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Abstract

Tumor drug resistance significantly limits the success of chemotherapy in the clinic. Tumor cells
utilize multiple mechanisms to prevent the accumulation of anticancer drugs at their intracellular
site of action. In this study, we investigated the anticancer efficacy of doxorubicin in combination
with photodynamic therapy using methylene blue in a drug-resistant mouse tumor model.
Surfactant-polymer hybrid nanoparticles formulated using an anionic surfactant, Aerosol-OT ™
(AOT), and a naturally occurring polysaccharide polymer, sodium alginate, were used for
synchronized delivery of the two drugs. Balb/c mice bearing syngeneic JC tumors (mammary
adenocarcinoma) were used as a drug-resistant tumor model. Nanoparticle-mediated combination
therapy significantly inhibited tumor growth and improved animal survival. Nanoparticle-
mediated combination treatment resulted in enhanced tumor accumulation of both doxorubicin and
methylene blue, significant inhibition of tumor cell proliferation, and increased induction of
apoptosis. These data suggest that nanoparticle-mediated combination chemotherapy and
photodynamic therapy using doxorubicin and methylene blue has significant therapeutic potential
against drug-resistant tumors.
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1. Introduction

Development of drug resistance significantly limits the success of chemotherapy in cancer
patients and contributes to cancer recurrence and high mortality rates [1]. Tumor cells utilize
specific mechanisms to survive toxic concentrations of anticancer agents. Overexpression of
key proteins such as Bcl-2 and Mdm2 [2], Hsp70 [3], and mutations in 7P53[4] have been
correlated to drug resistance. In addition, overexpression of drug efflux transporters like P-
glycoprotein (P-gp) [5] and sequestration of drug in acidic intracellular organelles [6] or in
the acidic tumor microenvironment [7] reduce availability of the drug at its site of action
inside the tumor cell. The multi-factorial nature of drug resistance warrants therapies that
employ multiple mechanisms to kill the tumor cell.

Photodynamic therapy (PDT) is based on the concept that photosensitizers, when exposed to
light of specific wavelength, generate cytotoxic reactive oxygen species (ROS) capable of
killing tumor cells [8]. In addition to their photodynamic properties, photosensitizers like
methylene blue also inhibit P-gp-mediated efflux of anticancer drugs [9]. At the cellular
level, this results in increased availability of the anticancer drug at its site of action. PDT has
also been shown to damage tumor vasculature through direct effects on vascular endothelial
cells [10]. Another important advantage of combining PDT with chemotherapy is the
potential for inducing antitumor immunity [11]. Based on these multiple mechanisms, we
rationalized that methylene blue-mediated PDT could significantly enhance the cytotoxicity
of drugs like doxorubicin in drug-refractory cancers.

A major issue with chemotherapy and PDT is the decreased therapeutic efficacy and
increased toxicity associated with the non-specific accumulation of therapeutic agents in
non-target tissues. For example, doxorubicin causes cardiotoxicity due its accumulation in
the heart [12]. Similarly, clinical use of methylene blue in PDT has been limited because of
its extensive accumulation and inactivation in erythrocytes and endothelial cells [13,14].
Encapsulation in a carrier like nanoparticles can significantly improve the accumulation of
the therapeutic agent in the target tumor tissue through ‘Enhanced Permeation and
Retention’ effect [15]. Further, encapsulation in nanoparticles can protect the drugs from
inactivation in the biological environment [16,17]. We have recently reported the fabrication
of a novel surfactant-polymer nanoparticle delivery system suitable for efficient cellular
delivery of charged, polar drugs like methylene blue and doxorubicin [18,19]. These
nanoparticles are fabricated from an anionic surfactant, Aerosol-OT™" (AOT), a
pharmaceutical excipient [20], and a naturally occurring polysaccharide polymer, sodium
alginate [21]. Our previous studies show that, in addition to improving the cellular delivery
of encapsulated drugs, AOT-alginate nanoparticles significantly improve the ROS yield of
photosensitizers like methylene blue [22]. In the current study, using AOT-alginate
nanoparticles as a carrier, we investigated the efficacy of combination PDT and
chemotherapy in a mouse drug-resistant mammary adenocarcinoma tumor model, and
demonstrated that combining PDT with chemotherapy could overcome drug resistance by
invoking multiple anticancer mechanisms.

2. Materials and methods

2.1. Materials

Methylene blue, doxorubicin, ammonium acetate, sodium alginate, polyvinyl alcohol, and
calcium chloride were purchased from Sigma-Aldrich (St. Louis, MO). AOT, acetonitrile,
methanol, methylene chloride, and sodium acetate were purchased from Fisher Scientific
(Chicago, IL). RPMI 1640 cell culture medium and phosphate buffered saline (PBS) were
purchased from Invitrogen (Carlsbad, CA). JC tumor cells were purchased from American
Type Culture Collection (Manassas, VA).
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2.2. Methods

2.2.1. Nanoparticle formulation and characterization—Nanoparticles loaded with
doxorubicin, methylene blue, or both drugs were formulated using multiple emulsification
cross-linking technique [18]. In brief, 1 ml of aqueous solution of sodium alginate (1% w/v)
containing methylene blue (5 mg) and doxorubicin (5 mg) was emulsified into 2 ml of 2.5%
w/v AOT solution in methylene chloride by sonication for 1 min over an ice bath (Sonicator
3000™, Misonix, Farmingdale, NY). The water-in-oil emulsion was further emulsified into
15 ml of aqueous polyvinyl alcohol solution (2% wi/v) to form a water-in-oil-in-water double
emulsion. Following this, the emulsion was stirred using a magnetic stirrer, and 5 ml of
aqueous calcium chloride (60% wi/v) was gradually added. The emulsion was further stirred
for 18 h at ambient conditions and then under vacuum for 1 h to completely evaporate
methylene chloride. This procedure results in nanoparticles with less than 10 ppm methylene
chloride [18]. To remove free doxorubicin and methylene blue and excess polyvinyl alcohol,
nanoparticles suspension was subjected to ultracentrifugation (145,000 g for 30 min,
Beckman, Palo Alta, CA) thrice and washed in between with deionized water. To separate
nanoparticles from aggregates, suspension was then centrifuged for 3 min at 1000 rpm
(Eppendorf® 5810 R, Eppendorf, Westbury, NY). Dry nanoparticles were obtained by
freeze-drying (FreeZone 4.5%, Labconco, Kansas City, MO) of the supernatant after the
final centrifugation step. Nanoparticles were characterized for morphology and size by
atomic force microscopy (AFM) in the tapping mode using silicon tapping tips (TESP,
VEECO) of nominal radius less than 10 nm as described previously [18]. Nano-particles
suspended in water (100 pg/ml) were spread over a thin layer of polyethyleneimine-coated
glass coverslip and then air dried. Nanoscope 111 (Digital Instruments/\VEECO) with an E
scanner (maximum scan area=14.2x14.2 um?) was used to measure particle size. One Hz
scan rate and ~0.4 integral gain and ~0.7 proportional gain were used. Diameters of at least
50 particles in 10 different fields were measured and the numerical average was calculated.
Particle size was confirmed using dynamic light scattering (90Plus®, Brookhaven
Instruments, Holtsville, NY). Nanoparticle suspension in deionized water (50 pg/ml) was
sonicated and then subjected to particle size measurement and analyzed using non-
negatively constrained least square algorithm. Surface charge of nanoparticles was
determined by using electrophoretic light scattering. About 1 mg of nanoparticles was
suspended in 1 ml deionized water by sonication and then zeta potential was determined
using a zeta potential analyzer (90Plus®).

Amount of methylene blue and doxorubicin loaded in nanoparticles was determined using
HPLC. About 5 mg of nanoparticles was extracted for 2 h in the dark with 10 ml methanol
and then centrifuged for 10 min at 13,000 rpm. The supernatant was injected into a Beckman
Coulter System Gold® HPLC (Fullerton, CA) supplied with 125 solvent module and 508
auto-injector. Synergi™ Polar-RP column (4.6x150 mm ODS and 4 . particle size,
Phenomenex, Torrance, CA), UV detection at 598 nm (168 PDA UV/Vis detector,
Beckman) and fluorescence detection (FP-2020 p/us fluorescence detector; JASCO, Easton,
MD) at 505/550 nm ex/em wavelengths were used. Mobile phase consisting of acetonitrile
and ammonium acetate (10 mM; adjusted to pH 3.5 with glacial acetic acid) in (78:22) ratio
at 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 the amount
(mg) of methylene blue or doxorubicin in 100 mg of nanoparticles.

2.2.2. Mouse tumor model—All studies involving animals in this report were performed
according to the guidelines of the Animal Investigation Committee of Wayne State
University. Female Balb/c mice (Charles River Laboratories, Wilmington, MA), 4—-6 weeks
old, were injected subcutaneously in the right hindquarter with 1x10° JC cells suspended in
serum-free RPMI 1640 medium. The JC cell line was chosen for the studies due to its
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spontaneous derivation, /n vitro expression of the P-gp-mediated drug-resistant phenotype,
and reproducible in vivo growth [23].

2.2.3. Treatment administration—Mice that developed tumors of about 100 mm3 were
randomized into 7 treatment groups. Animals were injected with 0.1 ml of PBS containing
free or nanoparticle-encapsulated doxorubicin and methylene blue (4 mg and 8 mg/kg,
respectively) via a lateral tail vein. Some groups received nanoparticles loaded with only
methylene blue or only doxorubicin. Animals that received PBS (vehicle) or blank
nanoparticles in PBS were used as controls. About 24 h after treatment, animals were
anesthetized and covered with aluminum foil, leaving the tumor exposed. Tumors were
irradiated with 50 J/cm? dose of non-coherent light at 665 nm (LumaCare™ LC-122,
Newport Beach, CA). This dose of light was chosen based on previously published studies
[24]. Mice treated with the nanoparticles encapsulating doxorubicin and methylene blue as
above but without light exposure were used as dark controls. All the treatments were
administered only once. Tumor volumes were measured every third day for 30 days using a
digital caliper. Survival data was analyzed based on when the animal died because of the
tumgr burden or had to be sacrificed when the tumor volume reached a pre-set target (2000
mm?).

2.2.4. Immunohistochemistry studies—Tumors were induced and animals were
treated as described above. Tumor tissues excised at the end of the study (day 30 or 2000
cm3 tumor volume) were fixed in buffered formalin and then paraffin-embedded. After
deparaffinization, sections were stained with antibodies against proliferating cell nuclear
antigen (PCNA, Dako North America, Inc., Carpentaria, CA) or CD34 (Cell Sciences,
Canton, MA). Positive staining was detected with appropriate biotinylated secondary
antibody followed by incubation with streptavidin-horseradish peroxidase, and development
with 3-amino-9-ethylene carbazol (DAKO). Sections were counterstained with hematoxylin.
Microvessel density was determined in a blinded fashion by light microscopy. Areas of most
intense neovascularization were identified by scanning tumor sections at low power (20x)
and counted at high power magnification (400x). At least five separate fields were counted.
Presence of apoptosis was detected with the terminal deoxynucleotidyl transferase-mediated
nick-end-labeling assay (TUNEL; ApopTag® Peroxidase In Situ Apoptosis Detection Kit,
Chemicon-Millipore Company, Billerica, MA) according to manufacturer’s recommended
procedure. Cells that stained positive for TUNEL or PCNA were counted at 400x
magnification in at least 5 different fields (N1000 cells). Images of stained sections were
acquired using a light microscope (Axiovert 40CFL microscope; Carl Zeiss Microlmaging,
Inc., Thornwood, NY) equipped with a digital camera (ProGres® C3, JENOPIK Laser, Jena,
Germany).

2.2.5. Tumor accumulation studies—Animals that developed tumors of about 100
mm?3 were injected with 0.1 ml of PBS containing free or nanoparticle-encapsulated
doxorubicin and methylene blue (4 mg and 8 mg/kg, respectively) as described above. At 3
h post-injection, animals were euthanized and tumors along with heart, lung, kidney, brain,
spleen, liver, and blood were collected. Collected organs were homogenized in 2 mi
deionized water using a tissue homogenizer (Tissuemiser, Fisher Scientific, Chicago, IL)
and then further homogenized after the addition of 100 ng verapamil (internal standard).
Tissue homogenates were then lyophilized (FreeZone 4.5%®, Labconco, Kansas City, MO).
Dry tissues were weighed and extracted with 5 ml of methanol/chloroform mixture (65:35)
using a shaker (Labquake ™'shaker, Barnstead Thermolyne, Dubuque, IA) for 5 h in dark at
room temperature. The extract was centrifuged for 10 min at 4°C and 13,000 rpm.
Supernatant was evaporated under nitrogen gas (N-EVAP™: Organomation Associates, Inc.,
Berlin, MA). Residues were then reconstituted in 100 .l of a 78:22 mixture of acetonitrile
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and ammonium acetate (10 mM; adjusted to pH 3.2with glacial acetic acid) and centrifuged
for 20 min at 20,000xg. Doxorubicin and methylene blue concentrations in the supernatant
were analyzed using LC-MS/MS. A mobile phase gradient from 84% to 40% acetonitrile in
ammonium acetate buffer (10 mM, pH 3.2) over 23 min at a flow rate of 13 pl/min was
used. An Agilent® 1100 series capillary HPLC system (Agilent Technologies, Palo Alto,
California) was used for chromatographic separation. A Finnigan TSQ® Quantum Ultra AM
triple quadrupole mass spectrometer (Thermo Electron, San Jose, California) operated in the
positive ion mode was used for mass spectroscopy. The samples (8 p.l) were injected into
Synergi™ Hydro-RP® capillary column (0.3x250 mm and 4 um; Phenomenex, Torrance,
CA). Doxorubicin (precursor-to-product m/z544—397), verapamil (precursor-to-product
m/z 455—165) and methylene blue (precursor-to-product /2 284—268) were eluted at ~3,
5 and 8 min, respectively. Doxorubicin and methylene blue amounts were normalized to the
dry tissue weight.

2.2.6. Statistical analyses

3. Results

One-way ANOVA was used to analyze differences in TUNEL, CD34 and PCNA-positive
cells among treatment groups. Generalized linear mixed effect ANOVA (mixed model)
following natural log transformation of tumor volumes was used to analyze tumor growth
inhibition data. The differences in the slopes of tumor growth curves were tested by
Bonferroni adjustment. Differences in survival rate in treatment groups were analyzed by
Kaplan—Meier survival analysis. A probaility level of p<0.05 was considered significant.

3.1. Nanoparticle characterization

AFM studies indicated that nanoparticles loaded with both doxoru-bicin and methylene blue
had a near spherical morphology (Fig. 1), with a number-average lateral diameter of 40+7
nm. Dynamic light scattering (DLS) studies showed that nanoparticles had a number-
average diameter ~73 nm. The difference in particle size measurement between AFM and
DLS studies could be attributed to the fact that DLS measures diameter of hydrated particles
while AFM measures the size of dry particles. Zeta potential measurements showed that
drug-loaded nanoparticles had a net surface charge of —24.6+1.1 mV. Methylene blue and
doxorubicin were efficiently encapsulated in nanoparticles with an average loading of
13.0+0.6% w/w (82% encapsulation efficiency) and 6.9+0.1% w/w (78% encapsulation
efficiency), respectively.

3.2. Tumor growth inhibition with combination therapy

The tumor growth in animals that received the combination of two drugs in nanoparticles
with PDT was significantly slower than that in animals that received other treatments (Fig.
2A; p<0.05). The mean tumor volume in the methylene blue—doxorubicin nanoparticle-PDT
group was 58% lower than that in the group that received the vehicle at the end of the study.
Mice treated with doxorubicin and methylene blue in nanoparticles without light exposure
(dark control) also resulted in slower tumor growth compared to vehicle-treated control;
however, the % inhibition was less than that observed in the group that received the light
exposure. Treatment with methylene blue nanoparticles and light (no doxorubicin) resulted
in marginal inhibition of tumor growth compared to vehicle-treated control. Treatment with
equivalent doses of free doxorubicin and methylene blue along with light exposure did not
result in significant inhibition of tumor growth. Similarly, blank nanoparticles had no effect
on tumor growth. Other controls (free doxorubicin, free methylene blue, and methylene blue
nanoparticles in the absence of light) were not investigated because our preliminary studies
demonstrated that these treatments have no effect on tumor cell viability [25].
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Survival of animals closely followed the tumor growth profile. Mice treated with methylene
blue—doxorubicin nanoparticles and light exposure survived longer compared to those that
received other treatments (p<0.05; Fig. 2B). Treatment with methylene blue—doxorubicin in
nanoparticles without light exposure also resulted in improved animal survival compared to
those treated with vehicle or blank nanoparticles.

3.3. Inhibition of cellular proliferation

As can be seen in Fig. 3, treatment with nanoparticle-encapsulated methylene blue and
doxorubicin along with light resulted in fewer PCNA-positive cells (5+2%) compared to
control groups (p<0.05). Tumors from vehicle or blank nanoparticle-treated mice
demonstrated 37+9% and 31+2% PCNA™ cells, respectively. Treatment with doxorubicin
nanoparticles (27+5%) or free methylene blue and doxorubicin combination with light
(27£3%) had no effect on tumor cell proliferation. Treatment with combination
nanoparticles without light exposure resulted in a slight decrease in PCNA* cells (17£5%).
Tumors treated with methylene blue nanoparticles along with light exposure also
demonstrated significantly reduced PCNA* cells (7+1%, p<0.05).

3.4. Induction of apoptosis

In order to determine whether induction of apoptosis contributed to tumor growth inhibition,
tumor tissues were subjected to TUNEL assay. As can be seen from images in Fig. 4, tumors
that received nanoparticle-encapsulated methylene blue and doxorubicin along with light
exposure had significantly higher fraction of apoptotic cells (15£5%) than those that
received the doxorubicin nanoparticle treatment (4+2%, p<0.05). Dark control group (mice
treated with nanoparticle-encapsulated doxorubicin and methylene blue without light
exposure) also showed slightly increased apoptosis (8+2%). Treatment with methylene blue
nanoparticles along with light exposure resulted in 6£2% apoptotic cells. However,
treatment with combination of free doxorubicin and methylene blue along with light
exposure resulted in only ~1% TUNEL™" cells, which was comparable to that with vehicle
and blank nanoparticle treatments.

3.5. Tumor microvessel damage

Immunohistochemical staining with anti-CD34 antibody was performed to determine
whether neovasculature of tumors was affected by treatment regimens. Although the number
of CD34+ microvessels was not statistically different for the different groups, the
microvessels in tumors that received nanoparticle-encapsulated methylene blue and
doxorubicin along with light exposure were faint, diffuse and deformed (shown by arrows in
Fig. 5) as compared to those in the other groups that were darkly stained and appeared to be
intact.

3.6. Tumor accumulation studies

To determine the effect of encapsulation in nanoparticles on tumor accumulation of
doxorubicin and methylene blue, distribution of the two drugs in different organs and tumor
tissue was determined 3 h post administration. Encapsulation in nanoparticles resulted in a
significant increase in the amount of doxorubicin and methylene blue delivered to the target
tumor tissue (~4-fold increase for doxorubicin and a 3-fold increase for methylene blue, Fig.
6). Although not statistically significant, nanoparticles resulted in lower accumulation of
doxorubicin in the heart. In addition, encapsulation in nanoparticles resulted in a ~10-fold
reduction in the blood level of methylene blue.
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4. Discussion

Clinical efficacy of many anticancer drugs is limited by the development of drug resistance
[26]. Distribution of the drug to non-target tissues, reduced drug accumulation in the tumor
tissue, and poor penetration of the drug into the tumor cell contribute to reduced anticancer
efficacy. In our studies, doxorubicin, either free or encapsulated in nanoparticles, was not
effective against JC tumors. This is in agreement with previous studies, which have shown
that JC tumor cells overexpress P-gp, and exhibit multidrug-resistant (MDR) phenotype both
in vitroand in vivo [23]. We rationalized that a combination of doxorubicin and PDT using
methylene blue, which can also inhibit doxorubicin efflux, will improve the accumulation of
doxorubicin in tumor cells. However, for optimum efficacy, the two drugs need to be
simultaneously localized in the tumor tissue. Encapsulation of the two drugs in a carrier like
nanoparticles could enable their synchronized delivery to tumor cells.

In a series of studies [18,19,22], we have reported the fabrication, characterization and
cellular drug delivery applications of AOT-alginate nanoparticles. Our studies show that
AOT-alginate nanopar-ticles efficiently encapsulate weakly basic, polar molecules like
methylene blue and doxorubicin [18]. Our proposed model for AOT-alginate nanoparticles —
drug-loaded, calcium-crosslinked alginate core, surrounded by one or more bilayers
composed of AOT - suggests that only the negative charges present in the core of the
nanoparticle matrix (carboxyl groups in alginate) are involved in electrostatic interactions
with weakly basic drug molecules. Thus, negative charges (sulfonate of AOT) on the surface
of nanoparticles contribute to the negative zeta potential of drug-loaded AOT-alginate
nanoparticles. Previous /n vitro release studies show that nanoparticles release 60-70% of
the encapsulated drug over 4 weeks, with near zero-order release during the first 15 days.
Further mechanistic studies demonstrated that calcium—-sodium exchange between
nanoparticle matrix and release medium and electrostatic interaction between drug and
nanoparticle matrix are important determinants of drug release.

In previous /n vitro studies, we observed that encapsulation in AOT-alginate nanoparticles
significantly enhanced the cytotoxicity of methylene blue and doxorubicin in drug-sensitive
cells [19,22] and methylene blue—doxorubicin combination therapy in MDR tumor cells
[25]. Nanoparticle-mediated combination therapy resulted in a significant induction of both
apoptosis and necrosis in drug-resistant tumor cells. Improvement in cytotoxicity was
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. Those /7 vitro studies
indicated that encapsulation of methylene blue and doxorubicin in AOT-alginate nanopar-
ticles could overcome tumor drug resistance, and provided the basis for the current /n vivo
studies.

Encapsulation in nanoparticles can increase the overall accumulation of the two drugs in
tumor /n vivothrough enhanced permeation and retention effect [15]. In the current study,
AOT-alginate nanoparticles significantly enhanced tumor levels of doxorubicin and
methylene blue compared to the free drug treatments. Incorporation in nanoparticles reduced
the accumulation of doxorubicin in the heart to some extent, which could help decrease
doxorubicin-associated cardiac toxicity. Cardiac toxicity limits the use of the drug in the
clinic [27]. Encapsulation in nanoparticles also resulted in lower levels of methylene blue in
the blood compared to the free drug treatment. Previous studies reported that upon systemic
administration, methylene blue accumulates extensively in erythrocytes and blood vessel
endothelial cells, where it is rapidly inactivated [14,17,28]. Improved tumor accumulation
and reduced non-specific distribution could have contributed to the enhanced tumor growth
inhibition observed with the combination therapy in nanoparticles. It is important to mention
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that further biodistribution studies at several time-points are required to confirm the
enhanced accumulation of nanoparticle-encapsulated drugs in the tumor.

The results of our studies demonstrate the importance of combining PDT with chemotherapy
as well as the importance of encapsulating the combination in nanoparticles to achieve
maximum inhibition of tumor growth. The marginal inhibition of tumor growth observed
with methylene blue—doxorubicin nanoparticle combination in the absence of light indicated
that methylene blue enhanced the efficacy of doxorubicin through other mechanisms in
addition to the photody-namic effect. Methylene blue-mediated P-gp inhibition [9,29] could
have resulted in increased penetration of doxorubicin into the tumor cell, resulting in
enhanced inhibition of tumor growth in the dark control group [25].

Effective inhibition of tumor growth with doxorubicin has been linked to extensive
induction of apoptosis [30] and some necrosis [31]. Light-activated photosensitizers also
result in cell kill through apoptosis and/or necrosis [32]. Tumors treated with nanoparticle-
encapsulated doxorubicin and methylene blue along with light exposure had significantly
more number of apoptotic cells than those in other treatment groups. We also found
significant apoptosis in tumors treated with nanoparticle-encapsulated doxorubicin and
methylene blue but without light exposure. On the other hand, treatment with combination
of free doxorubicin and methylene blue along with light exposure did not result in
significant number of TUNEL™ cells. This might be because treatment with free drugs
resulted in lower concentrations of doxorubicin and methylene blue in the tumor (25 and
40% of the corresponding levels in the nanoparticle treatment group, respectively).

In addition to induction of apoptosis, effective anticancer therapy is expected to inhibit
tumor cell proliferation as well [33]. PCNA is a nuclear protein synthesized in the late G,
and S phases of the cell cycle that is used as a marker for cellular proliferation [34]. In
tumors treated with combination therapy encapsulated in nanoparticles along with light
exposure, there were fewer PCNA™* cells compared to control groups, indicating lower levels
of tumor cell proliferation. It was interesting to observe that in tumors treated with
methylene blue nanoparticles, the percentage of PCNA™ cells was less than that in other
control groups, indicating lower levels of cell proliferation. Previous research has shown
impaired tumor cell proliferation after PDT [35].

PDT can also damage tumor microvasculature, resulting in a partial shut-down of local
blood supply [10,36]. CD34 staining in the combination therapy plus PDT group was diffuse
and the stained vessels lacked the structural integrity observed in the other groups,

indicating possible vessel damage. This does not appear to be just an effect of PDT, because
other groups that received PDT, such as free doxorubicin and methylene blue followed by
light exposure, did not show similar defective microvessels.

In contrast to other treatment modalities such as chemotherapy and radiotherapy, which
suppress the immune system [37,38], PDT can stimulate local antitumor immune response
[39]. PDT-mediated anti-tumor immunity has been linked to the recruitment of CD8* T-cells
in tumor tissue [40], possibly mediated by neutrophils [41]. In addition, recent reports have
indicated immune stimulation following doxorubicin treatment in a mouse tumor model
[42]. Further, significant immune stimulation following PDT and low dose chemotherapy
has been reported [11]. Thus, although not investigated here, combination PDT and
chemotherapy could have also induced antitumor immune response, contributing to the
observed tumor growth inhibition. Further studies are required to evaluate the role of
antitumor immune response following combination chemotherapy and PDT.

In this study, significant tumor growth inhibition that was sustained over a 1-month period
was observed with a single dose of the combination therapy nanoparticles. Multiple doses of
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this treatment could provide a more significant effect and for a longer duration. However, in
the mouse tumor model, performing multiple intravenous injections is technically
challenging. Further, the use of cytotoxic agents like doxorubicin causes a high degree of
inflammation in the fragile tail vein, which further compromises patency and limits the
number of injections. For these reasons, we performed the single dose study in this model.
Future studies will evaluate the feasibility of multiple dosing studies in other species.

To summarize, increased drug accumulation in the tumor and the consequent enhancement
in inhibition of tumor cell proliferation and induction of apoptosis contribute to the greatly
improved efficacy of nanoparticle-mediated combination chemotherapy and PDT. Damage
to the tumor vasculature possibly adds to the antitumor efficacy of the combination therapy.
Further, as discussed earlier, our previous studies suggest that encapsulation of methylene
blue and doxorubicin in AOT-alginate nanoparticles results in significantly enhanced
intracellular and nuclear accumulation of the two drugs, and in greater ROS production.
Future studies will optimize treatment conditions (light dose, time of light exposure
following treatment administration and repeated dosing) to further improve efficacy against
drug-resistant tumors.
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Fig. 1.
A height image of nanoparticles loaded with doxorubicin and methylene blue acquired by
tapping-mode atomic force microscopy in air.
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(A) Tumor growth inhibition curve and (B) Kaplan—Meier survival plot of Balb/c mice
bearing subcutaneous JC tumor. Mice received empty nanoparticles plus light exposure
(Blank NP/PDT), methylene blue nanoparticles plus light exposure (M-NP/PDT),
doxorubicin nanoparticles plus light exposure (D-NP/PDT), nanoparticles loaded with
doxorubicin and methylene blue without light exposure (D-M-NP), nanoparticles loaded
with methylene blue and doxorubicin plus light exposure (D-M-NP/PDT), doxorubicin and
methylene blue in solution plus light exposure (D-M-soln/PDT), or just the vehicle plus light
exposure (vehicle). Tumors were measured and animal survival were monitored every 3rd
day until day 30 or tumor volume >2000 mm3. Data as mean+SD (/~=7-10 mice).
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Fig. 3.
PCNA staining of sections from tumors that received (A) vehicle plus light exposure, (B)

blank nanoparticles plus light exposure, (C) doxorubicin nanoparticles plus light exposure,
(D) methylene blue nanoparticles plus light exposure, (E) doxorubicin and methylene blue in
solution plus light exposure, (F) nanoparticles loaded with doxorubicin and methylene blue
without light exposure, and (G) nanoparticles loaded with methylene blue and doxorubicin
plus light exposure. Images were acquired at 400x magnification.
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Fig. 4.

TUNEL staining for different treatment groups: vehicle plus light exposure (A), blank
nanoparticles plus light exposure (B), doxorubicin nanoparticles plus light exposure (C),
methylene blue nanoparticles plus light exposure (D), doxorubicin and methylene blue in
solution plus light exposure (E), nanoparticles loaded with doxorubicin and methylene blue
without light exposure (F), and nanoparticles loaded with methylene blue and doxorubicin
plus light exposure (G). Sections were imaged at 100x (1) or 400x (11).
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Fig. 5.

CD34 staining of sections from tumors that received (A) vehicle plus light exposure, (B)
blank nanoparticles plus light exposure, (C) doxorubicin nanoparticles plus light exposure,
(D) methylene blue nanoparticles plus light exposure, (E) doxorubicin and methylene blue in
solution plus light exposure, (F) nanoparticles loaded with doxorubicin and methylene blue
without light exposure, and (G) nanoparticles loaded with methylene blue and doxorubicin
plus light exposure. Images were acquired at 400x magnification.
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Fig. 6.

Effect of encapsulation in nanoparticles on the biodistribution of (A) doxorubicin and (B)
methylene blue. Balb/c mice bearing subcutaneous JC tumor were intravenously injected
with a combination of doxorubicin and methylene blue either free in solution or
encapsulated in nanoparticles. Animals were euthanized 3 h after treatment administration
and tumors were collected. Doxorubicin and methylene blue concentrations in tumors and
other organs were determined using LC-MS/MS and normalized to the dry organ weight.
Data as mean+SD (/7=3-4). *p<0.05, £test.

J Control Release. Author manuscript; available in PMC 2013 September 05.



