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Abstract
Chlorin-based photosensitizers are commonly used in photodynamic therapy (PDT). These drugs are efﬂuxed by cell
membrane transporters, such as the ATP-binding cassette subfamily G member 2 (ABCG2). PDT efﬁcacy is limited in tumor
cells expressing high levels of these proteins. Pancreatic cancer
cell lines AsPC-1 and MIA PaCa-2, which have high and low
ABCG2 expression, respectively, were used, and ABCG2-overexpressing MIA PaCa-2 cells were generated. We compared PDT
efﬁcacy between chlorin e6 (Ce6) and cationic photosensitizer–
encapsulated polymeric nanoparticle (PS-pNP), which is comprised with Ce6, polyethylene glycol, and polyethylenimine.
The intracellular concentration of Ce6 was signiﬁcantly higher
in MIA PaCa-2 cells than in AsPC-1 or ABCG2-overexpressing

MIA PaCa-2 cells. PS-pNP increased intracellular levels of the
photosensitizer in all cell lines. The cell viability experiments
indicated increased Ce6 resistance in ABCG2-overexpressing
cells. In contrast, PS-pNP produced similar levels of cytotoxicity
in each of the cancer cell lines tested. Singlet oxygen production
was higher in cells treated with PS-pNP than in those treated
with Ce6. Furthermore, in heterotopic and orthotopic AsPC-1
xenograft mouse models, PDT using PS-pNP signiﬁcantly
reduced tumor volume in comparison with that of Ce6 treatment. PS-pNP could increase intracellular Ce6 concentration,
which was related with reduced ABCG2-mediated efﬂux of Ce6,
thereby enhancing the effects of PDT in pancreatic cancer cells.

Introduction

by diseased cells. Photoactivation of these photosensitizers, by
exposure to light of the appropriate wavelength, results in the
production of cytotoxic materials, such as singlet oxygen
(1O2), which then cause irreversible damage to the target cells
(3). Compared with current cancer treatments, including surgery, radiotherapy, and chemotherapy, PDT offers the advantage of a selective method of destroying diseased tissues
without damaging the healthy surrounding areas. An additional advantage is that the photosensitizers used in PDT emit
ﬂuorescence upon irradiation, making them useful for both
therapy and diagnosis, that is, theranosis (4). PDT eradicates
pancreatic carcinoma, both in vivo and in vitro, without affecting the adjacent normal tissues (5–7). In addition, in a phase I
clinical study, administration of PDT resulted in tumor cell
necrosis in a group of 16 patients diagnosed with inoperable
pancreatic adenocarcinoma (8).
ATP-binding cassette subfamily G member 2 (ABCG2) is a
member of the ABC transporter family of proteins and is primarily
located within the plasma membrane (9, 10). ABCG2 protein was
initially described in doxorubicin-resistant breast cancer cells and
has been shown to pump photosensitizers out of the transporterexpressing cells, including chlorin-based photosensitizers, and to
thereby inhibit PDT-induced cytotoxicity in target cells (11–13).
Interestingly, ABCG2 is overexpressed in pancreatic cancer tissues
and in the side population cells of pancreatic cell lines (14, 15).
Our group developed a nanophotosensitizer using the polyelectrolyte complexes between a photosensitizer-encapsulated
polymeric nanoparticle (PS-pNP). This compound is composed
of polyethylene glycol (PEG), polyethylenimine (PEI), and
chlorin e6 (Ce6) and exhibits increased solubility and stability

The prognosis of patients with pancreatic cancer is very poor
(1). Curative surgical removal is the best therapeutic option;
however, more than 80% of patients are not candidates for surgery
and have been treated with chemotherapy or radiotherapy (2).
Nevertheless, these treatments offer poor clinical outcomes, as
most patients are diagnosed at an already advanced stage of
disease and because pancreatic tumor cells exhibit low chemoor radiosensitivity. Thus, novel therapeutic modalities are needed
for treatment of pancreatic cancer.
Photodynamic therapy (PDT) has been clinically applied to
the treatment of malignant, cardiovascular, dermatologic, and
ophthalmic diseases (3). PDT involves the usage of chemical
photosensitizers that are preferentially taken up and retained
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compared with unmodiﬁed Ce6 in the aqueous-phase Chlorin
(16). In this study, we demonstrate that PDT-induced cytotoxicity
was signiﬁcantly higher in low ABCG2-expressing pancreatic
cancer cells than in high ABCG2-expressing cells. Furthermore,
we show that the limited efﬁcacy of chlorin-based PDT in cells
expressing high levels of ABCG2 can be enhanced using PS-pNP.

encoding ABCG2 genes was produced by using BglII/XhoI sites.
HEK293T cells were transfected with pMSCV-ABCG2, pGag-pol,
and pVSV-G, using Lipofectamine 2000, and then 48 hours later,
media including Prx III retroviruses were collected and ﬁltered to
remove cell debris. MIA PaCa-2 cells were incubated with ABCG2
retrovirus, and the cells were inoculated with ABCG2 retrovirus.
The cells expressing ABCG2 were selected with puromycin.

Materials and Methods
Materials
Ce6 was purchased from Frontier Scientiﬁc, Inc. Branched
PEI (bPEI), with a molecular weight (mol. wt.) of 1,800
Da, was purchased from Alfa Aesar. 1,3-Dicyclohexylcarbodiimide (DCC), N-(3-dimethylaminopropyl)-N0 -ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 4dimethylaminopyridine (DMAP), methoxypolyethylene glycol
(mPEG), with a molecular weight of 5,000 Da, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT),
esterase from the porcine liver, hyaluronidase from sheep testes
(type II), and anhydrous DMSO were purchased from Sigma
Aldrich Co.. The dialysis membrane was obtained from Spectrum Laboratories Inc. DMEM, FBS, antibiotics (penicillin/
streptomycin), and Dulbecco's PBS were obtained from Gibco
BRL (Invitrogen Corp.). All chemicals and solvents were of
analytic grade, and mPEG-NHS (5 kDa) was prepared following a published protocol (17).
Synthesis of cationic PS-pNP
The mPEG (5 kDa)-bPEI (1.8 kDa) was synthesized via the
conventional carbodiimide reaction. The mPEG-NHS (5 kDa, 3 g)
was dissolved in chloroform (30 mL) at room temperature, and
then bPEI (0.36 g) was added. The coupling reaction was allowed
to occur for 72 hours at room temperature. The reaction mixture
was then poured into diethyl ether to precipitate the product.
Unreacted mPEG homopolymer and bPEI were eliminated by
dialyzing against water using a dialysis membrane (Spectra/Por;
mol. wt. cut-off size, 12,000) against deionized water for 2 days.
The ﬁnal products were lyophilized. 1H NMR spectra was recorded
in deuterated chloroform (CDCl3) solvent at room temperature
using a Bruker NMR Spectrometer (Bruker). To synthesize PSpNP, Ce6 was also attached to the amine groups of mPEG-bPEI
via the conventional carbodiimide reaction. The mPEG-bPEI (1 g)
and a mixture of Ce6 (e.g., 0.07 mmol), DCC (1.2  Ce6 in
moles), and N-hydroxysuccinimide (HOSu; 1.2  Ce6 in moles)
were dissolved separately in DMSO (20 mL), and the solutions
were stirred thoroughly for 3 hours prior to the condensation
reaction. Two reactant solutions were mixed and stirred at room
temperature. After 24 hours, the reaction solution was ﬁltered to
remove insoluble byproducts (e.g., dicyclohexylurea) and the
ﬁltrate dialyzed using a dialysis membrane (Spectra/Por; mol.
wt. cut-off size, 1,000) against deionized water for 2 days. The ﬁnal
products (Ce6 conjugates) were lyophilized. mPEG-bPEI-Ce6
synthesis was veriﬁed by 1H NMR, and 1H NMR spectra was
recorded in DMSO at room temperature using a Bruker NMR
Spectrometer. Ce6 contents of the Ce6 conjugates were measured
by ultraviolet visible (UV-Vis) spectroscopy (663 nm).
Cells
The human pancreatic cancer cell lines AsPC-1 and MIA PaCa-2
were obtained from Korean Cell Line Bank, which were passaged
for fewer than 6 months after resuscitation. For preparation
of ABCG2-overexpressing pancreatic cancer cells, retrovirus
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RNA isolation and quantitative RT-PCR
Cells (AsPC-1, MIA PaCa-2, MIA PaCa-2/ABCG2) used for qRTPCR experiments were washed once with PBS, and RNA was
extracted using TRIzol reagent (Invitrogen), per the manufacturer's instructions. cDNA was generated by reverse transcription,
using 3 mg of puriﬁed RNA and the PrimeScript RT Reagent Kit
(TaKaRa), per the manufacturer's instructions. Real-time PCR was
performed using a LightCycler 2.0 system (Roche) with SYBR
Premix Ex Taq (TaKaRa), according to manufacturer's instructions. The primers used for PCR ampliﬁcation were BCRP1/
ABCG2: 50 - TCA TCA GCC TCG ATA TTC CAT CT-30 and 50 - GGC
CCG TGG AAC ATA AGT CTT-30 . The ampliﬁcation conditions
were 95 C for 30 seconds, 60 C for 30 seconds, and 72 C for 30
seconds, for 40 cycles.
Western blotting
Protein extracts from all cell lines (AsPC-1, MIA PaCa-2, MIA
PaCa-2/ABCG2) were prepared in 30 mg quantities. Proteins were
separated by 10% SDS-PAGE, transferred to nitrocellulose membranes, and incubated with ABCG2 (SC-377176; Santa Cruz
Biotechnology, Inc) and b-actin–speciﬁc primary antibodies
(SC-47778; Santa Cruz Biotechnology, Inc.). Membranes were
then washed and incubated with horseradish peroxidase–labeled
secondary antibodies diluted in Tris-buffered saline containing
0.1% Tween 20 and 5% skim milk. Immune complexes were
visualized using enhanced chemiluminescence detection
reagents, and images were recorded on a LAS-3000 (FUJIFILM)
after various lengths of exposure.
Fluorescence microscopy
A total of 1  105 cells per well (AsPC-1, MIA PaCa-2, or MIA
PaCa-2/ABCG2) were seeded in 6-well plates and incubated
overnight at 37 C in a humidiﬁed 5% CO2 atmosphere. The
medium was then replaced with 2 mL of fresh medium containing
5 mmol/L Ce6 or PS-pNP. After 6 hours of incubation, cells were
washed twice with PBS (1 mL), and fresh medium was added (1
mL). Fluorescence was measured by excitation of Texas Red using
a Zeiss ﬂuorescence microscope (Axiovert 200 MAT, Zeiss).
Fluorometer analysis of intracellular photosensitizer levels
A total of 1  105 cells per well (2-mL cell suspension of AsPC-1,
MIA PaCa-2, or MIA PaCa-2/ABCG2) were seeded in 6-well plates.
The medium was then replaced with 2 mL of fresh medium
containing 5 mmol/L of Ce6 or PS-pNP and incubated for 6 to
48 hours under the previously described conditions. The solutions were removed, and the cells were rinsed with PBS (1 mL).
Then, the cells were harvested by treatment with 300 mL trypsin
[0.25%)/ethylene diamine tetraacetic acid (Corning CellGro)].
The trypsin was quenched by addition of fresh medium
(0.5 mL), and the solution was transferred to centrifuge tubes
(1.5 mL) and centrifuged at 10,000 rpm for 5 minutes. Pellets
were then washed with PBS (1 mL) and centrifuged again. The
ﬂuorescence of the supernatants was measured using a Synergy
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MX ﬂuorometer (BioTek) with excitation and emission wavelengths of 500 and 670 nm, respectively. A calibration curve
was then used to calculate the concentrations of Ce6 and PSpNP per 10,000 cells.
Cell viability
AsPC-1, MIA PaCa-2, and MIA PaCa-2/ABCG2 cells were cultured in RPMI1640 (Corning CellGro) or DMEM (Corning CellGro) supplemented with 10% FBS and 1% penicillin–streptomycin (Penicillin G, sodium salt; streptomycin sulfate) at 37 C in a
humidiﬁed 5% CO2 atmosphere. The cells were seeded in 96-well
plates at a density of 1  104 cells per well (in triplicate) in
complete medium, incubated overnight at 37 C; the cells were
incubated for 6 hours with indicated concentration of Ce6 or PSpNP in the presence or absence of 1 mmol/L Ko-143. The cells were
then photoirradiated using a diode laser emitting red light at 670
nm wavelength (equipment by Kuk-Je A& SL Co.). The power
density at the illumination area was 800 mW/cm2 (11 minutes 25
seconds) and total light dose was 6 J/cm2. After irradiation, the
cells were incubated for 24 hours in darkness, and phototoxicity
was determined using MTT. Brieﬂy, 10 mL of 5 mg/mL MTT
solution was added to each cell culture well and incubated for
4 hours. DMSO (100 mL) was then added, cultures were shaken for
10 seconds, and the absorbance at 570 nm was measured using an
ELISA reader (Spectra Max 340/Molecular Devices). Each experimental group consisted of independent triplicate. Data are presented as the mean  SD values.
Clonogenic assay
For cell survival assays, 500 cells of each cell line were seeded
into 6-well plates. The following day, cells were incubated with
Ce6 or PS-pNP for 6 hours and then exposed to 6 J/cm2 of light, as
described above. After irradiation, cells were washed and incubated in complete medium until further analysis. Cells treated
with Ce6 or PS-pNP but not exposed to light were used as a
control, as described above. Ten days postirradiation, cells were
stained with 0.5% crystal violet suspended in 20% methanol, and
colonies containing at least 100 cells were counted. All experiments were carried out in triplicate, and four culture dishes were
used per experiment. The total number of macroscopic cell
colonies was counted and calculated as colonies per gram of wet
tumor tissue.
Flow cytometry analysis of intracellular Ce6 and PS-pNP levels
AsPC-1, MIA PaCa-2, and MIA PaCa-2/ABCG2 cells were plated
in 60-mm2 culture dishes and grown to 80% conﬂuency at 37 C in
the presence of 5% CO2. The culture medium (DMEM or
RPMI1640) was then removed, and 980 mL of fresh medium
mixed with 20 mL of Ce6 or PS-pNP solution (5 mmol/L ﬁnal
concentration) was added to the cells. Cells were incubated
at 37 C in 5% CO2 for 6 hours and washed with PBS. Cells were
then ﬁxed and incubated overnight with an FITC-conjugated
ABCG2-speciﬁc antibody at 4 C (Santa Cruz Biotechnology:
SC-58222). FITC isotype antibody and unstained cells were used
as controls. Treated cells were washed twice in 1 mL of PBS and
analyzed by FACS using a FACSCalibur ﬂow cytometer (BD
Biosciences FACScan) and quantiﬁed with CellQuest software
(BD Biosciences).
Immunocytochemical analysis of ABCG2 expression
AsPC-1, MIA PaCa-2, and MIA PaCa-2/ABCG2 cells were seeded in 60-mm2 culture dishes and grown to 80% conﬂuency at
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37 C in the presence of 5% CO2. The culture medium (DMEM or
RPMI1640) was then removed, and 980 mL of fresh medium
mixed with 20 mL of Ce6 or PS-pNP solution (5 mM ﬁnal
concentration) was added to the cells. Cells were incubated at
37 C in 5% CO2 for 6 hours and washed with PBS. Cells were ﬁxed
by treating with a mixture of methanol and acetone (1:1) and
washed three times with PBS. An ABCG2-speciﬁc primary antibody (Santa Cruz Biotechnology) was then added (1:200 dilution), and cells were incubated overnight at 4 C. The following
day, cells were washed and incubated with an Alexa Fluor 488–
conjugated secondary antibody (1:1,000 dilution; Molecular
Probes) for 60 minutes at room temperature. Nuclei were then
stained with mounting medium containing 6-diamidino-2-phenylindole (DAPI, Vector Laboratories), and slides were viewed by
ﬂuorescence microscopy.
Production of singlet oxygen by Ce6 and PS-pNP
Dose-resolved singlet oxygen (1O2) measurements were performed by direct detection of the near-infrared luminescence
emission of oxygen at 1,270 nm, corresponding to a singlet–
triplet transition state. The samples were excited by exposure to
670 nm mJ pulses (5-ms duration) generated by a ﬁber-coupled
diode laser operating with a 10-kHz repetition rate. The singlet
oxygen luminescence was detected using a PMT detector (model
H10330-45, Hamamatsu) with high sensitivity in the near-infrared region. Three bandpass ﬁlters (1,220, 1,270, and 1,320 nm)
were placed sequentially in front of the photodetector to sample
the luminescence spectrum.
Antitumor effect after PDT in xenograft mouse models
To evaluate the efﬁcacy of PDT using Ce6 or PS-pNP in vivo,
AsPC-1 tumor cells were implanted either in the subcutaneous
layer on the back or orthotopically to the pancreas of BALB/c
nude mice (6 weeks of age). Subcutaneous tumors were established by inoculating AsPC-1 cells (1  107 cells/100 mL) into
the mice. When tumor growth reached 150 to 250 mm3 in
volume, 5 mice per group were treated with intravenous injections of 10 mg/kg of Ce6 or PS-pNP. Injection of PBS was used
as control. At 6 hours postinjection, mice were anesthetized by
intraperitoneal injection of 50 mg/kg Zoletil 50 (Virbac), and
the tumors were irradiated with a 670  10 nm laser (Kuk-Je A
& SL Co.). The total impact energy of the exposure was 100 J/
cm2 (800 mW, 2 minutes 30 seconds). For establishment of
orthotopic pancreatic tumor model, ASPC-1 cells (1  106 in 50
mL of Matrigel-containing media) were injected into the pancreas using a 301/2-gauge needle. Three hours prior to laser
irradiation, Ce6 (2.5 and 5 mg/kg) or PS-pNP (2.5 and 5 mg/
kg) were injected via tail vein. Interstitial PDT (670 nm laser,
100 mW/cm2, and 50 J/cm2) was performed on the exteriorized
pancreas of the anesthetized mice. After implementation of
tumor cells, these mice were then housed under optimal conditions, and the tumor volumes were measured every 2 days
using calipers. Tumor volume was estimated using the following equation: V (mm3) ¼ (L  W2)  0.524, where L ¼ length
(the longest dimension) and W ¼ width (perpendicular to the
long axis). All procedures of animal research were provided in
accordance with the Laboratory Animals Welfare Act, the Guide
for the Care and Use of Laboratory Animals. This animal care
and use protocol was reviewed and approved by the IACUC in
College of Medicine, The Catholic University of Korea (Seoul,
Korea; CUMC-2014-0174-01).
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Results
Characterization of the Ce6 and PS-pNP
The structures of chlorin e6 and mPEG-bPEI-Ce6 are shown
in Supplementary Fig. S1A and S1B, respectively. We ﬁrst
examined the emission wavelengths of the two molecules
using UV-Vis spectrophotometer and then measured the size
and zeta potential of PS-pNP. The emission wavelength of Ce6
and PS-pNP was 660 and 670 nm, respectively (Supplementary
Fig. S2A). In addition, PS-pNP self-assembled nanoparticle was
approximately 40 nm in size and had a zeta potential of 35 mV
(Supplementary Fig. S2B). PS-PNP was synthesized by chemical coupling of Ce6, a hydrophobic sensitizer to mPEG (Mn ¼
5 kDa) conjugated to bPEI (Mn ¼ 1.8 kDa). 1H NMR (Supplementary Fig. S2C) and UV-Vis spectrophotometry showed
that each bPEI polymer contained three chains of mPEG and
one molecule of Ce6; hence, the molecules were designated
asmPEG3-bPEI1-Ce61 (PS-pNP, Mn ¼ 17.4 kDa; Supplementary Fig. S2D).

Effects of ABCG2 expression on photosensitizer uptake in
pancreatic cancer cell lines
The intracellular levels of the photosensitizers were measured
using a ﬂuorometer and FACS analyses. While the ﬂuorometer
studies failed to detect a signiﬁcant difference in the intracellular
levels of PS-pNP and Ce6 in MIA PaCa-2 cells after 48 hours, PSpNP levels were approximately 2-fold higher than the Ce6 levels
in both the MIA PaCa-2/ABCG2 and AsPC-1 cell lines at this
time point (Fig. 2A). These ﬁndings were supported by the results
of the FACS analysis (Fig. 2B). The ﬂuorescence peak corresponding to Ce6 was shifted farther to the right in the MIA PaCa-2
sample than in the MIA PaCa-2/ABCG2 samples; however,
this shift was not observed with PS-pNP–treated group. FACS
and immunocytochemistry analyses also conﬁrmed that the
levels of intracellular PS-pNP were higher than the levels of
Ce6 in the MIA PaCa-2/ABCG2 cell line (Fig. 3A and B). These
data indicate that high levels of ABCG2 expression resulted
in a decrease in the intracellular levels of the Ce6 photosensitizer. Furthermore, they demonstrate that these levels could be
increased by PS-pNP. We also conﬁrmed the importance of
ABCG2 transport function in the intracellular levels of photosensitizers by using its inhibitor, KO143. As shown in Fig. 3B,
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Expression of ABCG2 in pancreatic cancer cell lines
As mentioned above, ABCG2 plays a major role in inducing
drug resistance and determining the efﬁcacy of PDT. To show
that ABCG2 is directly related with PDT efﬁcacy, we established MIA PaCa-2 that stably overexpress ABCG2 using
retrovirus. The expression of ABCG2 in human pancreatic
cancer cell lines was assayed by qPCR, Western blotting, and
immunoﬂuorescence staining analyses. As depicted in Fig. 1A,
the MIA PaCa-2 cells exhibited lower levels of ABCG2 gene
expression than the AsPC-1 cells. The immunoblot and

immunocytochemistry analyses were consistent with this
result, as ABCG2 protein was detected at lower levels in the
MIA PaCa-2 cell extracts than in those of the AsPC-1 cells (Fig.
1B and C). Finally, the newly generated MIA PaCa-2/ABCG2
cells exhibited signiﬁcantly higher levels of ABCG2 expression, at both the mRNA and protein levels, than the parental
cell line (Fig. 1).
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Figure 1.
ABCG2 expression in the pancreatic
cancer cells. A, qPCR Analysis was used to
measure ABCG2 expression levels in
pancreatic cancer cell lines. B, Western
blot analysis of ABCG2 protein expression
in pancreatic cancer cells. MIA PaCa-2/
ABCG2 and AsPC-1 cells expressed
ABCG2 at variable levels, whereas MIA
PaCa-2 cells lacked ABCG2 expression.
Approximately 25 mg of protein was used
in each lane. The visibility of the actin
band was poor at this exposure but was
more apparent at longer exposures.
C, Fluorescence microscopy conﬁrmed
the immunocytochemistry of
intracellular ABCG2 localization.
Methanol/acetone–ﬁxed pancreatic
cancer cells were stained using a
monoclonal ABCG2-speciﬁc antibody
and an Alexa 488–labeled secondary
antibody. (scale bar, 20 mm)
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Figure 2.
Photosensitizers in pancreatic cancer cells. A, Activation of photosensitizers in pancreatic cancer cell lines at speciﬁc time points after PDT treatment. Cells
were incubated with 5 mmol/L of Ce6 or PS-pNP, and intracellular photosensitizer concentrations were measured between 3 and 48 hours using a ﬂuorometer.
B, Histogram analysis of Ce6 and PS-pNP in MIA PaCa-2 and MIA PaCa-2/ABCG2 cells.

KO143 treatment increased cellular level of Ce6, which was not
observed in PS-pNP–treated group.
The effects of PDT, using Ce6 or PS-pNP, on viability and
survival of pancreatic cancer cells
The viability of pancreatic cancer cell lines was assessed after
PDT using either Ce6 or PS-pNP. Although the MIA PaCa-2/
ABCG2 cells survived at a signiﬁcantly higher rate than the MIA
PaCa-2 parental cell line after PDT using Ce6 (Fig. 4A), this
difference was absent in the samples treated with PDT using
PS-pNP (Fig. 4B). To conﬁrm whether the blockage of ABCG2
could increase the effect of PDT, we tested the cell survival rate
after treatment of KO143. Combined treatment of Ce6 with
KO143 enhanced the sensitivity of PDT (Fig. 4A). Contrastingly,
KO143 does not affect cell survival in the PS-pNP–treated cells
(Fig. 4B). Dark toxicity was not signiﬁcant for tested compounds
(Fig. 4C). We therefore considered that the survival rate of the MIA
PaCa-2/ABCG2 cells decreased as the PS-pNP concentration
increased (Fig. 4D).
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Singlet oxygen production in Ce6 and PS-pNP–treated
pancreatic cancer cell lines
In photodynamic therapy using photosensitizers, production
of singlet oxygen is a basic and important mechanism for its
cytotoxicity effect. To assess the degree to which PDT treatments
affected the pancreatic cancer cell lines, we measured intracellular
levels of 1O2. As presented in Fig. 5, there was no signiﬁcant
difference in 1O2 production in the MIA PaCa-2 cells after PDT
using either Ce6 or PS-pNP. In contrast, 1O2 levels were lower
post-PDT in the MIA PaCa-2/ABCG2 and AsPC-1 cell lines treated
with Ce6 than in those treated with PS-pNP. These ﬁndings were
consistent with the intracellular levels of each photosensitizer,
indicating that the PDT-induced cytotoxicity is positively correlated with the intracellular concentration of Ce6.
Antitumor effects of PDT, using Ce6 or PS-pNP, in tumorxenografted mouse models
To examine the in vivo effects of PDT after treatment with Ce6 or
PS-pNP, heterotopic or orthotopic tumor-xenografted mouse
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models were utilized (Fig. 6). The data presented in Fig. 6A
indicate that only those tumors treated by PDT using PS-pNP
were reduced in volume, compared with the tumors of mice in the
control group. These results suggest that even a single application
of PS-pNP-PDT can effectively inhibit the progression of a solid
tumor in vivo. We further validated these results in an orthotopic
pancreatic cancer and xenograft mouse model. The data presented
in Fig. 6B indicate that only those tumors treated by PDT using PSpNP were reduced in volume, compared with the tumors of mice
in the control group. These results suggest that even a single
application of PS-pNP-PDT can effectively inhibit the progression
of a solid tumor in vivo.

Discussion
This study showed that the expression levels of the ABCG2
transporter protein directly correlated to the intracellular accumulation of the Ce6 in pancreatic tumor cells. Both the ABCG2
overexpression–induced MIA PaCa-2 cells as well as naturally
high ABCG2-expressing AsPC-1 cells exhibited reduced intracellular levels of Ce6 than the MIA PaCa-2 cells. This decrease in Ce6
concentration was associated with reduced efﬁcacy of PDTinduced cytotoxicity. However, even in pancreatic tumor cells
expressing high levels of ABCG2, the use of cationic PS-pNP
enhanced the PDT-induced cytotoxicity by increasing the intra-
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cellular levels of the photosensitizer, which was demonstrated not
only in vitro but also in vivo. These results indicate that cationic PSpNP inhibits the ability of the ABCG2 transporter to efﬂux this
compound.
Epithelial cells in the gastrointestinal tract express ABCG2
protein (18), whose function has been regarded as physiologic
protection against environmental insults, such as dietary xenobiotics. ABCG2 is also a potential marker of cancer stem cells
along with an important mechanism in multidrug resistance (19).
In gastrointestinal side-population cells, ABCG2 is overexpressed
(20). Because these proteins are overexpressed in many cancers,
the function of ABCG2 is regarded as a protection mechanism
from xenobiotic toxins in cancer cells (21).
Breast and lung cancer cells expressing increased levels of
ABCG2 exhibited decreased levels of the intracellular photosensitizer and were less sensitive to PDT in vitro (13, 22, 23).
Pancreatic cancer cells present higher levels of ABCG2 than
normal parenchymal cells (24). ABCG2 expression is also
regarded as one of the key determination factors in the production
of side populations that possess stem cell characteristics in many
tumors (25, 26). Several studies have shown that ABCG2 blocks
the intracellular accumulation of chlorins and molecules with
heme structures in various tissues (27, 28). It is believed that this
ability also confers resistance to certain cytotoxic drugs, including
Ce6 and other photosensitizers (29–31).
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Gemcitabine is the most commonly used chemotherapeutic
agent for pancreatic cancer. The lack of signiﬁcant clinical
response to chemotherapy is explained not only by impaired
drug delivery to target due to the highly desmoplastic nature
and poor vascularization of pancreatic cancer but also by the
drug resistance of pancreatic cancer cells due to drug efﬂux
pumps (32). P-glycoprotein, the best characterized ABC transporter, and others such as ABCC1, ABCC3, ABCC4, and ABCC5
are implicated in drug resistance in pancreatic tumors (32–34)
and conferred resistance to pancreatic cell lines against common chemotherapeutic drugs, including gemcitabine and 5ﬂuorouracil (35, 36).
ABCG2 can also transport a large variety of hydrophobic drugs
or drug conjugates, and photosensitizers are the cases. In this
study, we have shown that PDT using cationic PS-pNP could
overcome the inﬂuence of ABCG2. The PS-pNP comprises of PEG,
PEI, and Ce6. Intracellular uptake of a photosensitizer is regulated
by the ABC transporter superfamily member ABCG2. ABCG2-null
mice are more sensitive to skin phototoxicity, which is caused by
accumulation of pheophorbide, a chlorophyll degradation product found in a lot of green plant foods (37). This shows the role of
ABCG2 in preventing phototoxicity. A separate study demonstrated that overexpression of ABCG2 induced resistance to PDT by
blocking the accumulation of the photosensitizer in tumor cells
(38). The results of our current study are consistent with these

www.aacrjournals.org

previous ﬁndings and provide the ﬁrst analysis of the relevance of
ABCG2 expression to the treatment of pancreatic cancer. We have
shown that tumor cell lines with lower levels of ABCG2 expression
were more sensitive to PDT than those with higher levels of
ABCG2 expression. Together, these studies verify that ABCG2
expression plays a major role in the efﬁcacy of PDT. Furthermore,
due to the clinical relevance of ABCG2 in pancreatic tumors, our
results suggest that controlling the expression of ABCG2 may be a
critical issue for the treatment of this disease.
Several studies have shown that PDT induces cell death in
pancreatic cancer cells (39, 40). Small-scale clinical trials have
evaluated the efﬁcacy of PDT in patients with inoperable pancreatic cancers and found that the treatment resulted in selective
necrotizing of tumor tissues, and prolonged survival of patients
receiving the therapy (41, 42). However, these reports also
showed considerable variation in the necrosis volume of pancreatic tumors after PDT, suggesting the presence of heterogeneous
characteristics in pancreatic tumors, including putative differences in the expression of ABCG2.
The enhanced efﬁcacy can be explained with two mechanisms.
First, pegylation attaches PEG covalently to a photosensitizer,
which increases the photosensitizer size in solution and also
provides water solubility. Pegylation of Ce6 increases the molecular size of photosensitizer, which can decrease the efﬂux function
of ABCG2, increasing the intracellular Ce6 concentration, as
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shown in our results. Prior reports employed similar conjugates
with a goal of high efﬁcacy of PDT, in which photosensitizers were
pegylated alone or with poly-L-lysine (43, 44), or protease-sensitive peptides (45, 46). Second, PEI, another component of the
PS-pNP, may participate in the enhanced PDT efﬁcacy. The
advantage of our photosensitizer is the simple synthesis using
non-polylysine PEI and is relatively less toxic by using lower
molecular weight compared with polylysine. PEI is not only able
to work as a hydrophilic backbone but can also provide a positive
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charge for the PS-pNP complex with a negative-charged polysaccharide quencher. Another study used PEI conjugate to Ce6 as an
antimicrobial photosensitizer (47). However, if only PEI is used
for conjugation, it will be aggregated with serum albumin by
electrostatic interaction, resulting in macrophage uptake without
reaching to target tissues. Generally, the modiﬁcation of the
nanoparticles with PEG results in reduced drug internalization.
However, we used PEI having positive charge as well as PEG
having negative charge. The average zeta potential is the surface

PBS (n = 5)
Ce6+ IR (n = 5)
PS-pNP + IR (n = 5)

400
300
200
100
0
1

6

11

Days

16

21

400
300
200
100
0
S IR g) g) g) g) g) g) g) g)
PB + g/k g/k g/k g/k g/k g/k g/k g/k
S m m m m m m m m
PB 2.5 (5 2.5 (5 2.5 (5 2.5 (5
( IR
(
(
( e6
P
IR
e6 C + IR 6 + NP -pN IR +
C
+
P
p
S
e S6
N
P
P
C
e
N -p
P
C
-p PS
PS

Figure 6.
Antitumor effects of PDT after treatment with Ce6 or PS-pNP in BALB/c nude mice bearing implanted AsPC-1 tumors. A, Experiments from subcutaneously implanted
pancreatic tumor model. Five mice per group were injected intravenously with Ce6 (10 mg/kg), PS-pNP (10 mg/kg), or a PBS control. Beginning at 6 hours
postinjection, tumors were irradiated with a 670  10 nm laser (total impact energy of 100 J/cm2). The mice were then housed under optimal conditions, and the
tumor volumes were measured every 2 days using calipers. B, Experiments in orthotopically implanted pancreatic tumor model. Ce6 (2.5 or 5 mg/kg), cationic PSpNP (2.5 or 5 mg/kg), or PBS were injected to 8 mice per group via tail nein. Beginning at 3 hours postinjection, tumors were irradiated with a 670  10 nm laser (total
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charge because it was synthesized using these two. Zeta potential
of our nanoparticle was 35 mVs, which means the positive charge
of PEI dominates the negative charge of PEG. Therefore, the
enhanced drug internalization could be produced by the positive
charge of PEI. This could decrease the possible charge–charge
interactions between the drug-exporting protein and Ce6. To
specify the exact mechanism, the compounds of Ce6, PEG-ce6,
PEI-Ce6, and PEG-PEI-ce6 should be compared. This is our
limitation of the current study.
Figure 2 shows the degree of cellular uptake by photosensitizers. This result shows that all AsPC-1, MIA PaCa-2, and MIA
PaCa-2/ABCG2 cells in Ce6 are subjected to drug equilibration
and saturation, which was observed only in AsPC-1 and MIA
PaCa-2 cells by use of PS-pNP. In the MIA PaCa-2/ABCG2 cells,
continuous uptake of PS-pNP was observed for 48 hours. This
phenomenon is mainly observed in damaged or dead cells.
Therefore, we designed in vivo experiments further to understand
the continuous uptake of PS-pNP in in vitro experiments and to
carry out the conditions more optimally. For this reason, animal
experiments were performed using AsPC-1 cells without using
MIA PaCa-2/ABCG2 cells.
The effects of ABCG2 expression on the efﬁcacy of PDT have
been evaluated in several other cancer cell types, including breast,
lung, and oral cancer cells (11, 23, 48), showing that ABCG2 also
conferred resistance to photofrin-based photosensitizers. These
results suggest that controlling ABCG2 expression is necessary to
attain the intracellular concentrations of a photosensitizer necessary for efﬁcient PDT, and many studies have shown consistent
results (11, 13, 22, 23). Thus, evaluating the expression levels of
ABCG2 can be a reliable method for predicting the efﬁcacy of
photofrin-based PDT and may thereby allow for individualization of this treatment modality (12, 22).
In conclusion, high levels of ABCG2 expression inhibit PDTinduced cytotoxicity in pancreatic cancer cells by reducing intracellular concentrations of chlorin-based photosensitizers. Com-

plexes of Ce6, PEG, and PEI can be an effective method for
enhancing PDT efﬁcacy by maximizing intracellular concentrations of the photosensitizer, even in ABCG2-overexpressing pancreatic cancer cells.
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