumor growth. Overall, it was demonstrated that Ce6-HANPs could
be successfully applied to in vivo photodynamic tumor imaging and therapy simultaneously.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In tumor diagnosis and therapy, one of the most essential
challenges is enhancing the target-specificity of imaging and
therapeutic agents [1,2]. To accomplish this purpose, tumor-
targeted delivery systems for them have been received much
attention by biomedical researchers [3]. Tumor-targeted imaging
systems are expected to provide the enhanced signal at the tumor
tissue with the minimal background noise [4]. Also, tumor-targeted
drug delivery systemsmay lead to an efficient suppression of tumor
growth and minimize the side effects in other organs [5]. However,
it is difficult to develop such ideal systems because there are many
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obstacles for tumor-targeting in the body such as the retic-
uloendothelrial system of liver and spleen [6].

Over the last decade, numerous nanoparticles have been
developed for in vivo tumor-targeted delivery of imaging agents or
drugs [7,8]. In our research group, hyaluronic acid nanoparticles
(HANPs) have been investigated for tumor therapy and imaging
because of their tumor-targeting ability in vivo [9,10]. It has been
demonstrated that, after systemic administration, they can effec-
tively reach the tumor site based on the enhanced permeability and
retention (EPR) effect as well as active targeting mechanism via
binding of HA to CD44, the HA receptor over-expressed on tumor
cells [11,12]. Furthermore, CD44 has received attention as the target
receptor for cancer therapy since it plays pivotal roles in cancer
stem-like cells and resistance to chemotherapy or radiotherapy
[13,14]. Another unique feature of HANPs is that they can be rapidly
degraded by hyaluronidases abundant in cytosol of tumor cells,
which may enable fast release of inner cargos [15,16]. We also
demonstrated that tumor-targeting ability of HANPs could be
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optimized by chemical conjugation of polyethylene glycol (PEG),
which might help escaping the unintended accumulation in liver
[17]. These characteristics of HANPs make them attractable for
in vivo tumor-targeted delivery of imaging agents or drugs.

Herein, we hypothesized that HANPs could be used as the
tumor-targeted delivery system of photosensitizers for both
photodynamic imaging (PDI) and photodynamic therapy (PDT).
Because photosensitizers can generate fluorescence for imaging
and singlet oxygen for therapy simultaneously upon irradiation, it
may be useful as theragnostic system for combined diagnosis and
therapy [18,19]. For this purpose, HANPs were further modified by
polyethylene glycol (PEG) and black hole quencher3 (BHQ3), and
the hydrophobic photosensitizer, chlorin e6 (Ce6) was loaded into
these nanoparticle resulting in Ce6-loaded hyaluronic acid nano-
particles (Ce6-HANPs). Thereafter, we evaluated the release of Ce6,
its dequenching behavior, and singlet oxygen generation from Ce6-
HANPs in presence of hyaluronidasewhich is abundant in cytosol of
tumor cells. The tumor cell-specific fluorescence and singlet oxygen
generation from Ce6-HANPs was also proved in cellular imaging
and cell viability test. In addition, the in vivo tumor-targeted
imaging and therapeutic efficacy of Ce6-HANPs were evaluated
using the tumor-bearing mice models.

2. Materials and methods

2.1. Materials

Sodium hyaluronate (MW ¼ 2.34ⅹ105 Da) was purchased from Lifecore
Biomedical LLC (Chaska, USA). 5b-cholanic acid, 1-ethyl-3(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), N,N-dimethyl-4-nitrosoaniline
(RNO), L-histidine, dimethylsulfoxide (DMSO), tetrahydrofuran (THF), and thiazolyl
blue tetrazolium bromide (MTT) were purchased from Sigma-Aldrich Co (St. Louis,
MO, USA). Monomethoxy PEG amine (MW¼ 5ⅹ103 Da) was obtained from Lysan Bio
Inc (Alabama, USA). Black hole quencher3 amine (BHQ3) was purchased from Bio-
search Technologies Inc (Novato, USA), and chlorin e6 (Ce6) was obtained from
Frontier Scientific Inc (Logan, USA). Hyaluronidase (Hyal-1, 240 N.F.U/mg) was
purchased from TCI (Tokyo, Japan). Trypan blue solution was purchased from Gibco
(Grand Island, NY, USA). All other chemicals were analytical grade and used without
further purification. HT29 human colon cancer cell and NIH3T3 mouse embryo
fibroblast cells were purchased from the American Type Culture Collection
(Rochkville, MD, USA)

2.2. Preparation of Ce6-loaded hyaluronic acid nanoparticles (Ce6-HANPs)

Amphiphilic PEGylated HA conjugates were synthesized using HA, aminated 5b-
cholanic acid, and amine-functionalized PEG as described previously [17]. All
products were purified by dialysis after each synthetic step, which was confirmed
using 1H NMR (UnityPlus300, Varian, CA, USA). Aminated BHQ3was also conjugated
to these conjugates as follows. PEGylated HA conjugates (20 mg) were dissolved in
5 ml of 1:1 (v/v) DMSO/distilled water solution, followed by mixing with NHS
(1.3 mg) and EDC (0.8 mg). Aminated BHQ3 (2.4 mg) in 1.0 ml of DMSO was slowly
added to the solution. After vigorous stirring for 24 h at room temperature, the
solution was purified by dialysis against methanol and distilled water for three days
using the dialysis tube (MW cutoff ¼ 12 kDae14 kDa, Spectrum�, Rancho Domi-
nquez, CA) and was lyophilized to obtain the violet powder. The chemical structure
of final product, HANP was also analyzed using 1H NMR. The characteristic peaks of
5b-cholanic acid, PEG, and HA were at 0.6e1.8 ppm, 3.6 ppm, and 2.0 ppm,
respectively, and their integration peak ratios were calculated as described previ-
ously [17].

Ce6 was loaded into HANP using a simple dialysis method. In brief, pre-
determined amount of Ce6 (2.0e8.0 mg) in 1 ml of 1:1 (v/v) THF/distilled water
was slowly added to HANP (20 mg) dissolved in 4 ml of the same co-solvent.
Thereafter, the solution was sonicated three times for 1 min each using a probe
type sonictor (VCX-750, Sonics &Materials, CT, USA) andwas dialyzed for 6 h against
water using dialysis membrane (MW cutoff ¼ 12 kDae14 kDa). After filtering with
0.8 mm syringe filter to remove unloaded Ce6, the solution was lyophilized to obtain
the green powder, Ce6-HANP.

2.3. Characterization of Ce6-HANPs

The amount of conjugated BHQ3 and loaded Ce6 in Ce6-HANPs were deter-
mined using the UVeVIS spectrometer (G1103A, Agilent, USA) by measuring
absorbance at 405 nm (l¼max of Ce6) and 630 nm (l¼max of BHQ3), respectively. All
samples were prepared by dissolving in 1:1 (v/v) DMSO/distilled water and were
analyzed based on a standard curve of free BHQ3 and Ce6. To measure the size
distribution of Ce6-HANPs by dynamic light scattering (DLS, 90 Plus, Brookhaven
Instruments Corporation, USA), the samples were dissolved in PBS (pH 7.4, 1.0 mg/
ml) and sonicated for 5.0 min using the probe-type sonicator (VCX-750, Sonics &
Materials) at 180 W. The morphology of Ce6-HANPs was observed using the
transmission electron microscopy (TEM, Philips CM30) at an accelerating voltage of
200 ekV. For TEM images, samples were dispersed in distilled water and dropped on
the 200 mesh copper grid. All samples were stained by 1% uranyl acetate for
negative staining.

2.4. In vitro Ce6 release test

To determine the release behavior of Ce6 from nanoparticles, Ce6-HANPs were
dispersed in PBS (pH 7.4, 1.0 mg/ml) with and without 120 unit/ml of Hyal-1. The
dispersed Ce6-HANPs solutions were transferred to the dialysis membrane tube
(MW cutoff ¼ 100 KDa). The resulting tube was placed in 20 ml of PBS with 0.1% (w/
v) tween80 to set the sink condition of Ce6 and was gently shaken at 150 rpm in
water bath at 37 �C. The medium was changed with fresh medium at pre-
determined time points. To measure the released amount of Ce6 from nano-
particles, 1.0 ml of the release mediumwas taken at pre-determined time points and
DMSO (1 w/v % based on the medium) was added. The concentration of Ce6 was
analyzed using UVeVis spectrometer bymeasuring the absorbance at 405 nm, based
on a standard curve of free Ce6.

2.5. In vitro measurement of fluorescence quenching and dequenching

To evaluate the fluorescence quenching and dequenching of Ce6-Q-P-HANPs,
they were dispersed in PBS (pH 7.4, 37 �C) with and without 120 unit/ml of Hyal-1,
and each sample was loaded onto 4-face transparent quartz cuvette. The fluores-
cence intensity of Ce6 was obtained using fluorescence spectrophotometer (F-7000,
Hitachi, Tokyo, Japan). The fluorescence images of Ce6 at various concentrations of
Hyal-1 were observed using 12-bit CCD camera (Kodak Image Station 4000MM, New
Haven, CT, USA). Total fluorescence intensity in a region of interests (1450 pixel per
ROI) was calculated with Kodak MI software (New Haven, CT, USA).

2.6. In vitro measurement of singlet oxygen generation

The generation of singlet oxygen from Ce6 was quantitatively evaluated using
RNO as a singlet oxygen sensor [20]. Free Ce6 (100 mg/ml) and Ce6-HANPs (100 mg/
ml of Ce6) in 200 ml of 1% DMSO solution in distilled water were added to 3.8 ml of
distilled water containing 5.58 mg of L-histidine and 0.377 mg of RNO with and
without 120 unit/ml of Hyal-1. Then, each solution was located in 1 ml quartz
cuvette and irradiated using 671 nm He-Ne laser (DPSS 671 nm Red Laser, i-Nexus,
Inc.). The absorbance of RNO was measured at 405 nm using UVeVis spectrometer
as a function of time.

2.7. Cellular imaging

HT29 and NIH3T3 cells were cultured in RPMI1640 and DMEM medium (Gibco,
Grand Island, NY, USA) containing 10% fatal bovine serum and 1% penicillin-
streptomycin at 37 �C in a CO2 incubator. To determine cellular uptake of Ce6s,
HT29 cells and NIH3T3 cells (1 �105 cells/well) were seeded onto 6-well plates and
stabilized for 24 h. For competitive inhibition study, 8 mg/ml of HA polymer was co-
treated with Ce6-HANPs on HT29 cells. The fluorescence images were observed
using 12-bit CCD camera, and total fluorescence intensity was calculated as
described above.

To obtain high-resolution intracellular images, HT29 cells and NIH3T3 cells
(1ⅹ105 cells/well) were seeded onto gelatin coated cover slip in 6-well plates, and
they were treated with serum-free medium containing free Ce6 or Ce6-HANP
(20 mg/ml of free Ce6) for 5e30 min at 37 �C in a CO2 incubator. The cells were
then washed twice with Dulbecco’s PBS (DPBS) and fixed with a 4% para-
formaldehyde solution. After 4,6-diamidino-2-phenylindole (DAPI) mounting, HT29
and NIH3T3 cells were observed using a confocal laser microscope (FV10i, Olympus,
USA).

2.8. Cell viability assays

To determine cell viability under dark condition, HT29 and NIH3T3 cells
(1�104 cells/well) were seeded onto 96-well plates and incubated for 24 h. After cell
stabilization, the culture medium was replaced with 200 ml of serum-free medium
containing free Ce6 or Ce6-HANPs (0e20 mg/ml of Ce6), followed by incubation for
30 min at 37 �C. The cells were then washed twice with serum-free culture medium
and cell viability was evaluated by the MTT assay.

To determine cell viability after laser irradiation, HT29 cells and NIH3T3 cells
were seeded on 96-well plates (1ⅹ104 cells/well), and treated with serum-free
culture medium free Ce6 or Ce6-HANPs (0e20 mg/ml of Ce6). After 30 min incu-
bation, the cells were washed twice with serum-free medium and irradiated with
a 671 nm He-Ne laser (100 mW/cm2) for 0e4 min onto the 96-well plates. After 6 h
incubation, cell viability of irradiated cells was evaluated by the MTT assay.



Fig. 1. Development and characterization of tumor-targeting hyaluronic acid nanoparticle containing Ce6 (Ce6-HANP) for photodynamic imaging and therapy. (A) Schematic
illustration of Ce6-HANP as tumor-targeted delivery system for simultaneous photodynamic imaging and therapy. (B) Chemical structure of HANP. (C) Chemical structure of chlorin
e6 (Ce6) as photosensitizer. (D) Size distribution of Ce6-HANP by dynamic light scattering (DLS). (E) Transmission electron microscopy (TEM) images of Ce6-HANP.
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Table 1
Characteristics of HANP.

Mw of HAa D.S. of
5b-cholanic
acid (%)b

D.S. of
mPEG5000

(%)b

D.S. of
BHQ3
(%)c

Mean
Diameter
(nm)d

234.4 kDa 7.85 � 0.38 4.47 � 0.89 2.9 � 0.30 227.1 � 12.5

a Weight average molecular weight, measured using gel permeation chroma-
tography (GPC).

b Mole ratio to sugar residue of HA, estimated from 1H NMR spectrum.
c Mole ratio to sugar residue of HA, estimated using the UV-VIS spectrometer.
d Measured using dynamic light scattering (DLS).

Table 2
Characteristics of Ce6-HANP after Ce6 loading.

Ce6 feed
ratio (%)a

Loading
contents
(%)b

Loading
efficiency
(%)

Mean
Diameter
(nm)c

10 8.4 � 0.29 84.1 � 2.92 250.7 � 13.6
20 12.4 � 0.03 61.9 � 0.15 245.5 � 20.2

a Weight feed ratio to HANP.
b Weight contents of Ce6 in Ce6-HANP, estimated using the UV-VIS spectrometer.
c Measured using dynamic light scattering (DLS).
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To observe dead cells, trypan blue staining was performed for the cells on the 6-
well plates (1ⅹ105 cells/well). After laser irradiation for 2 min, both cells were
washed twice with DPBS and treated with 0.5 ml of the trypan blue solution (0.4% in
PBS, pH 7.4) for 5min. The solutionwas thenwashed using DPBS for three times, and
cells were fixed with 4% paraformaldehyde solution. Dead cells were observed using
an optical microscope (BX51, Olympus, USA).

2.9. In vivo and ex vivo fluorescence imaging

All experiments with live animals were performed in compliance with the
relevant laws and institutional guidelines of Korea Institute of Science and Tech-
nology (KIST), and institutional committees have approved the experiments. To
observe biodistribution of Ce6 in an animal model, tumor-bearing athymic nude
mice (4.5-weeks old, 20e25 g, male) were prepared by inoculating a suspension of
1ⅹ107 HT29 cells in saline (60 ml) into left flanks of mice. When tumors grew to
approximately 250e500 mm3 in volume, 200 ml of PBS containing free Ce6 or Ce6-
HANPs (5 mg/kg of Ce6) were injected into the mice via tail vein (n ¼ 3 per each
group). The in vivo biodistribution of Ce6 were imaged using the eXplore Optix
system with 670 nm-pulsed laser diode (ART Advanced Research Technologies Inc.,
Montreal, Canada) [21]. To observe the organ distribution of Ce6, another groups of
mice were prepared and treated by same procedures (n ¼ 3 per each groups). They
were then sacrificed at 24 h post-injection, and major organs and tumors were
excised and observed by the Kodak image station (Kodak Image Station 4000MM,
New Haven, CT, USA) [22]. All the near infrared fluorescence (NIRF) intensities were
calculated using the Analysis Workstation software (ART Advanced Research Tech-
nologies Inc., Montreal, Canada).

2.10. In vivo photodynamic therapy and histology

Tumor-bearing mice models were prepared in an identical manner as described
above. When tumors grew up to 55 � 10 mm3 in volume, 200 ml of saline, PBS
containing free Ce6 or Ce6-HANPs were injected into themice via tail vein (n¼ 4 per
each group). At 4 h and 24 h post-injections, tumor tissues were irradiated by
671 nm He-Ne laser (100 mW/cm2) for 30 min. After irradiation, the therapeutic
results of each group were evaluated by measuring the tumor volumes for 12 days.
For histological analysis, tumor tissues were excised from the mice at 12 days post-
injection, and they were fixed with 2% paraformaldehyde solution and embedded in
paraffin. The sliced tumor tissues (6 mm) were stained by Hematoxylin and Eosin
(H&E) and observed by optical microscope.

2.11. Statistics

The differences between experimental and control groups were analyzed using
one-way ANOVA and considered statistically significant (markedwith an asterisk (*)
in figures) if p < 0.05.

3. Results and discussion

3.1. Preparation and characterization of Ce6-HANPs

Fig. 1A shows our four-step-strategy for in vivo photodynamic
imaging and therapy using Ce6-HANPs as tumor-targeted delivery
system. First, Ce6-HANPs may efficiently reach the target tumor
tissue by the EPR effect for their stable nano-structure after
systemic administration [11]. Second, they can be easily taken up by
the tumor cells via CD44 receptor-mediated endocytosis. Third,
loaded Ce6 can be released from nanoparticles through degrada-
tion of the HA backbone by hyaluronidase abundant in cytosol of
tumor cells [23]. Finally, the released Ce6 can recover their fluo-
rescence for tumor imaging and generate singlet oxygen for tumor
therapy upon laser irradiation focused on tumor site. These steps
were rationally designed to enhance the specificity of PDT.

HANPs were synthesized by the conjugation of hydrophobic 5b-
cholanic acid groups to hydrophilic HA backbone, and they were
further modified with adequate amount of PEG as described
previously [17]. In this study, BHQ3 was additionally conjugated to
HANPs because it can effectively quench fluorescent molecules like
Ce6 [24,25]. The resulting conjugate, shown in Fig. 1B, could be self-
assembled into nanoparticles in the aqueous condition because of
its amphiphilic property. Its average size was determined to
227.1 � 12.5 nm, as determined using DLS. The characteristics of
HANPs are shown in Table 1.
As photosensitizer, Ce6 was chosen in this study because of its
high singlet oxygen quantum yield and absorption/emission
wavelength in NIR regionwith relatively efficient tissue penetration
(Fig. 1C) [26,27]. Ce6 was readily loaded by the simple dialysis
method. At 10% feed ratio of Ce6, the loading efficacy was 84.1%, but
it decreased to 61.9% at 20% feed ratio (Table 2). Furthermore, it was
lower than 50% in case of over 30% feed ratio (data not shown).
Consequently, we used Ce6-HANPs of 10% Ce6 feed ratio for further
studies. The size of Ce6-HANPswas 250.7�13.6 nm, suggesting that
the particle size of HANPs slightly increases by incorporation of Ce6
(Fig. 1D). Their sizes and spherical shapes were also confirmed by
the TEM image (Fig.1E). This particle size, smaller than 300 nm,was
demonstrated to be advantageous for high accumulation in tumor
tissue with fenestrate vascular structure by the EPR effect [28].

3.2. Release behavior and singlet oxygen generation of Ce6 from
Ce6-HANPs

Release pattern of Ce6 from Ce6-HANPs was evaluated with or
without Hyal-1 which is the representative hyaluronidase in
cytosol of tumor cells and plays pivotal role in HA turn over [29]. As
shown in Fig. 2A, the release rate of Ce6 was much higher in the
presence of Hyal-1, suggesting that Ce6-HANPs can rapidly release
Ce6 in cytosol of tumor cells because the HA backbone of Ce6-
HANPs is highly susceptible to Hyal-1 [30,31].

The fluorescence signals of free Ce6 and Ce6-HANPs at various
concentrations of Hyal-1 were determined to observe the
dequenching effect (Fig. 2B). As expected, free Ce6 exhibited strong
fluorescence signals, whereas no significant changes in the inten-
sity were found at different concentrations of Hyal-1. The fluores-
cence intensity of Ce6-HANPs was much lower in the absence of
Hyal-1 than that of free Ce6, which is due to BHQ3 in Ce6-HANPs
and self-quenching. It is of interest to note that the fluorescence
intensity of Ce6-HANPs was highly enhanced as the concentration
of Hyal-1 increased (Fig. 2C). At 120 unit/ml of Hyal-1, the fluo-
rescence intensity of Ce6-HANPs was comparable to that of free
Ce6. This is due to dequenching of Ce6 by its rapid release from
nanoparticles.

Photosensitizers generate singlet oxygen for killing tumor cells
upon laser irradiation, and the amount of singlet oxygen can be
analyzed by measuring the decrease in absorbance of RNO (singlet
oxygen sensor) [20]. Fig. 2D shows the RNO concentration as
a function of time at various conditions. In the absence of Hyal-1,
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the rate of singlet oxygen generation from Ce6-HANPs was signif-
icantly lower than that of free Ce6. This suggests that BHQ3 in
nanoparticles could effectively suppress singlet oxygen generation
by the photosensitizer. On the other hand, singlet oxygen genera-
tion from Ce6-HANPs was much faster in presence of Hyal-1,
implying the fast recovery of therapeutic ability by enzymes
abundant inside tumor cells.

3.3. Cellular uptake and intracellular fluorescence generation of
Ce6-HANPs

Next, we observed the specific uptake and dequenching of Ce6-
HANPs in tumor cells via fluorescence cellular imaging. NIH3T3 and
HT29 were chosen as normal tissue cell line and tumor cell line,
respectively. As shown in Fig. 3A, stronger fluorescence was
observed in HT29 cells than in NIH3T3 cells after incubation with
Ce6-HANPs. At 30 min incubation, the fluorescence intensity of Ce6
in HT29 cells was 4.1 fold higher than that in NIH3T3 cells (Fig. 3B).
In case of free Ce6, the difference of fluorescence between two cell
lines was negligible. It should be emphasized that the fluorescence
intensity of Ce6 in HT29 cells remarkably decreased when Ce6-
HANPs were incubated with excess amount of free HA, indicating
that the specific uptake of Ce6-HANPs into tumor cells was based on
binding of nanoparticles to CD44. With confocal microscopy and
DAPI staining, intracellular distribution of Ce6 after cellular uptake
was more precisely observed. In Fig. 3C, the fast uptake of Ce6-
HANPs was shown in HT29 tumor cells, in which loaded Ce6 was
released and generated fluorescence. The red spots of Ce6 fromCe6-
HANP were widely spread in cytoplasm. Because the main target of
photodynamic therapy is major cellular organelles in cytoplasm,
this result implies that the therapeutic efficacy of Ce6-HANPs may
not be disturbed by unintended intracellular distribution [32].

3.4. NIR laser-triggered cellular phototoxicity

The photosensitizer does not exhibit cytotoxicity in the absence
of light, whereas it generates singlet oxygen for therapy by the
irradiation with an appropriate wavelength [18]. As expected, both
free Ce6 and Ce6-HANPs showed negligible cytotoxicity on HT29
andNIH3T3 cells under dark condition, whichwas demonstrated by
the MTT assay (Fig. 4A). Because HANPs were prepared using HA
found in human body, they did not show negative effects on cell
viability. However, the number of living cells remarkably decreased
after irradiation with a 671 nm He-Ne laser (Fig. 4B). In case of free
Ce6, the degree of phototoxicity was similar in both HT29 and
NIH3T3 cells. On the contrary, Ce6-HANPs did specific damage to
tumor cells. For HT29 cells treated with Ce6-HANPs, the viability
was lower than10% aftera 2min irradiationwithNIR laser.However,
more than 70% of NIH3T3 cells, treatedwith Ce6-HANPs, survived at
the same condition. This result suggests the laser-induced photo-
toxicity of Ce6-HANPs is tumor cell-specific, which is consistent
with the results in cellular imaging. Interestingly, the phototoxicity
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of Ce6-HANPs to the cancer cell was significantly higher than that of
free Ce6, which might be due to the specific cellular uptake and fast
release of Ce6 from nanoparticle. This is highly important in clinical
point of view, because many nano-carriers showed lower thera-
peutic efficacy in the cellular condition than free drugs in
compensation for the sustained release of drugs [33].

This tumor cell-specific phototoxicity of Ce6-HANPs was also
proved in Trypan Blue staining [34]. Trypan Blue is a dye that
cannot pass into the cytoplasm of living cells, whereas it is localized
inside the damaged or dead cells with membrane permeability.
Consequently, its blue colour is an indicator for cellular damage and
membrane destruction. In accordance with the results in the MTT
assay, the intense blue spots were shown in Ce6-HANP treated
HT29 tumor cells after laser irradiation, compared to NIH3T3 cells
and free Ce6-treated HT29 cells. In addition, these spots were not
observed after co-treatment of excess HA for competitive cellular
uptake proving that the uptake mechanism of Ce6-HANPs was
based on receptor (CD44)-mediated endocytosis.

3.5. In vivo photodynamic imaging

Photosensitizers can generate fluorescence for imaging and
cytotoxic singlet oxygen for therapy simultaneously upon irradia-
tion. Therefore, intrinsic fluorescence of photosensitizers allows for



Pre 2 Day 6 Day 12 Day

C
e

6
-
H

A
N

P
F

r
e

e
 
C

e
6

S
a

l
i
n

e

C
e

6
-
H

A
N

P
F

r
e

e
 C

e
6

S
a

li
n

e

0 2 4 6 8 10 12 14
0

50

100

150

200

250

300

350

400

450

500

T
u

m
o

r
 
v
o

l
u

m
e
 
(
m

m
3

)

Time (day)

 Saline
 Free Ce6
 Ce6-HANP

A B

C

*

Fig. 6. In vivo photodynamic therapy with Ce6-HANP. (A) Images of HT29 tumor-bearing mice treated with free Ce6 and Ce6-HANP (5 mg/kg of Ce6) and laser irradiation. (B)
Histological tumor tissue images of (A) after H&E staining. (C) Time-dependent tumor growth rate of (A). The arrows indicate the time point for irradiation. *indicates difference at
the p < 0.05 significance level.

H.Y. Yoon et al. / Biomaterials 33 (2012) 3980e39893988
evaluating its in vivo biodistribution by using the non-invasive
optical imaging technique, and tumor-targeted delivery of them
can mark the location and area of tumor tissue in whole body [20].
Fig. 5A shows fluorescence images of the tumor-bearing mice after
systemic administration of free Ce6 and Ce6-HANPs. The result
demonstrated that Ce6-HANPs were effectively accumulated at
tumor tissue, compared to free Ce6. Four hours post-injection of
Ce6-HANPs, the tumor site emitted intense fluorescence and easily
delineated from surrounding tissues proving the possibility for PDI.
In addition, most of Ce6 was secreted from the mouse body 48 h
post-injection in both free Ce6 and Ce6-HANPs. It meant that Ce6-
HANPs could be almost free from the unintended phototoxicity by
remaining photosensitizers after treatment, which is the potential
disadvantage of nanoparticular formulations for PDT. The total
photon counts of Ce6 in tumor tissue with Ce6-HANPs was about
2.6 fold higher than that with free Ce6 4 h post-injection (Fig. 5B).
The ex vivo fluorescence images of excised organs and tumors also
confirmed the tumor-targeted delivery of Ce6-HANPs (Fig. 5C). For
Ce6-HANPs, the strongest fluorescence signal was found in tumor
tissue among organs including liver, spleen, and kidney. However,
in mice treated with free Ce6, the strongest signal was found in
liver. The fluorescence intensity of excised tumor with Ce6-HANPs
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was 1.8 fold higher than that of free Ce6 after 24 h (Fig. 5D). The
high intensity in kidney was also observed in Ce6-HANPs treated
mouse. We thought that it was not a serious problem because
kidney is a major excretory organ and filteredmolecules are rapidly
removed from the body by urine [35].

3.6. In vivo photodynamic therapy

In an attempt to evaluate the therapeutic potential, we injected
saline, free Ce6, and Ce6-HANPs (5 mg/kg of Ce6) into HT29 tumor-
bearing mice via the tail vein. Thereafter, tumor sites of all mice
were irradiated using the NIR laser for 30 min. After irradiation,
there was a clear hemorrhagic injury in the tumor sites of mice
treated with Ce6-HANPs, implying effective tumor therapy
(Fig. 6A). From the free Ce6-treated mice, it was found that the
tumor was partially damaged after irradiation and was regrown
after 12 days. The histological tissue images, obtained by H&E
staining, also demonstrated the high therapeutic efficacy of Ce6-
HANPs (Fig. 6B). A large amount of cell death in tumor tissue was
observed in the mice treated with Ce6-HANPs. However, cell death
was relatively rare in the mice treated with saline or free Ce6. The
therapeutic efficacy was also evaluated by comparing the tumor
growth rate of three groups including the mice treated with saline,
free Ce6, and Ce6-HANPs (Fig. 6C). The size of tumors in free Ce6-
treated mice was 250 mm3 after 12 days, and this value is 59% of
the saline-treated mice. On the other hand, the growth of tumor
tissue was successfully suppressed by Ce6-HANPs. The final mean
size of tumors in Ce6-HANPs treated mice was 120 mm3, which is
only 27% of the saline-treated control group. This enhanced ther-
apeutic efficacy originates from the high accumulation and
dequenching of Ce6-HANPs in tumor tissue, followed by vigorous
production of singlet oxygen upon irradiation. Overall, these results
demonstrated that Ce6-HANPs are highly useful for PDT of tumors.

4. Conclusion

Tumor-targeting hyaluronic acid nanoparticles containing Ce6
(Ce6-HANPs) were prepared in this study, and they were explored
for simultaneous photodynamic imaging and therapy. It was found
that Ce6 could be rapidly released from Ce6-HANPs through
degradation of the HA backbone in the presence of hyaluronidase
abundant in cytosol of tumor cells. The released Ce6 was
dequenched and generated fluorescence and singlet oxygen upon
NIR laser irradiation. The tumor-targeted delivery of Ce6-HANPs
based on both passive and active targeting was proved by non-
invasive in vivo imaging. In tumor-bearing mice models, Ce6-
HANPs could effectively suppress the tumor growth compared to
free Ce6. In conclusion, Ce6-HANPs can be successfully applied to
in vivo photodynamic imaging and therapy in cancer treatment,
simultaneously.
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