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ABSTRACT

Purpose Estrogen Receptor-a (ERQ) expression is increased in
prostate cancer and acts as an oncogene. We propose that
blocking of estrogen hormone binding to ERa using the ERa
blocker toremifene will reduce the tumorigenicity of prostate can-
cer, and nano-targeted delivery of toremifene will improve anti-
cancer efficacy. We report the synthesis and use in an orthotopic
mouse model of PLGA-PEG nanoparticles encapsulating
toremifene and nanoparticles encapsulating toremifene that are
also conjugated to anti-PSMA for targeted prostate tumor
delivery.

Methods Human prostate cancer cell line PC3M and a nude
mouse model were used to test efficacy of nano-targeted and
nano-encapsulated toremifene versus free toremifene on the
growth and differentiation of tumor cells.

Results Treatment with free toremifene resulted in a signif-
icant reduction in growth of prostate tumor and prolifera-
tion, and its nano-targeting resulted in greater reduction of
prostate tumor growth, greater toremifene tumor uptake, and
enhanced tumor necrosis. Tumors from animals treated with
nano-encapsulated toremifene conjugated with anti-PSMA
showed about a | 5-fold increase of toremifene compared to free
toremifene.

Conclusions Our data provide evidence that blocking ERal by
toremifene and targeting prostate cancer tissues with anti-PSMA
antibody on the nanoparticles’ surface repressed the tumorigenic-
ity of prostate cancer cells in this mouse model.
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ABBREVIATIONS

ERa Estrogen receptor alpha

ERB Estrogen receptor beta

HGPIN  High Grade Prostatic Intraepithelial Hyperplasia

MTT 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyttetrazolium
bromide

PEG Poly (ethylene glycol)

PLGA  Poly (lactic-co-glycolic acid)

PSMA  Prostate specific membrane antigen
SERM Selective estrogen receptor modulator
INTRODUCTION

Prostate cancer is the most frequently diagnosed malignancy
in American men. According to American Cancer Society
statistics, in 2014 an estimated 233,000 new cases of prostate
cancer will be diagnosed and about 29,480 patients are ex-
pected to die from it (1). It is also the second leading cause of
cancer death in American males, exceeded only by lung can-
cer (2). The current treatment for prostate cancer depends on
many factors like the patient’s age, the stage (severity) of the
cancer, and the patient’s response to medical treatment in-
cluding surgery and/or radiation (3,4), hormonal therapy
(5,6), or chemotherapy (7-9). A tumor targeting approach is
greatly needed to enhance anticancer efficacy and minimize
adverse effects on normal organs. Despite tremendous effort
by researchers in recent years to cure prostate cancer, it re-
mains one of the most deadly diseases in the US. Therefore, it
is imperative to look for alternative technologies that have the
potential to overcome the inherent problems that are associ-
ated with current prostate cancer treatments.
Nanotechnology is an alternative technology that has had a
profound impact in many medical fields including drug deliv-
ery and cancer detection, diagnosis, and treatment (10,11).
Nanoparticles have special physical and chemical properties
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that can be exploited for therapeutic purposes. Encapsulating
chemotherapeutic drugs or other anticancer agents inside
nanoparticles may result in less systemic toxicity compared to
the free form of each drug. Surface tunable properties of the
nanoparticles also enable conjugation of a cancer site-specific
antibody or small molecule to increase the uptake of the nano-
particles and subsequently enhance drug efficacy (12).

For nano-targeting of prostate tumor, nanoparticles with a
site-specific antibody Prostate Specific Membrane Antigen
(PSMA), a highly specific prostate membrane antigen that is
expressed on prostate cancer cells but minimally on normal
cells, were synthesized and evaluated for efficacy in prostate
cancer models. PSMA’s expression on prostate cancer cells is
100 times more than on normal cells (13,14), and the site of
expression is not typically exposed to circulating intact anti-
bodies (15,16). In normal prostate tissue, PSMA exists primar-
ily as a splice variant (PSM’) that lacks the transmembrane
domain (17,18), so when a cancer drug is conjugated with
anti-PSMA antibody, it will be taken up only by the cancer
cells that express the transmembrane domain of PSMA. In
contrast to other prostate antigens like PSA and PAP that
are secretory proteins, PSMA 1is an integral cell-membrane
protein that is not secreted, which makes it an ideal target
for monoclonal antibody therapy (19). Its level of expression
increases as the cancer becomes more aggressive, which makes
it a highly specific and sensitive marker to be used as a thera-
peutic target (20).

The small molecule toremifene is an FDA-approved selec-
tive estrogen receptor modulator (SERM) originally devel-
oped for treatment of metastatic breast cancer because it is a
differentially selective ERa blocker. ERat is highly expressed in
prostate cancer cells (21) and has a documented role as an
oncogene in prostate cancer development, so blocking ERa
by using a SERM like toremifene, which blocks only
ERa, should stop the initial tumor formation. Toremifene
has been evaluated in a multicenter, phase 2b dose-finding
study in the treatment and prevention of High Grade
Prostatic Intraepithelial Hyperplasia (HGPIN) using prostate
cancer on follow-up biopsy as a primary end point. The con-
clusion was that toremifene decreased the incidence of pros-
tate cancer by 1 year and had a tolerability profile comparable
to that of placebo in a high-risk population (22). It is also
believed that ERa plays an oncogenic role in prostate cancer
and counteracts ERP (23). However, the major problem asso-
ciated with toremifene, like many other anticancer agents, is
its solubility (it is soluble in organic solvent) and adverse side
effects. The use of nanoparticles may overcome these major
problems via an injectable formulation that would have min-
imum side effects. Furthermore, the advantages of using nano-
technology might minimize the toxicity of chemotherapeutic
agents, protect the drugs from inactivation by metabolic en-
zymes, reduce renal clearance, and decrease drug resistance
by targeting cancer cells.

In the current study we encapsulated toremifene in nano-
particles and conjugated the nanoparticles with anti-PSMA
for targeted delivery of toremifene to prostate tumor in an
orthotopic mouse model and compared its bioavailability in
tumor with free toremifene and with nanoformulations of
toremifene. This investigation represents the first report on
the nano-formulation of toremifene for targeted delivery into
prostate tumor.

MATERIALS AND METHODS
Cancer Cell Lines and Reagents

PC3M cancer cells were obtained from Dr. T. Arumugam
(MD Anderson Cancer Center, Houston, TX, USA). Cell
culture medium, Dulbecco’s Modified Eagle Medium
(DMEM), fetal bovine serum (FBS), penicillin, streptomycin,
toremifene base, and other common reagents were purchased
from Sigma-Aldrich (St Louis, MO, USA). Cell growth deter-
mination kit (MT'T kit) was purchased from Life Technologies
(Grand Island, NY, USA). Antibodies for the flow cytometry
(ERa and PSMA antibodies) were purchased from Abcam
(Cambridge, MA, USA). Poly (lactic acid-co-glycolic acid}—
poly (ethylene glycol) (PLGA-PEG) and maleimide-PLGA-
PEG were purchased from Polyscitech (West Lafayette, IN,
USA).

Nanoparticle Synthesis

For the preparation of PLGA-PEG nanoparticles encapsulat-
ing toremifene, 1 ml PLGA-PEG and maleimide-PLGA-PEG
in a ratio of 9:1 (80 mg/ml) were mixed with 200 pl of
toremifene (20 mg/ml DMSO). This solution was added to
100 ml of 1% polyvinyl alcohol solution drop-by-drop under
constant magnetic stirring. It was then sonicated in a probe
sonicator for 30 s and stirred for another 12 h. Finally, the
solution was dialyzed for 48 h using a filter with molecular
weight cutoff 500-1000, changing the deionized water outside
the bag 4 times every 12 h to remove impurities and residual
DMSO (24). Conjugation of anti-PSMA to the PLGA-PEG
nanoparticles encapsulating toremifene was done by first
thiolating the anti-PSMA antibody using Traut’s reagent
(25,26). The thiolated anti-PSMA can readily react with the
maleimide group (25).

Nanoparticle Size Distribution

The size distribution of nanoparticles synthesized in this study
(void PLGA-PEG nanoparticles, PLGA-PEG nanoparticles
encapsulating toremifene, and PLGA-PEG nanoparticles en-
capsulating toremifene and conjugated to anti-PSMA) in
aqueous dispersions were determined with dynamic laser light
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scattering (DLS) using a Malvern zeta sizer (Malvern
Instrumentation Co, Malvern, PA USA). For each nanopar-
ticle solution, one ml was transferred into a 3 ml, 4-sided clear
plastic cuvette and measured directly.

Nanoparticle Size and Morphology

The size and morphology of PLGA-PEG nanoparticles en-
capsulating toremifene and PLGA-PEG nanoparticles encap-
sulating toremifene and conjugated to anti-PSMA were exam-
ined by transmission electron microscopy (TEM) using a
JEOL JEM-100CX transmission electron microscope (JEOL
USA, Inc., Peabody, MA). One drop of the nanoparticles
solution was mounted on a thin film of amorphous carbon
deposited on a copper grid (300 mesh). The solution was air
dried, and the sample was examined directly under the
microscope.

Entrapment Efficiency (Loading Efficiency)

The amount of toremifene encapsulated in the nanoparticles
was determined by disintegrating the nanoparticles and mea-
suring the toremifene in duplicate with HPLC. This also helps
in determination of the entrapment efficiency of toremifene in
the nanoformulation. The nanoparticles were disintegrated by
adding a 10-fold volume of 100% acetonitrile and then soni-
cating for 3 min, then diluting 10-fold with 70% acetonitrile.
After centrifugation at 15,000Xg for 5 min, the resulting solu-
tion was analyzed using a modified HPLC method (27,28)
with a Sunfire C18 column, 3.0X50 mm, 3.5 um (Waters,
Milford, MA, USA), and a UV detector at 254 nm. The
mobile phase consisted of 75% acetonitrile containing 0.1%
formic acid, and the flow rate was 0.35 ml/min. The entrap-
ment efficiency was determined with the formula in Eq. 1:

entrapment ¢fficiency(loading) = ([toremy‘ene]‘ /) / ([toremifene],) x 100

(1)
where [toremifene]is the concentration of toremifene in the
centrifugate and [toremifene], is the theoretical concentration
of toremifene (meaning total amount of toremifene added
initially). The amount of nano-encapsulated toremifene used
in all & vitro and i viwo experiments in this study was deter-
mined using this established HPLC method.

Cell Culture

Human prostate cancer cells PG3M were cultured in DMEM
containing 10% FBS, 1% penicillin, and 1% streptomycin.
Cultures were maintained in a 37°C humidified chamber with
5% COy. Media was changed every 3 days, and the cell lines
were passaged at 80% confluence.
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Flow Cytometry

To analyze the expression of ERa and PSMA in the PC3M
cells, cells were cultured to sub-confluence and treated with
0.25% (w/v) trypsin/EDTA to release from culture flask.
Cells were fixed in 1% paraformaldehyde and then perme-
abilized with 0.05% triton-X100. After washing with PBS, the
cells were incubated with anti-ERa or anti-PSMA at 4°C
overnight. To detect the proteins, cells were incubated with
secondary antibody conjugated with fluorescein isothiocya-
nate (FITC) or phycoerythrin (PE) in the dark for 30 min
and analyzed with flow cytometry (BD Biosciences, San Jose,

CA, USA).
MTT Assay

PC3M cells were subjected to treatment with toremifene at
concentrations ranging from 1.0 to 100 pM. After 24, 48, and
72 h of exposure to the drug, cell viability was determined by
the MTT wviability assay (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide), as per the manufacturer’s proto-
col. Briefly, cells were seeded at a density of 10" cells/well in
96-well plates, and then incubated with toremifene. After
treatment, 100 pl from 5 mg/ml of MTT solution in PBS at
pH 7.4 was added to each well, and plates were incubated for
4 hat 37°C. The MTT formazan formed in the different wells
was solubilized by the addition of 50 pl of DMSO and incu-
bated for 10 min at 37°C (29). The optical density of each well
was determined using an ELISA plate reader at an activation
wavelength of 570 nm and reference wavelength of 650 nm.
The percentage of viable cells was determined by comparison
to untreated control cells where the optical density correlates
with the percentage of cell viability.

Animal Studies

The animal studies were performed in accordance with insti-
tutional guidelines for animal safety and welfare at the animal
facility of the Albany Stratton Veterans Affairs Medical
Center (Albany, NY, USA), and the experimental protocol
was approved by the Institutional Animal Care and Use
Committee of the Veterans Affairs Medical Center. Athymic
nude male mice of 6-8 weeks of age and weighing approxi-
mately 20 g were purchased from Harlan Laboratories, Inc.
(Indianapolis, IN, USA). They were allowed to acclimate for
5 days prior to the initiation of treatment. The animals were
housed under standard conditions (in laminar airflow cabinets
under pathogen-free conditions with 12 h light/12 h dark
schedule) and fed with autoclaved water and Harlan Teklad
sterilizable diet.

PC3M cells were implanted by surgical orthotopic implan-
tation in the lateral lobe of the prostate in each animal. The
animals were kept under isoflurane anesthesia during surgery.
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A lower midline abdominal incision was made. After proper
exposure of the bladder and prostate, 0.25x 10° cells/20 pl
medium were implanted into the prostate based on the
established calibration curve for the number of cells versus op-
tical density. The incision in the abdominal wall was closed
with clips, and the animals were monitored until they recov-
ered. Two days after tumor implantation, 7-8 mice were ran-
domly assigned into each of 5 groups. For 3 weeks mice re-
ceived daily subcutaneous injection of either PBS (control),
void nanoparticles, toremifene citrate (1.5 mg/kg body
weight), nano-encapsulated toremifene (1.5 mg/kg body
weight), or nano-encapsulated toremifene (1.5 mg/kg body
weight) conjugated with anti-PSMA where all were dispersed
in PBS, pH 7.4. Body weights were measured twice a week.
Twenty-four h after the last treatment, all mice were sacrificed
and tumors, livers, and kidneys were harvested. Tumor weight
was measured, and blood samples were collected from each
animal. Levels of toremifene in all the samples were measured
as described in the biodistribution study below.

Histopathology

Half of the tumor tissues were fixed in phosphate-buffered
formalin and embedded in paraffin. Paraffin blocks were cut
by microtome to prepare slides, and the sections were stained
with hematoxylin and eosin (H&E). Ten images from each
tumor were analyzed and the percentage of necrotic areas in
the tumor tissue sections was estimated under the microscope.
The analysis was carried out by two investigators indepen-
dently, and the results were compared.

Biodistribution Study

Toremifene concentration in mouse plasma was measured
with HPLC and in tissue homogenates with liquid chroma-
tography tandem mass spectrometry (LC-MS/MS) using an
API 4000 triple-quadrapole mass spectrometer (Applied
Biosystem MDS Sciex, Toronto, Canada) using a modifica-
tion of reported methods for toremifene (27,28). Briefly, plas-
ma (0.1 ml) or tissue homogenate (0.25 g/ml) was extracted
using 1.25 ml of a mixture of hexane/n-butanol (98:2, v/v).
Samples were vortexed for 10 min and centrifuged at 22,
000xg for 10 min. The solvent phase was transferred to a
clean test tube and evaporated with nitrogen. The residue
was resuspended in 0.15 ml 70% acetonitrile containing
0.1% formic acid. The resulting sample was separated using
an Oasis HLB column, 4.6 20 mm, 25 pm (Waters) with a
gradient elution of 0.85 ml/min for 10 min. The mobile
phase was A: 0.1% formic acid, B: acetonitrile contain-
ing 1.0% formic acid, and the gradient program was
(time in min/%3B): 0-1.5/30%, 1.6-4/95%, and 4.1/30%.
The injection volume was 20 pl. The tandem mass spectrom-
eter was operated in positive electrospray mode with the ion

spray voltage set at 3.5 KV and temperature set at 450°C.
Toremifene was detected using multiple reaction monitoring,
and quantitation was achieved by monitoring mass transition
406.2/252.1 (m/z). All data were acquired and processed with
Analyst 1.4.2 software (Applied Biosystem MDS Sciex). The
limit of detection was 15 pg, and the limit of quantitation was
1.65 ng/ml.

Statistical Analysis

Statistical analysis was performed using StatCrunch™ soft-
ware and Excel. One-way ANOVA was used to compare
the mean+SEM from each experimental group with its re-
spective control group. Statistical differences approaching
P<0.05 were considered statistically significant.

RESULTS

Expression of Prostate Cancer Proteins and ERa
in PC3M (Variant)

Flow cytometry analysis showed that more than 95% of
PC3M cells were positive for both ERa proteins
(Fig. lal and a2) and PSMA (Fig. 1bl and b2). In
contrast, parent PC3 showed lack of PSMA expression
as compared to the high expression level in the PC3M
(data not shown).

Effect of Toremifene on Prostate Cancer Cell Viability

The effect of toremifene on prostate cancer cell viability was
determined by subjecting PC3M cells to treatment with in-
creasing concentrations of toremifene for 24, 48, and 72 h
(Fig. 2a—c). Toremifene inhibited cellular proliferation in a
concentration-dependent manner, with a maximum effect at
20 pM. There was a significant reduction on the cells’ viability
by 50% after treating cells with 10-20 pM of toremifene in the
first 24 h (Fig. 2a). With an increase in the duration of expo-
sure to toremifene, viability of PC3M cells decreased as seen at
48 h and 72 h (Fig. 2¢). The decrease of cancer cell viability
ranged from ~50% (at 24 h) to ~65% (at 48 h) and ~70% (at
72 h) with 20 pM toremifene (Fig. 2).

Nanoparticle Size Distribution and Morphology

The average size of the PLGA-PEG nanoparticles encapsu-
lating toremifene was 252 nm and of the PLGA-PEG nano-
particles encapsulating toremifene and conjugated to anti-
PSMA was 248 nm as measured with the zeta size analyzer
(Fig. 3a and b). The nanoparticle size observed with TEM was
comparable to that observed with DLS, and the nanoparticles
were spherical (Fig. 3c and d).
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Anti-Tumorigenic Effect of Toremifene in In Vivo Studies

We observed that when animals were treated with higher
doses of toremifene (>1.5 mg/kg body weight), toremifene
accumulated in high concentrations in the liver and kidneys
(data not shown). At the end of the current study, tumor
weights were measured and compared with the control groups
treated with PBS. The average weight of the excised tumors
was significantly decreased i mice treated with toremifene
compared to animals treated with PBS alone (positive con-
trol), P=0.0034.

Comparison of Tumor Growth Suppression
by Toremifene and Its Nanoformulations

To study the effect of nano-encapsulated toremifene and its
PSMA conjugated nanoformulation on the orthotopic pros-
tate tumor, animals were treated for 3 weeks with PBS (con-
trol), void nanoparticles, toremifene, nano-encapsulated
toremifene, or nano-encapsulated toremifene conjugated with
anti-PSMA. Tumor weights showed statistically significant re-
ductions between toremifene and nano-encapsulated
toremifene and nano-encapsulated toremifene conjugated
with anti-PSMA antibody (P<0.0001) (Fig. 4). There was a

statistically significant difference in the tumor weight between
animals treated with free toremifene and nano-encapsulated
toremifene conjugated with anti-PSMA antibody (P=0.0033)
(Fig. 4). There was no significant tumor weight reduction be-
tween the positive control and the void nanoparticles (Fig. 4).

Biodistribution of Toremifene in Tumor and Other
Organs After Treatment

To compare the levels of toremifene in the tumors as a result
of the various treatments, toremifene levels were measured in
tumors at the end of the study. The concentration of
toremifene was also measured in blood, liver, and kidney
and compared with free toremifene and nano-encapsulated
toremifene without targeting. In tumors from animals treated
with nano-encapsulated toremifene conjugated with anti-
PSMA there was about a 15-fold increase of toremifene com-
pared to free toremifene (Fig. 5a and Table I). Serum from the
animals treated with nano-encapsulated toremifene with anti-
PSMA antibody showed a 9-fold increase of toremifene com-
pared with free toremifene (Fig. 5b and Table I). In the liver
and kidney, there was only a 4-fold increase of toremifene in
the nano-encapsulated toremifene conjugated anti-PSMA
treatment group compared to treatment with free toremifene
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Fig. 4 Nano—encapsulated toremifene conjugated with anti-PSMA reduced
prostate tumor weight significantly compared to other groups in nude mice
orthotopically implanted with prostate (PC3M) cancer cells. Data represent
mean tumor weight == SEM. The number of animals per group ranged from 7
to 8. #* P<0.01, *** P<0.0001. Abbreviations: NP nanoparticles; T
toremifene; NP-T nano-encapsulated toremifene; NP-T + PSMA nano-
encapsulated toremifene conjugated with anti-PSMA.

(Fig. 5c, d and Table I). In the animals treated with nano-
encapsulated toremifene, tumor and serum had a 3- to
4-fold increase, and liver and kidney showed a nominal
increase compared with free toremifene treatment
(Fig. 5 and Table I).

Comparing targeted versus non-targeted nano-encapsulat-
ed toremifene, there were statistically significant 5- to 6-fold

Fig. 5 Biodistribution of
toremifene in tumor, serum, liver,
and kidney after treatment with free
toremifene (T), nano-encapsulated
toremifene (NP-T), and nano-
encapsulated toremifene
conjugated with anti-PSMA (NP-T +
PSMA). Data represent mean =
SEM, n=7-8 mice per group. (a)
Tumor levels of toremifene. There
is about a | 5-fold increase in the
NP-T + PSMA group compared to

40 ;

30 4

20 1

Toremifene ng/gm* SEM

Orthotopic prostate tumor

increases in toremifene tumor levels and 2- to 3-fold
increases in toremifene levels in serum, but no statisti-
cally significant differences in either kidney or liver up-
take (Table I).
conjugated with anti-PSMA exhibited a remarkable in-
crease in toremifene levels by about 15-fold as compared to
free toremifene (Fig. 5a).

Hence, nano-encapsulated toremifene

Effect of Toremifene on Tumor Cell Necrosis

To study the wviability of the tumors, an indication of
the manifestation of disecase, H&E stained sections of
the tumors were analyzed. The control group showed
aggressive growth of the tumor cells, with a high num-
ber of mitotic figures and few necrotic areas (Iig. 6b1, b2,
and b3). After treatment with either nano-encapsulated
toremifene or nano-encapsulated toremifene conjugated with
anti-PSMA, tumors showed significant reduction in the sur-
vival rate of tumor cells and few mitotic figures along with
large necrotic areas (Fig. 6¢1, ¢2). Control group, void nano-
particles, and free toremifene treated groups showed highly
proliferating cells with few necrotic cells compared to
nanoformulations (Figs. 6 and 7). There were no significant
differences between nano-encapsulated toremifene and nano-
encapsulated toremifene conjugated with anti-PSMA anti-
body in terms of the necrotic area and the mitotic figures
(Fig. 7).
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Table 1 Biodistribution of Toremifene (—Folds Compared to Free Toremifene) in Prostate Tumor and Serum, Kidney, and Liver After Treatment With Non-
Targeted Nano-Encapsulated Toremifene Versus Targeted Nano-Encapsulated Toremifene Conjugated with Anti-PSMA

Group Toremifene level (—folds)

Tumor Serum Kidney Liver
Nano-encapsulated toremifene 3.73x0.67 27x03 [.51=0.11 223+0.13
Nano-encapsulated toremifene conjugated with anti-PSMA 14.87 =3.31%* 8.96 +0.8* 3.73x=0.45 4.37+0.24

Data represent mean (—fold changes of toremifene levels compared to free toremifene) = SEM, n=7-8 animals per group. *P <0.05, **P <0.01

Fig. 6 Representative H&E
histological staining of normal
prostate versus prostate tumor in
nude mice treated with toremifene,
nano-encapsulated toremifene, and
nano-encapsulated toremifene
conjugated with anti-PSMA.
Normal prostatic tissue (a)
illustrating a well-defined gland with
single layer epithelium, and clear
cytoplasm (Mag. 5x). Control
group (b1-b4). bl shows cancer
cells overgrowth with small necrotic
area (Mag. 5x). b2 shows an
invasion of the cancer cells to a
gland without destroying its
structure (Mag. 5. b3 shows a
total infiltration and destruction of
most of the gland by the cancer cells
(Mag. 5X). b4 shows an active
mitotic figure (arrow points to
anaphase stage) (Mag. 20 X).
(cl1—c2) cl shows a large area of
necrotic cells due to treatment with
nano-encapsulated toremifene
conjugated with anti-PSMA (Mag.
5X). €2 shows a large number of
cells with condensed chromatin and
shrunken nucleoli (Mag. 20X). A
few cells have already fragmented
and lost their membrane integrity.
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Fig.7 Nano-encapsulated toremifene conjugated with anti-PSMA significant-
ly increased the percentage of necrosis in the tumor tissues of the male nude
mice compared to other groups: PBS (control), void nanoparticles (NP), free
toremifene (T), nano-encapsulated toremifene (NP-T), or nano-encapsulated
toremifene conjugated with anti-PSMA (NP-T + PSMA). H&E stained sections
were analyzed by two independent investigators for necrosis and tumor areas.
The error bars show == SEM of each group. * P=0.0066, ** P<0.0001.

DISCUSSION

The present study shows that the efficacy of toremifene when
encapsulated in PLGA-PEG nanoparticles increased by 4-fold
compared to free toremifene in suppressing the prostate can-
cer tumor in this mouse model. Nano-encapsulated
toremifene conjugated with anti-PSMA antibody exhibited a
remarkable increase in toremifene levels (by several folds) in
the prostate tumor cells, confirming the targeted delivery ca-
pacity of this toremifene nanoformulation. This supports our
hypothesis that site-directed delivery of a nanoformulation (by
conjugating tumor-targeting ligands) encapsulating a chemo-
therapeutic drug (toremifene) can enhance the efficacy of the
drug by many folds due to the enhanced accumulation of the
drug in the cancer site (10,30). We successfully encapsulated
toremifene in nanoparticles and also conjugated them with
anti-PSMA and developed a method to quantitate the loading
level in the nanoformulation with HPLC and LC-MS/MS.

Expression of ERa and ERP has been reported to be dif-
ferently expressed in human prostate cancer cell lines, includ-
ing the androgen sensitive LNCaP (ERa—/ ERP +) and the
androgen-insensitive PC-3 (ERa +/ ERP +) and PC3M
(ERa +/ ERP +) (21,31). Here, at lower concentrations
(1020 uM), toremifene reduced PC3M cells’ viability
and proliferation. This strong inhibition with a low dose
of toremifene could be explained by the higher level of
expression of ERa on the stromal surface of the PC3M
cancer cells. This supports the idea that ERa is playing
a role in transcriptional stimulation and cellular prolif-
eration of the prostate cancer (23).

The use of orthotopic models of human prostate cancer in
the nude mouse replicates human disease with high fidelity
and allows for testing of novel treatment strategies as shown
here. Compared to the positive control (PBS group), mice
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treated with free toremifene showed a statistically significant
decrease of tumor growth (tumor weight) of orthotopically
implanted PC3M cells, reflecting the significant effect of free
toremifene in treating prostate cancer compared to a non-
treated group as reported by Raghow et al. in a prostate cancer
transgenic mice model (11). This effect could show the signif-
icant blockage of ERa and its important role in developing
and maintaining the growth of prostate cancer.

As per as our hypothesis, the nanoparticles encapsulating
toremifene and conjugated to anti-PSMA antibody were the
most significant treatment and inhibited the tumor growth.
The statistically significant growth inhibition between nano-
encapsulated toremifene and nano-encapsulated toremifene
conjugated with anti-PSMA antibody could mean that
PSMA is not only a diagnostic marker but a therapeutic target
as well. The biodistribution studies showed that nano-
encapsulated toremifene conjugated with anti-PSMA anti-
body had the highest concentration of the chemotherapeutic
drug (about 15-fold) in the tumor tissue when compared to the
free toremifene or nano-encapsulated toremifene without
conjugation (4-fold compared to free toremifene); these results
indicate that conjugation with anti-PSMA did target the
nanoparticles toward the prostate tumor effectively. Our null
hypothesis was accepted because both nano-encapsulated
toremifene and nano-encapsulated toremifene conjugated
with anti-PSMA antibody exhibited remarkably significant
inhibition of tumor growth that is correlated to the level of
toremifene delivered into the prostate tumor.

Histopathological studies showed that most of the excised
tumor masses from mice treated with nano-encapsulated
toremifene were necrotic, which showed the efficacy of the
nano-encapsulation of toremifene compared to its free form.

The data showed that nano-encapsulated toremifene con-
jugated with anti-PSMA antibody was better in terms of
targeting the therapy than both the free toremifene and
nano-encapsulated toremifene without anti-PSMA antibody.
In plasma, a high detectable level (9-fold more than free
toremifene) of toremifene in the anti-PSMA nano-encapsulat-
ed toremifene-treated animals was an indication of the high
bioavailability of the toremifene in the circulation. The slightly
high levels of toremifene (4-fold more than free toremifene) of
nano-encapsulated toremifene conjugated with anti-PSMA
antibody observed in liver and kidney could be due to high
metabolism of toremifene by the liver, the expression of
PSMA in renal tubule (32), the long half-life of PLGA-PEG
nanoparticles, or the continuous release of toremifene from
PLGA-PEG. Issues with hepatotoxicity and nephrotoxicity
may be possible and therefore reducing the dose of nano-
encapsulated toremifene conjugated with anti-PSMA anti-
body might be an alternative for optimal efficacy and safety.

Nano-encapsulated toremifene shows higher efficacy than
free toremifene in suppressing prostate cancer tumor growth
both w vitro and n viwo. Nano-encapsulated toremifene shows
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even higher efficacy when conjugated to a targeted moiety like
anti-PSMA specific to prostate cancer tumor. The encapsula-
tion of toremifene inside the nanoparticles provided more
efficient and targeted delivery to the prostate cancer tumor
than free toremifene. Our data provide evidence that blocking
ERa by toremifene and targeting the prostate cancer tissues
specifically by conjugating anti-PSMA antibody on the surface
of the nanoparticles repressed the tumorigenicity of prostate
cancer cells in this mouse model. Furthermore, targeted de-
livery of nanoconjugated (nano-targeted) toremifene caused
remarkably greater necrosis of the prostate cancer cells com-
pared with free toremifene. It follows that nano-targeted de-
livery approaches have potential to enhance the delivery of
toremifene to multiple targets of prostate cancer and improve
its efficacy. Additionally, nano-targeting is expected to provide
tumor-guided imaging for personalized monitoring of the op-
timal duration of therapy that leads to maximal eradication of
the tumor.

CONCLUSION

Toremifene significantly reduces growth of PC3M cells i vitro
and i viwo, and prostate cancer nano-targeted toremifene in-
creased its anticancer efficacy and caused greater necrosis of
the cancer cells as compared to free toremifene in this
orthotopic mouse model.
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