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a b s t r a c t

Drug resistance limits the success of many anticancer drugs. Reduced accumulation of the drug at its
intracellular site of action because of overexpression of efflux transporters such as P-glycoprotein
(P-gp) is a major mechanism of drug resistance. In this study, we investigated whether photodynamic
therapy (PDT) using methylene blue, also a P-gp inhibitor, can be used to enhance doxorubicin-induced
cytotoxicity in drug-resistant tumor cells. Aerosol OT (AOT)-alginate nanoparticles were used as a carrier
for the simultaneous cellular delivery of doxorubicin and methylene blue. Methylene blue was photoac-
tivated using light of 665 nm wavelength. Induction of apoptosis and necrosis following treatment with
combination chemotherapy and PDT was investigated in drug-resistant NCI/ADR-RES cells using flow
cytometry and fluorescence microscopy. Effect of encapsulation in nanoparticles on the intracellular
accumulation of doxorubicin and methylene blue was investigated qualitatively using fluorescence
microscopy and was quantitated using HPLC. Encapsulation in AOT-alginate nanoparticles significantly
enhanced the cytotoxicity of combination therapy in resistant tumor cells. Nanoparticle-mediated com-
bination therapy resulted in a significant induction of both apoptosis and necrosis. Improvement in cyto-
toxicity could be correlated with enhanced intracellular and nuclear delivery of the two drugs. Further,
nanoparticle-mediated combination therapy resulted in significantly elevated reactive oxygen species
(ROS) production compared to single drug treatment. In conclusion, nanoparticle-mediated combination
chemotherapy and PDT using doxorubicin and methylene blue was able to overcome resistance mecha-
nisms and resulted in improved cytotoxicity in drug-resistant tumor cells.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Development of drug resistance is a major impediment to the
success of anticancer chemotherapy. It is estimated that up to
500,000 new cases of cancer patients each year will develop
drug-resistant phenotype [1]. Tumor cells utilize multiple mecha-
nisms to reduce the accumulation of the anticancer drug at its
intracellular site of action. Overexpression of P-glycoprotein (P-
gp), a drug efflux transporter, is an important determinant of tu-
mor drug resistance [2]. In addition, the efficacy of drugs such as
doxorubicin is compromised by acidic tumor microenvironment
and by sequestration in acidic intracellular organelles such as lyso-
somes [3,4]. Thus, therapies that target multiple mechanisms of
resistance may be needed to effectively overcome tumor drug
resistance.
ll rights reserved.
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Photodynamic therapy (PDT) has emerged as a popular adju-
vant therapy for cancer and has been approved as a primary treat-
ment option for certain neoplastic conditions including inoperable
esophageal tumors, head and neck cancers, and microinvasive
endo-bronchial non-small cell lung carcinoma [5,6]. PDT is also
being investigated in preclinical and clinical studies for other can-
cer types including breast, prostate and ovarian. In PDT, a light-
activated photosensitizer generates singlet oxygen (1O2) and other
reactive oxygen species (ROS), which result in tumor cell kill
[5,7,8].

Recent studies indicate that photosensitizers such as methylene
blue may also be able to inhibit P-gp mediated drug efflux [9].
While the mechanism is not clearly understood, P-gp inhibition
was independent of the photodynamic activity. Also, studies sug-
gest that simultaneous PDT and chemotherapy can release the
sequestered drug from acidic compartments, and thereby increase
drug’s availability at its intracellular site of action [10,11]. Based on
these properties, we rationalized that methylene blue-mediated
PDT has the potential to enhance the cytotoxicity of P-gp sub-
strates such as doxorubicin in resistant tumor cells.
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To be able to achieve effective enhancement, however, both
the photosensitizer and the anticancer drug need to be colocal-
ized in the tumor cell. One approach to achieving colocalization
is to deliver both the photosensitizer and the anticancer drug
simultaneously to the tumor cell using a delivery system that
encapsulates both agents. Several nanoparticulate systems have
been investigated for the delivery of photosensitizers [12–14]
and chemotherapeutic agents [15–17] to tumor cells. We have
recently reported a novel surfactant-polymer nanoparticle sys-
tem, formulated using Aerosol OTTM (docusate sodium; AOT)
and alginate, for efficient encapsulation and sustained cellular
delivery of polar, weak bases like methylene blue and doxorubi-
cin [18]. AOT is an anionic, double-tailed surfactant used as an
oral, topical and intramuscular excipient [19]. Alginate is a
polysaccharide polymer obtained from sea weeds and is used
extensively in drug delivery and tissue engineering applications
[20,21]. In this study, we investigated AOT-alginate nanoparticles
for combination chemotherapy and PDT in drug-resistant tumors
cells. Our studies show that nanoparticle-mediated combination
therapy significantly increases the drug accumulation in
drug-resistant tumor cells and effectively overcomes tumor drug
resistance.

2. Materials and methods

2.1. Materials

Methylene blue, doxorubicin, sodium alginate, polyvinyl alco-
hol, ammonium acetate, and calcium chloride were purchased
from Sigma–Aldrich (St. Louis, MO). AOT, verapamil, acetonitrile,
methanol, and methylene chloride were purchased from Fisher Sci-
entific (Chicago, IL). NCI/ADR-RES cells were obtained from the Na-
tional Cancer Institute. Propidium iodide, ribonuclease A, and
Triton X-100 were purchased from Roche Diagnostics Corporation
(Indianapolis, IN). MTS assay kit (CellTiter 96� AQueous), trypsin-
like enzyme (TryplE�), 5-(and-6)-chloromethyl-20,70-dichlorodihy-
drofluorescein diacetate acetyl ester (CM-H2DCFDA), and
phosphate buffered saline (PBS) were purchased from Invitrogen
(Carlsbad, CA).

2.2. Methods

2.2.1. Nanoparticle formulation
AOT-alginate nanoparticles loaded with both doxorubicin and

methylene blue were formulated using a multiple emulsification
cross-linking method developed in our laboratory [22]. In a typical
procedure, aqueous solution of sodium alginate (1% w/v; 1 ml)
containing methylene blue (5 mg) and doxorubicin (5 mg) was
emulsified into AOT solution in methylene chloride (2.5% w/v;
2 ml) by sonication for 1 min over an ice bath (Sonicator 3000TM,
Misonix, Farmingdale, NY). The water-in-oil emulsion was further
emulsified into 15 ml of an aqueous solution of polyvinyl alcohol
(average MW 30,000–70,000; 2% w/v) to form water-in-oil-in-
water emulsion. While stirring, 5 ml of aqueous calcium chloride
solution (60% w/v) was gradually added to the final emulsion.
Methylene chloride was evaporated by stirring at ambient condi-
tions for 18 h and then under vacuum for 1 h. To remove free doxo-
rubicin and methylene blue and excess polyvinyl alcohol,
nanoparticles suspension was subjected to ultracentrifugation
(145,000g for 30 min, Beckman, Palo Alta, CA) thrice and resus-
pended in between in deionized water. Aggregates were removed
by centrifugation of the nanoparticle suspension at 1000 rpm for
3 min (Eppendorf� 5810 R, Eppendorf, Westbury, NY). The nano-
particle suspension in deionized water was lyophilized (FreeZone
4.5�, Labconco, Kansas City, MO) following the final centrifugation
step.
2.2.2. Nanoparticle characterization
Nanoparticles were characterized for morphology and size

using atomic force microscopy (AFM). Nanoparticles suspended
in deionized water (100 lg/ml) were spread over a polyethylene-
imine-coated glass coverslip and then air dried. Nanoparticles were
then imaged using Nanoscope III (Digital Instruments/VEECO, San-
ta Barbara, CA) with an E scanner probe in the tapping mode. Par-
ticle size was determined by calculating the number-average
diameter of at least 50 nanoparticles in 10 different fields. Particle
size was further confirmed using dynamic light scattering. About
1 mg of nanoparticles was suspended in 10 ml deionized water
by sonication and subjected to particle size analysis (90Plus�,
Brookhaven Instruments, Holtsville, NY). Data were analyzed by a
non-negatively constrained least squares algorithm using 90Plus�.

Surface charge of nanoparticles was determined by measuring
zeta potential using electrophoretic light scattering. Briefly, 1 mg
of nanoparticles was suspended in 1 ml deionized water and sub-
jected to zeta potential analysis using a zeta-sizer (90Plus�).

To determine drug loading in nanoparticles, about 5 mg of
nanoparticles was extracted with 10 ml methanol for 2 h in dark
and then centrifuged for 10 min at 13,000 rpm. The supernatant
was analyzed for doxorubicin and methylene blue concentrations
using a Beckman Coulter HPLC system (Fullerton, CA) equipped
with System Gold� 125 solvent module and System Gold� 508
auto-injector. SynergiTM Polar-RP column (4.6 � 150 mm ODS and
4 lm particle size, Phenomenex, Torrance, CA), UV detection at
598 nm absorbance wavelength (System Gold� 168 PDA UV/vis
detector, Beckman), and fluorescence detection at excitation and
emission wavelengths of 505 and 550 nm (FP-2020 plus fluores-
cence detector; JASCO Inc., Easton, MD) were used. Mobile phase
consisting of acetonitrile and ammonium acetate (10 mM; ad-
justed to pH 4 with glacial acetic acid) at (78:22) ratio and a flow
rate of 1 ml/min was used. Retention time was �4.5 and
�9.5 min for doxorubicin and methylene blue, respectively. Drug
loading in nanoparticles was defined as w/w percentage of methy-
lene blue or doxorubicin in 100 mg of nanoparticles.

2.2.3. In vitro release studies
Doxorubicin and methylene blue release from nanoparticles

was determined in RPMI cell culture medium without phenol red
and serum. Nanoparticle suspension (1 mg/1 ml) was placed in
1.5 ml Eppendorf� tubes in an incubator shaker (Brunswick Scien-
tific, C24 incubator shaker, NJ) set at 100 rpm and 37 �C. At prede-
termined time intervals, nanoparticle suspension was centrifuged
for 20 min at 20,000g and the supernatant was lyophilized. Doxo-
rubicin and methylene blue in the lyophile were extracted with
1 ml methanol (LabquakeTM shaker, Barnstead Thermolyne, Dubu-
que, IA) for 3 h in dark at room temperature. Methanolic extract
was then centrifuged for 20 min at 20,000g. Doxorubicin and
methylene blue concentrations in the supernatant were deter-
mined by HPLC. Degradation rates of doxorubicin and methylene
blue under the release conditions were determined and were used
to correct the in vitro release of the two drugs.

2.2.4. Cytotoxicity studies
NCI/ADR-RES cells grown at 37 �C and 5% CO2 in RPMI 1640

media were cultured for 24 h in 96-well plates at a cell density
of 5000/well/0.1 ml. Medium was then removed and cells were
incubated with fresh medium containing 0.5 lM doxorubicin and
0.6 lM methylene blue in nanoparticles (equivalent to 3.3 lg/ml
of nanoparticles) or in solution for 24 h. The dose of doxorubicin
and methylene blue was chosen based on published IC50 values
and initial dose optimization studies. Treatments were then re-
moved, cells were washed twice with PBS and fresh medium was
added. Cells were then exposed to a light dose of 2400 mJ/cm2 at
665 nm wavelength (LumaCareTM LC-122M). About 24 h following
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light exposure, cell viability was determined using MTS assay. Un-
treated cells, and cells that received an equivalent amount of
empty nanoparticles, methylene blue and doxorubicin in solution,
either drug in solution or encapsulated in nanoparticles along with
equivalent dose of light were used as control groups. Cells that re-
ceived same treatments as above but without light exposure were
used as dark controls.

To study the induction of necrosis and apoptosis following PDT,
a flow cytometry-based annexin-V FITC/propidium iodide assay
was used. Annexin-V binds with high affinity to phosphatidylser-
ine, which translocates to the outer leaflet of plasma membrane
in the early stages of apoptosis. Propidium iodide (PI) stains DNA
in cells that have lost membrane integrity including those under-
going necrosis and those in late stages of apoptosis. Briefly, NCI/
ADR-RES cells were cultured in 35 mm petri dishes
(500,000 cells/1 ml) for 24 h. Following treatment with a combina-
tion of doxorubicin and methylene blue, free or encapsulated in
nanoparticles, for 24 h, cells were washed twice with PBS and ex-
posed to a light dose of 2400 mJ/cm2. Cells were then incubated
for 3, 12 or 24 h at 37 �C, trypsinized and then centrifuged at
600g for 6 min. Collected cells were stained with FITC-conjugated
annexin-V and PI according to manufacturer’s instructions (BD
Pharmingen�, San Jose, CA) and then immediately analyzed using
a flow cytometer (FACSCaliburTM, BD). FITC and PI fluorescence
emissions were detected in FL-1 (530/30 nm) and FL-2 (585/
42 nm) modes, respectively. Data from at least 20,000 cells were
analyzed using CellQuest� (BD) and FlowJo� software (Tree Star,
Ashland, OR). Apoptosis or necrosis was calculated based on the
percent of total cells counted in each sample that stained positive
for annexin-V or PI, respectively.

Induction of necrosis was further verified using fluorescence
microscopy. Cells were seeded in 6-well plates (500,000 cells/
well/1 ml) for 24 h. Following treatment with medium containing
0.5 lM doxorubicin and 0.6 lM methylene blue in nanoparticles
or in solution for 24 h, cells were washed twice with PBS and ex-
posed to a light dose of 2400 mJ/cm2. Cells were then incubated
for 24 h at 37 �C, and then treated with 10 lM PI for 3 h at 37 �C.
Cells were then washed twice with PBS and cell images were ac-
quired every 15 min with an inverted fluorescence microscope
(Axiovert 40CFL, Carl Zeiss MicroImaging, Inc., Thornwood, NY),
equipped with a mercury lamp and a digital camera (ProgRes�

C3, JENOPTIK Laser, Jena, Germany). Images were captured in
phase contrast mode and using a Cy3 filter (kex and kem of 535/
50 and 590–700 nm, respectively) to detect PI-associated red
fluorescence.

2.2.5. Cell cycle analysis
To study the effect of combination therapy on cell cycle, Tel-

ford’s assay was used. Cells were cultured in 35 mm petri dishes
(500,000 cells/1 ml) for 24 h. Cells were then treated as described
for cytotoxicity assays. Cells were then incubated for 3 or 36 h at
37 �C, trypsinized and centrifuged at 600g for 6 min. The cell pellet
was resuspended in 1.0 ml of Telford’s reagent [16.8 mg of EDTA
disodium salt, 13.4 mg of ribonuclease A (93 U/mg), 25 mg of pro-
pidium iodide, and 0.5 ml of Triton X-100 in 500 ml of PBS]. Cellu-
lar DNA content stained with PI was analyzed using flow
cytometry.

2.2.6. Cellular accumulation of doxorubicin
Cells were grown in 24-well plates at 50,000/well/ml cell den-

sity for 48 h. Cells were then incubated with 2.0 lM doxorubicin
and 2.7 lM methylene blue in solution or encapsulated in nano-
particles (equivalent to 13.2 lg/ml nanoparticles). After 2 h, treat-
ments were removed and cells were washed twice with PBS. Cells
were then incubated with 300 ll/well cell lysis buffer (1% Triton X-
100 in 0.1 M phosphate buffer, pH 6.5) in an orbital shaker for 1 h
at 100 rpm and 37 �C. After complete cell lysis, protein content in
the cell lysate was determined using BCA protein assay according
to the manufacturer’s instructions (Peirce, Rockford, IL). Doxorubi-
cin in the cell lysate was extracted with 0.5 ml methanol for 2 h in
dark at room temperature. Concentration of doxorubicin in the
methanolic extract was determined using HPLC. Drug concentra-
tion in the cell lysate was normalized to the total cellular protein
concentration. Cells treated with an equivalent dose of free or
nanoparticle-encapsulated doxorubicin were used as controls. To
study the effect of P-glycoprotein (P-gp) on cellular accumulation
of doxorubicin, verapamil, a P-gp inhibitor, was used. Cells were
treated with an equivalent dose of free or nanoparticle-encapsu-
lated doxorubicin in the presence of 100 lM verapamil.

2.2.7. Intracellular distribution of doxorubicin and methylene blue
Cells were cultured in chamber slides (Nunc Lab-Tek II CC2

Chamber Slide System; Nalge Nunc International, Rochester, NY)
at 200,000 cells/chamber cell density for 24 h. Cells were incubated
with 6.7 lM methylene blue and 5.0 lM doxorubicin in solution or
encapsulated in nanoparticles (equivalent to 33 lg/ml of nanopar-
ticles). After 2 h, cells were incubated with 75 nM Lysotracker
Green� for additional 30 min. Cells were then washed twice with
PBS and incubated with 40,6-diamidino-2-phenylindole (DAPI) for
10 min. Cells were washed twice with PBS and cell images were ac-
quired using an Axiovert 40CFL fluorescence microscope. Images
captured using Cy3 (for doxorubicin) and Cy5 (for methylene blue)
filters were overlaid with those captured using FITC and DAPI fil-
ters to determine the localization of doxorubicin/methylene blue
in lysosomes and nucleus, respectively.

In addition to microscopic analysis, intracellular distribution of
doxorubicin was also quantified. Cells were grown in 6-well plates
(500,000 cell/well/ml) for 48 h. Cells were incubated with 5.0 lM
doxorubicin and 6.7 lM methylene blue in solution or encapsu-
lated in nanoparticles for 2 h and then washed twice with PBS to
remove any adherent nanoparticles. Cells were then trypsinized
and centrifuged for 6 min at 100g. Cell pellet was collected and
separated into cytosol and nuclear fractions using Nuclear/Cytosol
fractionation kit according to manufacturer’s instructions (BioVi-
sion, Mountain View, CA). The protein content of each fraction
was quantified using BCA protein assay. Doxorubicin was extracted
from nuclear and cytosol fractions for 5 h in dark at room temper-
ature with 0.3 and 0.5 ml methanol, respectively. Doxorubicin con-
centration in the methanolic extract was determined using HPLC.
Doxorubicin concentration in the nuclear/cytosol extracts was nor-
malized to the protein concentration of the corresponding fraction.

2.2.8. Intracellular ROS generation
Intracellular ROS generation was studied using CM-H2DCFDA

ester. CM-H2DCFDA is a derivative of reduced fluorescein that is
used as a cell-permeant indicator of ROS. In the presence of ROS,
CM-H2DCFDA is converted to fluorescein. Cells were cultured for
48 h in 35 mm culture dishes at 200,000 cell/well/1 ml density.
Cells were incubated with 0.5 lM doxorubicin and 0.6 lM methy-
lene blue, free or encapsulated in nanoparticles, for 24 h. Cells were
then washed with PBS and incubated with 5 lM CM-H2DCFDA for
1 h. Cells were then exposed to light (2400 mJ/cm2). Cell images
were captured in phase contrast and epi-fluorescence modes (FITC
filter) every 20 min for the first 3 h.

3. Results

3.1. Nanoparticle characterization

AFM studies indicated that nanoparticles had a spherical mor-
phology, with an average diameter of 39 ± 7 nm determined by
measuring the lateral width of particles (Fig. 1). Dynamic light



Fig. 1. AFM image of nanoparticles loaded with doxorubicin and methylene blue in
the tapping mode in air. The image is a height image of a representative sample
spot.

Fig. 2. In vitro release of doxorubicin and methylene blue from nanoparticles
loaded with both drugs in culture medium. Nanoparticles were suspended in
culture medium and then incubated at 37 �C and 100 rpm. Concentration of
released doxorubicin and methylene blue was determined using HPLC. Data as
mean ± SD (n = 3).
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scattering (DLS) studies indicated a number-average diameter of
62 nm. The minor difference in particle size as measured by AFM
and DLS studies could be explained by the fact that DLS mea-
sures effective hydrodynamic diameter of particles in hydrated
state while AFM measures the diameter of dry particles. Electro-
phoretic light scattering measurements indicated that nanoparti-
cles had a net negative surface charge of �25.1 ± 1.0 mV.
Methylene blue and doxorubicin were efficiently encapsulated
in nanoparticles; an average loading of 7.5 ± 0.1% w/w (69%
encapsulation efficiency) and 7.2 ± 0.1% w/w (66% encapsulation
efficiency) was obtained for methylene blue and doxorubicin,
respectively.

3.2. In vitro release of doxorubicin and methylene blue

An initial burst release of the encapsulated doxorubicin and
methylene blue was observed at the end of 1 h (�19% and 8%,
respectively, Fig. 2). The total release over 24 h was 23% and 12%
for doxorubicin and methylene blue, respectively.

3.3. Tumor cell kill

Encapsulation of both drugs in nanoparticles along with light
exposure significantly enhanced the tumor cell kill (P < 0.05;
�75% cell kill compared to untreated controls, ANOVA, Fig. 3).
Exposure of cells to light following treatment with doxorubicin
and methylene blue in solution also resulted in significant cytotox-
icity (P < 0.05), which, however, was less than that observed with
nanoparticle-encapsulated drugs. Compared to vehicle or empty
nanoparticle treatment, treatment with methylene blue in nano-
particles also induced significant cytotoxicity, but was less effec-
tive than the combination therapy. Treatment with methylene
blue and doxorubicin without light exposure also resulted in sig-
nificant cell killing (P < 0.05), suggesting that methylene blue could
enhance the efficacy of doxorubicin in resistant tumor cells inde-
pendent of its photosensitization activity. Treatment with free or
nanoparticle-encapsulated doxorubicin did not significantly affect
the cell viability. Similarly, empty nanoparticles or just light expo-
sure alone had no effect on cell viability.

We also evaluated the mode of cell death following combina-
tion therapy using a flow cytometry-based assay. We deter-
mined the induction of apoptosis and necrosis at different
time points following light exposure and found that the maxi-
mal difference between the treatment groups was observed at
12 h. As can be seen from Table 1, methylene blue doxorubicin
nanoparticles resulted in a significant increase in the fraction of
apoptotic and necrotic cells at the end of 12 h (data for 3 and
24 h not shown). Similar to that observed in the MTS-based
cytotoxicity assay, combination therapy in the absence of light
also resulted in an increased incidence of apoptosis and necrosis,
albeit to a lower extent than in the presence of light. In general,
treatment with nanoparticle-encapsulated drug(s) was more
effective in inducing apoptosis/necrosis than treatment with
drugs in solution.

We further confirmed enhanced induction of necrosis with
combination therapy using fluorescence microscopy-based PI as-
say. Following light exposure, doxorubicin and methylene blue
encapsulated in nanoparticles resulted in greater number of necro-
tic cells than that following any other treatment (Fig. 4). Phase con-
trast was used to confirm that approximately equal numbers of
cells were present in all the treatment groups (not shown).

3.4. Cellular accumulation of doxorubicin

To determine the effect of combination therapy on cellular
doxorubicin delivery, we compared the cellular levels of doxorubi-
cin following treatment with combination therapy and that with
doxorubicin alone (Fig. 5). Encapsulation of doxorubicin in nano-
particles had no significant effect on cellular accumulation of doxo-
rubicin. Addition of verapamil, a P-gp inhibitor, resulted in a
significant increase in cellular accumulation of doxorubicin
(P < 0.05; ANOVA). Treatment with nanoparticle-encapsulated
doxorubicin and methylene blue resulted in a significantly in-
creased cellular accumulation of doxorubicin (P < 0.05). The rela-
tive enhancement in cellular accumulation of doxorubicin in the
presence of methylene blue was comparable to that achieved in
the presence of verapamil.



Fig. 3. Cytotoxicity following treatment of NCI/ADR-RES cells with combination PDT and chemotherapy. Cells were treated for 24 h with combination doxorubicin and
methylene blue, either free (MB DOX solution) or encapsulated in nanoparticles (MB DOX NP). Some of the groups were exposed to light (+light) while others were used as
dark controls. Cells incubated for 24 h with growth medium (medium), blank nanoparticles (ENP), methylene blue in solution (MB Solution), methylene blue loaded
nanoparticles (MB NP), doxorubicin in solution (DOX solution), or doxorubicin in nanoparticles (DOX NP) with or without light exposure were used as control groups. Cell
viability was quantified using MTS assay. Data as mean ± SD (n = 8). *P < 0.05, ANOVA.

Table 1
Induction of apoptosis and necrosis determined by annexin-V/PI assay

Treatment % Annexin-V+ % PI+ % Annexin-V+/PI+ Total

Methylene blue doxorubicin nanoparticles + light 3.82 16.76 25.04 45.62
Methylene blue nanoparticles + light 2.01 15.2 11.14 28.35
Methylene blue doxorubicin solution + light 6.31 7.96 19.8 34.07
Doxorubicin nanoparticles + light 3.92 7.95 12.72 24.59
Empty nanoparticles + light 3.06 5.45 7.57 16.08
Medium + light 3.6 3.3 6.27 13.17
Methylene blue doxorubicin nanoparticles 1.72 19.27 17.89 38.88
Methylene blue nanoparticles 2.08 11.11 16.76 29.95
Methylene blue doxorubicin solution 2.67 16.98 16.1 35.75
Doxorubicin nanoparticles 4.31 9.54 13.98 27.83
Empty nanoparticles 1.66 5.22 7.79 14.67
Medium 3.35 3.75 8.34 15.44
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3.5. Intracellular distribution of doxorubicin and methylene blue

We initially determined the sub-cellular localization of doxoru-
bicin/methylene blue using fluorescence microscopy. Lysotracker
Green� was used to stain lysosomal vesicles with green fluores-
cence and DAPI was used to stain nuclei with blue fluorescence.
Treatment with nanoparticles resulted in greater accumulation of
doxorubicin and methylene blue (red fluorescence) in the nucleus
(Fig. 6B; methylene blue images not shown). Overlay of images
captured using the DAPI filter with those captured using Cy3 filter
(for doxorubicin) or Cy5 filter (for methylene blue) resulted in pur-
ple fluorescence in nanoparticle treatment group, indicating colo-
calization of doxorubicin and methylene blue in the nuclei.
Treatment with the drugs in solution resulted in their accumula-
tion mainly in the lysosomal vesicles. Overlay of images captured
using the FITC filter with those captured using Cy3 filter (for doxo-
rubicin) or Cy5 filter (for methylene blue) resulted in yellow fluo-
rescence for solution treatment group, indicating colocalization of
the drugs in lysosomal compartments (Fig. 6A, methylene blue
images not shown).

We also quantified the nuclear accumulation of doxorubicin fol-
lowing treatment with the combination therapy. Treatment with
the combination of doxorubicin and methylene blue in nanoparti-
cles resulted in a significantly higher nuclear accumulation of
doxorubicin than that with the free drugs (P < 0.05, Fig. 7).

3.6. Intracellular ROS production

We next determined the effect of combination therapy on intra-
cellular ROS production. As can be seen from the number of green
fluorescent cells in Fig. 8, treatment with nanoparticle-encapsu-
lated drug combination along with light exposure resulted in ROS
production in a significantly more number of cells than treatment
with the free drugs. Treatment with methylene blue nanoparticles
along with light exposure also resulted in the generation of cellular
ROS which, however, was appreciably less than that with the com-
bination therapy. Other treatments resulted in minimal green fluo-
rescence, indicating low levels of cellular ROS. For the sake of
brevity, bright field images of cells and dark controls are not
shown.

4. Discussion

Drug-resistant cancer cells have well-developed cellular de-
fense mechanisms that reduce the accumulation of anticancer drug
at its intracellular site of action. Resistant tumor cells overexpress



Fig. 4. Induction of necrosis following combination therapy. Cells were treated for 24 h with combination doxorubicin and methylene blue, either free (B) or encapsulated in
nanoparticles (A). Some of the groups were exposed to light (groups I) at 2400 mJ/cm2 while others were used as dark controls (groups II). Cells were incubated with PI and
then imaged at 10� using a Cy3 filter. Cells incubated for 24 h with growth medium (H), blank nanoparticles (G), methylene blue in solution (F), methylene blue loaded
nanoparticles (E), doxorubicin in solution (D), or doxorubicin in nanoparticles (C) were used as control groups.

Fig. 5. Cellular accumulation of doxorubicin. Cells were incubated for 2 h with
growth medium containing doxorubicin (DOX) and methylene blue (MB) in
solution (solution) or encapsulated in nanoparticles (NP). Cells treated with
doxorubicin in solution (DOX solution) or encapsulated in nanoparticles (DOX
NP) with or without verapamil (VER) were used as control groups. Data as
mean ± SD (n = 6). *P < 0.05, ANOVA.
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efflux transporters such as P-gp, which actively transport the drug
out of the cell and reduce intracellular drug concentration [23,24].
Similarly, tumor cells can trap weak bases such as doxorubicin in
acidic lysosomal vesicles, thereby reducing drug exposure to target
organelle [3]. Acidic tumor microenvironment also plays a compa-
rable role in tumor drug resistance [4].

Previous reports have shown that the use of combination PDT
and chemotherapy results in enhanced cytotoxicity in drug-sensi-
tive tumor cells [25,26]. Combining PDT using methylene blue, also
a P-gp inhibitor [9], with chemotherapy is, thus, a potential ap-
proach to enhance cytotoxicity in drug-resistant tumor cells. Our
previous studies have indicated that AOT-alginate nanoparticles
are efficiently internalized into cells through endocytosis [18],
and release the encapsulated drug slowly over a period of several
days [18,22]. The fraction of methylene blue released from nano-
particles could inhibit P-gp mediated efflux of released doxorubi-
cin; this in turn would improve intracellular doxorubicin
accumulation in resistant tumor cells. Both released and nanopar-
ticle-encapsulated methylene blue could participate in PDT-medi-
ated ROS generation, because previous studies have demonstrated
that the photosensitizer does not have to dissociate from the car-
rier for ROS production [27]. We hypothesized that increased
doxorubicin availability inside the cells and light-induced ROS gen-
eration by methylene blue will result in enhanced cytotoxicity in
drug-resistant tumor cells.

Previous studies have shown that NCI/ADR-RES cells overex-
press P-gp and are highly resistant to anticancer drugs such as
doxorubicin [28]. We observed a similar resistance in these cells



Fig. 6. Intracellular distribution of doxorubicin. Cells were treated with doxorubicin and methylene blue in solution (A) or in nanoparticles (B), and then counterstained with
LysoTracker Green and DAPI. Images collected under Cy3 (red; for doxorubicin), FITC (green; for Lysotracker Green), and DAPI (blue; for DAPI) filters using a 10� objective
were overlaid to determine the presence of doxorubicin in nucleus (indicated by purple fluorescence) or in lysosomes (yellow). (For interpretation of color mentioned in this
figure the reader is referred to the web version of the article.)

Fig. 7. Nuclear accumulation of doxorubicin. Cells were incubated for 2 h with
growth medium containing methylene blue and doxorubicin in solution (DOX MB
solution) or encapsulated in nanoparticles (DOX MB NP). Cells were fractionated
and doxorubicin concentration in nuclear/cytosol fractions was quantified using
HPLC. Cells incubated with doxorubicin in solution (DOX solution) or encapsulated
in nanoparticles (DOX NP) were used as control groups. Data as mean ± SD (n = 3).
*P < 0.05, t-test.
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to doxorubicin-induced cytotoxicity, irrespective of whether the
drug was free or encapsulated in nanoparticles. While PDT with
methylene blue (monotherapy) resulted in some cytotoxicity,
maximum cell kill (�75%) was observed with the combination
therapy (Fig. 3). To clarify the mechanism of cell death, we deter-
mined the induction of apoptosis and necrosis following combina-
tion therapy. Doxorubicin can induce apoptosis in tumor cells
through multiple mechanisms, including DNA intercalation and
inhibition of topoisomerase II [29]. PDT results in DNA and mito-
chondrial damage, resulting in the induction of apoptosis and/or
necrosis [30,31]. The combination treatment resulted in a signifi-
cant induction of both apoptosis and necrosis. The fact that we ob-
served annexin-V�/PI+ cells in addition to annexin-V+/PI+ cells
suggests that necrosis observed following combination therapy
was independent of apoptosis. Since previous reports have shown
that doxorubicin can induce G2 arrest [32] and PDT with certain
photosensitizers can result in G0/G1 arrest [33], we determined
the effect of combination therapy on cell cycle. No significant dif-
ferences were observed between treatment and control groups in
the time-period studied (3 and 36 h post-PDT; data not shown).
This suggests that the effect of combination therapy on cell viabil-
ity was mainly through cell kill and not through cell cycle
inhibition.

Although significant cytotoxicity was observed with the combi-
nation therapy in the absence of light, maximum cell kill was ob-
served when the cells were exposed to light following the
combination treatment (Fig. 3). This suggests that the photody-
namic effect is required to maximize combination therapy-induced
cytotoxicity. To further probe the role of the photodynamic effect,
we determined intracellular ROS generation following treatment
with combination therapy. ROS formation is considered the major
mechanism of cytotoxicity in PDT [7]. Interestingly, light-activated
combination treatment resulted in greater ROS production com-
pared to light-activated methylene blue treatment (Fig. 8). While
the reason for this enhanced ROS production is not clear, previous
reports have shown that doxorubicin can also stimulate intracellu-
lar ROS production at supra-therapeutic concentrations [29]. It is
possible that increased doxorubicin delivery to cells (see below)
could have contributed to increased ROS production observed with
combination therapy. On the other hand, the presence of doxorubi-
cin in the same formulation can be expected to alter the microen-
vironment of methylene blue, and this can also influence the ROS
yield significantly [34,35].



Fig. 8. Intracellular ROS production following combination PDT and chemotherapy. Cells were treated for 24 h with methylene blue and doxorubicin combination, either in
solution (B) or encapsulated in nanoparticles (A). Cells were then incubated with 5 lM CM-H2DCFDA for 1 h and some groups were exposed to light (2400 mJ/cm2, 665 nm)
while others were used as dark controls (data for dark controls not shown). Cells were then visualized under bright field and epi-fluorescence modes using a 10� objective.
Cells incubated with growth medium (F), blank nanoparticles (E), methylene blue loaded nanoparticles (C), or doxorubicin in nanoparticles (D) were used as control groups.
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The fact that significant cell kill was observed with combination
nanoparticles even in the absence of light suggests that methylene
blue contributes to enhanced cytotoxicity through mechanisms
other than its photosensitization effect. In vitro release studies
indicate that about 12–23% of encapsulated drugs were released
in the time frame of the cytotoxicity study (24 h). While the actual
fraction of the drug released inside the cells could be different from
what was observed in vitro, the release study supports the notion
that at least some of the encapsulated methylene blue is released
from nanoparticles and can participate in the inhibition of P-gp
mediated drug efflux. To further verify the role of methylene blue
in P-gp inhibition, we determined the cellular accumulation of
doxorubicin following treatment with doxorubicin and methylene
blue. Combination treatment significantly enhanced the cellular
accumulation of doxorubicin (Fig. 5). The extent of enhanced
cellular levels of doxorubicin was comparable to that observed fol-
lowing treatment with combination of doxorubicin and verapamil, a
P-gp inhibitor. Similar effects on doxorubicin’s cellular accumula-
tion and efficacy in drug-resistant cell lines have been previously
reported for other P-gp inhibitors [36–38]. Soma et al. have reported
that encapsulation of cyclosporine A, a P-gp inhibitor, along with
doxorubicin in polyalkylcyanoacrylate nanoparticles reversed drug
resistance in vitro [39]. It is also important to note that encapsula-
tion of the drug in specific delivery systems such as polyalkylcyano-
acrylate nanoparticles [40] or in AOT-alginate nanoparticles (at
nanoparticle doses > 200 lg/ml) can overcome P-gp mediated drug
efflux even in the absence of P-gp inhibitors [38].

Previous reports have shown that the intracellular location of
the photosensitizer can significantly affect the therapeutic out-
come of PDT [41]. Similarly, intracellular distribution of anticancer
drugs such as doxorubicin can influence therapeutic efficacy [42].
Doxorubicin and methylene blue are weak bases that, after diffus-
ing through the cell membrane, get trapped in acidic compart-
ments like lysosomes, because of protonation in acidic pH [3].
Microscopic and quantitative studies demonstrate enhanced nu-
clear delivery of both drugs following encapsulation in nanoparti-
cles (Figs. 6 and 7). Increased nuclear accumulation of doxorubicin
confirms the potential of combination therapy to overcome resis-
tance mechanisms that seek to reduce drug accumulation in target
organelles. We speculate that enhanced methylene blue accumula-
tion in the nucleus could have resulted in acute DNA damage fol-
lowing light exposure, which in turn, could have resulted in
increased necrosis observed with the combination therapy. This
notion is supported by our previous work [43], in which we dem-
onstrated that AOT-alginate nanoparticles enhanced the nuclear
delivery of methylene blue in drug-sensitive tumor cells.

To summarize, nanoparticle-mediated combination chemother-
apy and PDT using doxorubicin and methylene blue resulted in im-
proved cytotoxicity in drug-resistant tumor cells. Increased
cellular and nuclear accumulation of the two drugs and enhanced
intracellular ROS production appear to have contributed to the
superior cytotoxicity observed with the combination therapy. In
future studies, we plan to examine the involvement of different cell
death pathways that may be evoked following combination ther-
apy and the efficacy of the combination therapy in animal models
of drug-resistant cancer.
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