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Abstract

Advanced-stage cancers often metastasize to bone, and is the major cause of cancer-related 

morbidity and mortality. Due to poor biodistribution of intravenously administered anticancer 

drugs within the bone, chemotherapy is not optimally effective in treating bone metastasis. 

Additionally, overexpression of receptor activator of nuclear factor κB ligand (RANKL) in the 

bone microenvironment drives the vicious, destructive cycle of progression of bone metastasis and 

bone resorption. We hypothesized that the combination treatment — with docetaxel (TXT), an 

anticancer drug encapsulated in sustained release biodegradable nanoparticles (TXT-NPs) that are 

designed to localize in bone marrow, and denosumab monoclonal antibody (DNmb), which binds 

to RANKL — could be more effective than either treatment alone. We tested our hypothesis in 

intraosseous prostate cancer (PC-3) cell-induced osteolytic mouse model of bone metastasis with 

treatments given intravenously. The results demonstrated better efficacy with TXT-NPs than with 

TXT-CrEL or saline control in inhibiting progression of metastasis and improving survival. TXT-

NPs showed ~3-fold higher drug levels in metastasized bone tissue at 1 wk post-administration 

than TXT-CrEL, thus explaining their efficacy. However, the combination treatment (TXT-NPs + 

DNmb) given simultaneously was significantly more effective in inhibiting metastatic progression; 

it caused early tumor regression and improved survival, and caused no body weight loss or tumor 
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relapse, even when the treatment was discontinued, whereas TXT-NPs or DNmb alone treatments 

showed tumor relapse after an initial regression. Micro-CT analysis of the bone from the 

combination treatment showed no bone loss and normal bone mineral content, bone density, and 

bone volume fraction, whereas TXT-NPs or DNmb alone treatments showed bone loss. 

Confirming the above results, histochemical analysis of the bone from the combination treatment 

demonstrated normal bone morphology, and osteoblast and osteoclast cell activities. In conclusion, 

TXT-NPs and DNmb in combination, because of their complementary roles in breaking the cross 

talk between cancer cells and bone cells, was significantly effective in treating bone metastasis.

Graphical Abstract

Keywords

Tumor; Drug Delivery; Nanocarriers; Biodegradable Polymers; Sustained Release; Imaging

INTRODUCTION:

Bone is a common site for metastasis in a number of human cancers because of the relatively 

slow blood flow through bone marrow and the presence of adhesion receptors on bone 

marrow capillary endothelial cells that support cancer cell localization in the bone [1, 2]. 

These traits, together with the bone marrow environment, which is rich in growth factors and 

cytokines, promote the progression of bone metastasis [3, 4]. Among cancers that 

metastasize to the bone, prostate and breast cancer present with significantly high incidence. 

About 10% of newly diagnosed prostate cancer patients present with bone metastasis, 

increasing to ~80% at advanced stages of the disease [5, 6]. The 5-year survival rate of 

patients with bone metastasis is very low compared to when the disease is localized (20% vs. 

100%) [7]. Consequences of bone metastasis are often devastating; it affects bone 

remodeling, causes bone pain, fractures and nerve compression, and is the primary cause of 

prostate and breast cancer-related morbidity and mortality [8].

Since bone is less perfused (7% of cardiac output goes to bone vs. 30% to the liver) [9], 

intravenously administered anticancer drugs in solution do not achieve optimal levels at 

bone metastatic sites to inhibit tumor growth. A significant fraction of the administered drug 
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is either excreted/metabolized or accumulates in other more perfused body compartments/

tissue prior to reaching the marrow in sufficient doses [10]. Further, in cancer-infested bone, 

receptor activator of nuclear factor-κB ligand (RANKL) is involved in a vicious, destructive 

cyclic feedback loop between cancer cells and bone cells (osteoblasts and osteoclasts), 

causing bone resorption and progression of bone metastasis [11, 12]. Therefore, along with a 

new approach to effectively deliver anticancer drugs to the bone, a novel mechanistic 

approach is needed for effectively treating bone metastasis.

Previously, we have demonstrated that biodegradable nanoparticles (NPs) of specific 

physical properties (size and zeta potential) are effective in localizing to tumor mass in the 

bone marrow [10]. Further, these NPs delivering paclitaxel (PTX) following intravenous 

injection slowed progression of bone metastasis better than untreated control or PTX 

delivered using Cremophor EL (PTX-CrEL), but did not cause tumor regression [10]. In this 

study, we evaluated docetaxel (TXT), as it is more potent than PTX, and is also the drug of 

choice for treating prostate cancer [13]. Denosumab (DNmb), a monoclonal antibody, binds 

to RANKL and thus can downregulate osteoclast differentiation and activity [1, 14]. Hence, 

we hypothesized that delivery of TXT in NPs in a combination treatment with DNmb — 

because of their complementary roles — could effectively inhibit the progression of bone 

metastasis and hence bone loss. Our data demonstrated that the combination of TXT-NPs 

and DNmb acted synergistically to inhibit progression of bone metastasis, prevented bone 

loss, improved animal survival, and caused no tumor relapse even after the treatment was 

discontinued. Also, the animals treated with the combination showed normal bone histology 

and osteoclast/osteoblast cell activities.

MATERIALS AND METHODS

Materials:

Poly (D,L-lactide co-glycolide, 50:50; 0.69 dL/g PLGA) of inherent viscosity was purchased 

from LACTEL Absorbable Polymers (Birmingham, AL). Poly (vinyl alcohol) (PVA; 87–

90% hydrolyzed, M.W. 30,000–70,000), (+)-Tartaric acid dimethyl ester (DMT), sodium 

azide, and Cremophor EL (CrEL) were purchased from Sigma-Aldrich (St. Louis, MO). 

Docetaxel (TXT) was obtained from Fisher Scientific (Pittsburgh, PA). Cell-culture media, 

Dulbecco’s phosphate-buffered saline (DPBS), penicillin, and streptomycin were purchased 

from the Central Cell Services Media Laboratory at our institution. The CellTiter 96® 

AQueous One Solution Cell Proliferation Assay (MTS) was purchased from Promega 

(Madison, WI). All organic solvents used were of HPLC grade.

Formulation of TXT-NPs:

In a typical preparation, 80 mg PLGA, 10 mg DMT, and 10 mg TXT were dissolved in 3 mL 

chloroform in a glass vial by stirring at 1,000 rpm on a magnetic stir plate overnight at room 

temperature. The vial was wrapped with aluminum foil to protect the drug from light. DMT, 

a plasticizer and pore-forming agent, was used to facilitate release of the encapsulated drug 

from NPs [15]. The above polymer-drug solution was emulsified into 3% w/w PVA solution, 

first by vortexing for 1 min followed by sonication for 5 min on an ice bath using a probe 

sonicator at 40% (Qsonica LLC, Model Q500, Newtown, CT) to form a water-in-oil (w/o) 
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emulsion. The above emulsion was stirred overnight (~18 h) at room temperature on a 

magnetic stir plate at 600 rpm in a fume hood set at a face velocity of 220 fpm, followed by 

stirring in a vacuum desiccator for 1 h to ensure removal of chloroform. The formed NPs 

were recovered by ultracentrifugation at 45,000 rpm (Rotor 50.2Ti, Beckman L80, Beckman 

Coulter, Inc., Brea, CA) at 4 °C for 45 min. The supernatant was discarded, and the pellet 

was re-suspended in 7 mL of MilliQ water first by vortexing and then sonicating as above 

for 5 min. The final dispersion was centrifuged at 4,000 rpm for 10 min at 4 °C (Sorvall 

Legend RT Centrifuge, Thermo Electron Corp., Waltham, MA) to remove any larger 

aggregates if present. The supernatant was lyophilized for 2 days at −48 °C, 3.5 Pa 

(FreeZone 4.5, Labconco Corp., Kansas City, MO). An identical protocol was used to 

formulate control NPs but without adding drug into the polymer solution. The formulation 

of NPs was stored at −20 °C until further use.

Physical characterization of NPs:

Mean hydrodynamic diameter and zeta potential of NPs were determined using Nicomp 380 

ZLS (Particle Sizing Systems, Santa Barbara, CA). For this, the lyophilized formulation of 

NPs was dispersed in MilliQ water (5 mg/mL) and sonicated for 30 sec on an ice bath using 

a probe sonicator as above. The sample was diluted to 1:200 v/v in MilliQ water prior to 

sizing. The size of NPs was measured at a scattering angle of 90° at 25 °C. The undiluted 

sample was used to measure zeta potential in the phase-analysis mode and the current mode 

at a scattering angle of −14°. For transmission electron microscopy (TEM), a drop of NP-

dispersion in water (~500 (μg/mL) was placed on a 200 mesh Formvar-coated TEM grid 

with a size of 97 μm (TED PELLA, Redding, CA). The sample was negatively stained with 

2% w/v uranyl acetate solution for a min, washed with sterile MiliQ water and air dried for 3 

h. The sample was imaged at 200 kV (Philips 201 TEM, Philips/FEI Inc., Briarcliff Manor, 

NY). The mean NP diameter was determined from 14 different images using Image J 

software.

TXT loading in NPs:

To 10 mg TXT-NP formulation, 5 mL methanol was added, and the sample in a closed glass 

vial was kept on a shaker for 48 h at 37 °C (Environ Orbital Shaker, LabLine, Melrose Park, 

IL). The sample was then centrifuged at 4,000 rpm for 10 min at 4 °C (Sorvall Legend RT 

Centrifuge, Thermo Electron Corp., Waltham, MA). The supernatant (1.5 mL) was carefully 

withdrawn into a 2 mL microcentrifuge tubes and centrifuged at 14,000 rpm (Eppendorf 

5418 R, Hauppauge, NY) for 10 min at 4 °C; 1 mL of the supernatant was taken for HPLC 

analysis as described below.

TXT release from NPs:

The in vitro release of TXT from NPs was carried out in double diffusion chambers 

separated by a Millipore hydrophilic membrane of 0.05 μm porosity (VMWP01300 EMD 

Millipore, Burlington, MA). Each donor chamber was filled with 2.5 mL of TXT-NP 

suspension (1 mg/mL) in a pH 7.4 mannitol citrate buffer containing 0.1% (w/v) Tween-20 

(Sigma) and 10% ethanol to maintain sink condition, and 0.1% sodium azide as a 

preservative. The receiver chamber was filled with buffer without NPs. Diffusion cells were 

covered with aluminum foil to avoid drug degradation by light and then placed on an 
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Environ orbital shaker (LabLine, Melrose Park, IL) rotating at 100 rpm at 37 °C. At different 

time intervals, the entire content of each receiver chamber was removed and replaced with 

fresh buffer. The samples collected from each receiver chamber was lyophilized separately 

for 2 days at −48 °C, 3.5 Pa (FreeZone 4.5, Labconco Corp., Kansas City, MO). To extract 

drug from the lyophilized samples, 5 mL of methanol was added and kept on an orbital 

shaker for 48 h at 37 °C; the samples were centrifuged at 4,000 rpm for 10 min at 4 °C, and 

the supernatant (2 mL) was carefully drawn into an Eppendorf tube and centrifuged at 

14,000 rpm for 10 min at 4 °C. The supernatant (250 μL) was collected in polypropylene 

micro vials with snap cap (Fisher Scientific) and quantified using HPLC-MS/MS as 

described below. At the end of the release study, to analyze the drug bound to diffusion 

chambers, they were filled with methanol and incubated at room temperature for an hour. 

Separately, membranes were soaked in 2 mL methanol for an hour. The methanolic-wash 

from the chambers and membranes were collected separately in a 2 mL Eppendorf tube and 

processed for quantification as described below using HPLC-MS/MS.

Analytical methods:

Drug loading in NPs was determined using HPLC (Shimadzu Scientific Instruments, Inc., 

Columbia, MD). The HPLC conditions were: mobile phase – methanol: acetonitrile: water 

(50:30:20 v/v); flow rate – 1mL/min; detector UV; wavelength – 230 nm. injection volume – 

25 μL; retention time – 4.1 min. Reverse phased C18 column (Supelcosil; dimension – 25 

cm × 4.6 mm; porosity 5 μm) purchased from Sigma-Aldrich. Standard plot: 0 μg to 1000 

μg/mL was linear. Due to lower drug concentrations in the released samples, they were 

analyzed using HPLC-MS/MS. The system consisted of an HP1200 series binary pump with 

an online degasser, autosampler, and column heater (Agilent Technologies, Wilmington, 

DE). The column used was an Agilent XDB-C18 1.8 μm, 50 × 4.6 mm analytical column. 

The column heater was operated at 40 °C. Two eluents were used: eluent A contained water 

with 0.1% formic acid, and eluent B contained acetonitrile with 0.1% formic acid. A 

gradient was formulated as follows: 20% B to 90% B over 10 min, hold at 90% B for 5 min, 

and return to 20% B for 5 min. The flow rate was 500 μL/min. The mass spectrometer used 

was a 3200 Q TRAP® hybrid triple quadrupole/linear ion trap mass spectrometer, with a 

Turbo V™ ion source (SCIEX, Concord, Ontario, Canada). The source was operated in the 

Turbo IonSpray mode with instrument parameters including curtain gas: 10.00, ion spray 

voltage: 4500 V, temperature: 600 °C, nebulizer gas: 50.00, and heater gas: 50.00. The 

instrument’s triple quadrupole mode was employed and a single MRM transition of 830.3 

m/z to 304.1 m/z was collected. The declustering potential was 90 V, the collision energy 

was 29 V, and the dwell time was 100 msec. The integrated switching valve was configured 

to divert HPLC flow to waste rather than the ion source for the first 7 min to prevent 

unrelated compounds from fouling the ion source. A standard plot of TXT-NP in buffer 

(TXT dose: 0–10 μg/mL; R2 = 0.97) was prepared under identical conditions.

The HPLC-MS/MS system used for tissue TXT analysis included a Vanquish UHPLC 

binary pump with an on-line degasser, autosampler, and column heater and a TSQ Quantiva 

triple quadrupole mass spectrometer with a heated electrospray (H-ESI) ion source (Thermo 

Fisher Scientific, Waltham, MA). The column used was an Agilent ZORBAX Eclipse XDB-

C18, 4.6 × 150 mm, 5 μm analytical column (Agilent Technologies, Santa Clara, CA). Two 
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eluents were used: eluent A contained water with 0.1% formic acid and eluent B contained 

50:50 acetonitrile/isopropanol with 0.1% formic acid. A gradient was formulated as follows: 

20%B to 90% B over 10 min, hold at 90% B for 5 min, and return to 20% B for 5 min. The 

flow rate was 800 μL/min. Mass spectrometer source parameters included a positive spray 

voltage of 3500 V, sheath gas of 60 units, aux gas of 15 units, sweep gas of 2 units, ion 

transfer tube temperature of 380 oC, and vaporizer temperature of 350 oC. Four positive ion 

SRM precursor/product ion pairs were collected: TXT; 808.4/105 m/z and sodium adduct of 

TXT. Sodium adduct which gave higher sensitivity was used for tissue drug amount 

calculation. Collision energies were 40 V for non-sodium adducts and 30 V for sodium 

adducts. The integrated switching valve was configured to divert UHPLC flow to waste 

rather than the ion source for the first 7 min to prevent unrelated compounds from fouling 

the ion source.

Cytotoxicity study in cell culture:

Androgen receptor (AR) +ve (LNCaP and C42) and -ve (PC3 and DU 145) prostate cancer 

cells were maintained in RPMI-1640 cell culture media supplemented with 10% fetal bovine 

serum (Gibco BRL, Grand Island, NY) and 100 μg/mL penicillin G and 100 μg/mL 

streptomycin. Cells were cultured in 100 mm cell culture dish and maintained at 37 °C in a 

humidified and 5% CO2 atmosphere. After two passages, the cells were seeded into 96-well 

plates 24 hrs prior to drug treatments. Depending upon the protocol and cell line, seeding 

cell density was adjusted so that controls (untreated cells) did not become over-confluent. 

The cells were treated with either TXT in solution (stock; 5 mg/mL in ethanol dissolved in 

cell culture media) or TXT-NPs dispersed in cell culture media. First, a stock dispersion of 

TXT-NPs (5 mg/ml) in MilliQ water was prepared with sonication as above. The stock was 

diluted in cell culture medium to achieve desired concentrations. For the treatment, medium 

in 96-well plates was replaced with 0.1 mL medium containing drug (TXT-solution/TXT-

NPs); the cells were incubated for 72 h prior to measuring cell viability using MTS assay. 

For experiments lasting over 5 d and 7 d post-treatment, the cells were washed at 72 h with 

1xDPBS, and drug-free culture media was replaced every 48 h until the end point (5 or 7 d). 

For each treatment, IC50/75/90 were calculated by non-linear curve fit (logistic) using 

OriginPro 8 (OriginLab Corp., Northampton, MA).

Intraosseous model of prostate cancer and treatments:

The Cleveland Clinic’s Institutional Animal Care and Use Committee approved all animal 

procedures, and these were carried out according to Federal and internal guidelines. 

Athymic nude mice (nu/nu) of 5–7 weeks age were purchased from Envigo (Indianapolis, 

IN). Bone metastasis was induced by injecting PC-3-luc (human prostate cancer cells 

expressing luciferase gene; Caliper Life Sciences, Hopkinton, MA) as per our previously 

described protocol1. Briefly, 5 × 105 PC-3-luc cells were harvested from 150 cm2 cell 

culture dish (Becton Dickinson Labware, Franklin Lakes, NJ) and suspended in 20 μL D-

PBS. The cell suspension was then injected into the lumen of the right tibia of mice using 

0.1 mL Hamilton syringe with 301/2 gauge needle (Hamilton Company, Reno, NV). Tumor 

induction and its progression was monitored by measuring bioluminescence signal intensity 

(photons per second per square centimeter steradian; [p/s/cm2/sr]). For bioluminescence, 

animals were imaged 15 min following intraperitoneal injection of luciferin (200 mg/kg; 
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VivoGlo™ Luciferin, Promega, Madison, WI) using IVIS® Lumina II (PerkinElmer, 

Waltham, MA). To optimize the treatment schedule, animal studies were carried out in a 

sequential order. Based on the results, the treatments were modified to optimize therapeutic 

effect. All of the treatments were given intravenously via tail vein injection. In the 

combination treatment, both TXT-NPs and DNmb were given simultaneously. In addition to 

tumor growth as measured from bioluminescence signal intensity, animals were monitored 

for body weight and survival.

Mice were euthanized immediately if one of the following was observed: weight loss of 

20%; tumor burden makes locomotion difficult; tumor ulcer; necrosis; or bleeding. Mice 

showing generalized signs of poor health such as dehydration, cachexia, lethargy, or 

hunched posture were also euthanized, and these animals were counted as dead in the 

survival data. A representative animal from different treatment groups was used for Micro-

computed tomography (micro-CT) imaging to determine bone loss. The micro-CT data were 

also used to analyze bone mineral content, bone mineral density, and bone volume fraction. 

Additionally, the bone sections were analyzed for morphology, using histochemistry for 

alkaline phosphatase and tartrate-resistant acid phosphatase (TRAP) enzymatic activities.

Group I:

The purpose was to determine: a) the effect of a single dose of TXT-NPs on tumor growth 

regression; b) at what time point the tumor shows the relapse, and c) whether subsequent 

treatments are effective in regressing tumor growth. Mice were divided into two groups: 

treated with TXT-NPs (12 mg/kg TXT dose equivalent NPs) and saline control.

Group II:

Based on the results of Group I, the dosing frequency of TXT-NPs was modified to once in 

every 4 wks. The objective was also to determine: a) how effective is regular dosing on 

tumor regression and b) whether there is a tumor relapse after the initial regression and when 

the treatment was discontinued. Mice were divided into two groups: treated with TXT-NPs 

(12 mg/kg TXT dose) and saline control.

Group III:

The purpose was to determine: a) the effectiveness of the combination treatment on tumor 

regression and b) whether there is tumor relapse after the regression when the treatment is 

discontinued. Mice were divided into four groups: DNmb alone (3 mg/kg, as IV injection), 

TXT-CrEL (12 mg/kg), combination of DNmb (3 mg/kg) + TXT-NPs (12 mg/kg) given 

simultaneously, and saline control.

Group IV:

The purpose was to re confirm the efficacy of the combination treatment. In this group, 

PC-3-luc cells used for tumor inoculation were doubled (5×105 vs. 1×106 ) to determine the 

treatment response when tumor cell burden in the marrow is higher. The treatment groups 

included the combination of DNmb (3 mg/kg) + TXT-NPs (12 mg/kg) or TXT-NPs (12 

mg/kg) and saline control.
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Micro-CT imaging and analysis to determine bone resorption:

Mice were scanned on a GE Locus RS in vivo Micro-CT (General Electric Company; 

Boston MA) equipped with a rotating gantry. Images were obtained using an X-ray tube 

voltage of 80 kV, a tube current of 450 μA and with exposure time of 400 ms. The detector 

binning was set to achieve an isotropic voxel resolution of 45 μm. Using a 1° angle of 

increment, 360 raw data projections were acquired. Then, 2 frames per degree were averaged 

for a resultant image that was later utilized for reconstruction. Reconstruction of images was 

performed by GE algorithms using a 16-core cluster UNIX PC.

Bone structure and mineral density metrics were evaluated using GE Microview software. 

For each animal, both right and left tibiae were evaluated for bone losses or gains. Post-

acquisition reconstructed micro-CT volumes were calibrated using air, a solid water 

phantom, and a cortical bone phantom. The micro-CT volume grayscale values (correlated 

to Hounsfield units) were normalized to the phantom so that a standard grayscale threshold 

level could be applied to all volumes for bone metrics. Regions of interest were manually 

selected using the software splining tools for subsequent analysis and generation of global 

threshold-based metrics.

Bone tissue processing:

Hind limbs were recovered from euthanized mice and overlying skin was removed. The 

lower hind limb was isolated from the upper hind limb by sharp dissection at the knee joint. 

The lower hind limb was cut below the tibia/fibula synostosis using a Mar-Med Diamond 

Band Bone Saw (MarMed Inc., Cleveland, OH) in order to provide an opening to the 

medullary cavity so that fixative and other reagents would have access to the internal tissue 

compartments within the tibia/fibula. These samples were then fixed in neutral-buffered 

formalin (NBF) for 3 days at 4 °C. Samples were then transferred to ice-cold phosphate-

buffered saline (PBS) to wash away excess NBF. Samples in PBS were then transferred to 

sterile 30% (w/v) sucrose for infiltration overnight. Samples were then positioned in a cryo-

mold and frozen-embedded in OCT. Frozen tissue blocks were stored at −80 °C until cryo-

sectioning. Frozen tissue blocks were cryo-sectioned at 5 microns thickness by a 

modification of the Dymet et al. (2016) bone cryo-sectioning procedure [16] using 

Kawamoto cryo-film [17]. Sections were stored flat at −20 °C until ready for staining.

Bone tissue histology:

Frozen sections were thawed and OCT/sucrose were washed away with PBS. Hydrated 

sections were stained using an aqueous method via a combination of von Kossa (bone), 

Alcian Blue (cartilage) and Nuclear Fast Red (cells and soft tissues) staining. Sections were 

stained with 1% silver nitrate solution under fluorescent lighting for a minimum of 6 hrs, 

rinsed in distilled water, exposed to 5% sodium thiosulfate for 5 min to remove un-reacted 

silver, rinsed in distilled water, stained in 3% Alcian blue for 30 min, rinsed in distilled 

water, counterstained in 0.1% Nuclear Fast Red, rinsed in distilled water and then mounted 

in FluorSave (EMD Millipore; #345789) mounting medium, cover-slipped and sealed with 

clear nail polish.
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Enzyme biomarker staining:

Frozen sections were thawed and OCT/sucrose were washed away with PBS. Hydrated 

sections were stained for alkaline phosphatase activity (osteoblast biomarker) using a Vecta-

Red staining kit (Vector labs; SK-5100) as per manufacturer’s instructions for 20 minutes at 

room temperature. Sections were counterstained with DAPI (1 μg/mL) for 10 min at room 

temperature to detect cell nuclei and then mounted in FluorSave mounting medium, cover-

slipped and sealed with clear nail polish. Other frozen sections were thawed and OCT/

sucrose were washed away with PBS. Hydrated sections were stained for tartrate-resistant 

acid phosphatase activity (osteoclast biomarker) using an ELF-97 Endogenous Phosphatase 

staining kit that included 5 mM levamisole as an alkaline phosphatase inhibitor (Thermo 

Fisher; E6601) as per manufacturer’s instructions for 15 min at room temperature. Sections 

were counterstained with DAPI (1 μg/mL) for 10 min at room temperature to detect cell 

nuclei and then mounted in FluorSave mounting medium, cover-slipped and sealed with 

clear nail polish.

Analysis of TXT level in bone tumor tissue:

TXT-NPs or TXT-CrEL were administered via tail vein at 12 mg/kg drug equivalent dose. 

One week following drug administration, tumor bearing legs were resected from hip to ankle 

joint. Because of integration of tumor tissue with muscles and bones, it was difficult to 

isolate tumor tissue only. Following removal of the skin, harvested tissue were pressed on a 

blotting paper to remove any residual blood, weighted, chopped into small pieces, 

homogenized in tissue lysis buffer (Radioimmunoprecipitation assay buffer, Sigma) using 

tissue homogenizer (Minilys, Bertin Instruments, Bretonneux-France), lyophilized for 48 

hrs. Drug from tissue was extracted in 5 mL methanol for 48 hrs at 37 °C by placing samples 

on an orbital shaker (100 rpm), the samples were centrifuged, first at 4,000g for 10 min at 

4 °C and then aliquots of the supernatants at 16,000g for 10 min at 4 °C using a 

microcentrifuge. The supernatants were analyzed for TXT levels using LC-MS/MS (see 

details above under analytic methods). Standard plots were for TXT-NPs and TXT in 

methanol were used to determine tissue TXT levels. The data were normalized to per g 

tissue weight.

Statistical Analysis:

Data are expressed as the mean ± s.e.m. Statistical significance between untreated and 

treatment groups were calculated using GraphPad Prism version 7 for Windows. Tumor 

growth as determined from bioluminance signal intensity and body weight data were 

analyzed using unpaired t-test with Welch’s correction. Animal survival data was plotted 

using Kaplan-Meier method, and statistical significance was determined using Log-rank 

(Mantel-Cox) test. Differences were considered significant for p< 0.05.

RESULTS

Physical characteristics of NPs:

The mean hydrodynamic diameter of drug-loaded NPs was 252 ± 21 nm (Figure 1a) with 

polydispersity index of 0.07 ± 0.02 and zeta potential of −0.6 ± 0.2 mV (n=7). The 
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polydispersity index <0.1 indicates uniform size distribution of NPs. The mean TEM 

diameter of drug-loaded NPs was 60 ± 2.1 nm (n=200) (Figure 1b). Control NPs (without 

drug) were also of similar properties as drug-loaded NPs (mean hydrodynamic diameter of 

314 ± 2.5, polydispersity index = 0.09 ± 0.02, zeta potential = −0.33 ± 0.2 mV, n=4). The 

TXT loading in NPs was 9.5 ± 0.13% w/w with an encapsulation efficiency of 94.7 ± 1.4% 

(n=7). The drug release followed an initial burst phase, with 30% cumulative release 

occurring in 1 day, 60% cumulative release in 3 days, and 75% in 8 days, with insignificant 

release thereafter (Figure 1c). When analyzed at the end of the release study, 5.6% of the 

drug remained in the donor chambers and ~0.4% remained bound to the membranes and 

donor/receiver chambers after they were emptied and rinsed. Thus, there is about ~18% of 

the drug that was not accountable, which appears to be the fraction that has degraded during 

the release study. The HPLC analysis of the released samples, particularly those collected at 

later time points, showed additional peaks; these peaks, when combined with drug peaks, 

showed the cumulative drug release to be almost 100%.

Cytotoxicity with TXT-NPs:

In general, TXT-NPs required a higher equivalent drug dose than TXT-solution to achieve 

the same level of cytotoxicity, although this difference was minimal in AR -ve PC-3 and 

DU145 cells compared with AR +ve LNCaP and C42 cells. Cytotoxicity was also cell-line 

dependent, with AR −ve cells showing better sensitivity to the treatment than AR +ve cells 

(Table 1). Since NPs are a sustained release formulation, the dose required to achieve the 

same level of cytotoxicity as compared to the drug solution is anticipated to be higher. 

Control NPs had no effect on cell cytotoxicity and followed the same growth curve as that of 

the cells grown in culture medium without any treatment.

Efficacy of treatments in bone metastasis model:

Following confirmation of tumor induction from the bioluminance signal, animals received 

the first intravenous dose of treatment at ~1 wk post-tumor inoculation. The purpose of the 

Group I experiments was to determine at what time point tumor begins to regrow after 

receiving the first dose of TXT-NPs, and whether the subsequent treatments are effective in 

suppressing tumor growth. The data show that tumor begins to grow at 8 wks after receiving 

the first dose of TXT-NPs. The subsequent treatment with TXT-NP at 8 wks suppressed the 

tumor growth, but it began to re-grow at 12 wks. The treatment at 14 wks with TXT-NP was 

not significantly effective in suppressing tumor growth (Figure 2a). The animals in the 

treatment groups gained weight until 8 wks, but not thereafter (Figure 2b). All the animals in 

the saline group died at 12 wks; however, no mortality was seen in the treated group until 12 

wks, but it reached 60% by 20 wks (Figure 2c). The animals that survived until the end of 

the study also showed high tumor burden (Figure 2c).

The results of the Group I study suggested that the effect of PTX-NPs lasts for ~5–6 wks, as 

tumor begins to regrow thereafter and the subsequent treatments are less effective. 

Therefore, we reasoned that the treatment at an interval of 4 wks, which is just before tumor 

begins to regrow, could be more effective than after the tumor regrowth. Therefore, the 

animals in Group II received TXT-NPs dosing once every 4 wks. Based on the bioluminance 

signal, these animals showed almost complete tumor regression after receiving the last dose 
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at 21 wks, but tumor relapse occurred at 42 wks. Animals in the treatment group gained 

weight until 21 wks, but showed weight loss thereafter. Overall, the survival of treated 

animals was 60% until 44 wks, whereas all the animals in saline control died at 16 wks 

(Figure 3).

The results of the Group II study showed overall better outcome in terms of tumor growth 

inhibition and survival as compared with the results of Group I study; however, tumor 

relapsed occurred after a gap of ~20 wks since receiving the last dose at 21 wks (Figure 3a). 

Also, after receiving the last dose at 21 wks, animals showed body weight loss (Figure 3b), 

and mortality increased although the tumor burden during 21–37 wks was significantly low 

(Figure 3c). Compared with saline control, the treatment with TXT-NPs every 4 wks was 

effective in regressing tumor growth and improving survival (100% mortality in the saline 

control vs. no mortality in the TXT-NP-treated group at 16 wks); however, weight loss and 

increased mortality beyond 21 wks could potentially be due to drug toxicity with a total of 6 

doses of the treatment (Figure 3b and c). The animals that survived until the end of the study 

also showed high tumor burden.

In the Group III study, the combination treatment (TXT-NPs + DNmb) was tested along with 

other treatments for comparison, and the total treatment doses were reduced from 6 used in 

Group II study to 4 given once every four weeks. The data show that the combination 

treatment was most effective in suppressing tumor growth even after receiving the first dose 

of treatment. DNmb-alone treatment caused tumor growth suppression after four doses but 

showed tumor relapse at 36 wks. The combination treatment did not show tumor relapse 

even when the treatment was discontinued after the last (4th) dose at the13th week. The 

animals treated with TXT-CrEL showed early mortality (100% animal death at 11 wks), 

which was slightly better than saline control (100% animal death at 7 wks). DNmb-alone-

treated animals exhibited tumor growth suppression and gained weight but showed tumor 

relapse and 60% mortality by 40 wks (Figure 4).

To reconfirm the efficacy of combination treatment, the Group IV animals received the same 

combination treatment as in Group-III, but included TXT-NPs treatment for comparison 

(which was not included in Group III but was used in Group II). The number of cells used 

for tumor induction was double that used in previous experiments. In this repeat study, the 

combination treatment showed a similar outcome in terms of tumor growth inhibition, body 

weight gain, and survival as in Group III. Treatment with TXT-NPs was also effective, but as 

shown in the Group II study, it showed tumor relapse once the treatment was discontinued 

(Figure 5).

In brief, the above animal data from different treatment groups demonstrated better efficacy 

of the treatment with TXT-NPs than with TXT-CrEL in reducing toxicity (based on weight 

loss) and improving survival. The combination treatment (TXT-NPs + DNmb) was 

significantly more effective in inhibiting metastatic progression, maintaining weight gain, 

and improving animal survival. The combination treatment caused early tumor regression, 

whereas TXT-NPs or DNmb alone-treatments required multiple dosing to achieve tumor 

regression. Further, there was no tumor relapse with the combination treatment even when it 
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was discontinued, whereas TXT-NPs or DNmb-alone treatments showed tumor relapse after 

an initial regression.

The micro-CT analysis at 9 wks showed bone loss in the untreated control but not in the 

TXT-NP-treated animal. However, at 25 wks, the TXT-NP-treated animal showed signs of 

bone loss, but not the animals treated with the combination (TXT-NPs + DNmb). The 

animals treated with DNmb alone showed bone loss at both early (9 wks) and late (40 wks) 

stages when there is a tumor replace (Figure 6). Further, the animals treated with the 

combination demonstrated similar bone mineral content, bone density, and bone volume 

fraction as that of the contralateral bone or the bone of the control animal that was not 

inoculated with tumor cells (Table 2).

The histochemical analyses of the bone of the combination treated-animal demonstrated 

normal bone morphology and alkaline phosphate activity (a marker for osteoblasts) and 

tartrate-resistant acid phosphatase (TRAP) activity (a marker for osteoclasts) (Figure 7).

TXT levels in bone tumor tissue:

The results show ~3-fold greater drug levels in metastasized bone tissue in animals treated 

with TXT-NPs than with TXT-CrEL at one-week post-administration (Figure 8).

DISCUSSION:

Bone metastases occur in more than 1.5 million patients with cancer worldwide. Without an 

effective treatment, metastasis remains a major cause of morbidity and mortality. Our results 

in an animal model of bone metastasis show that the combination treatment with TXT-NPs 

and DNmb, given simultaneously once every four weeks for a total of four injections, was 

effective in regressing tumor growth, thus preventing bone loss and improving survival. The 

important finding was that the combination treatment did not cause tumor relapse even when 

the treatment was discontinued, and retained normal bone morphology and bone cell 

activities.

The efficacy of the combination treatment can be attributed to the formulation characteristics 

of TXT-NPs and the mechanistic rationale for delivering these NPs in combination with 

DNmb. Previously, we have demonstrated that the NPs with neutral zeta potential are more 

effective in localizing to bone marrow than the NPs with anionic or cationic zeta potential 

[10]. This is because neutral NPs have reduced interactions with serum proteins and hence 

are not opsonized to the same extent as cationic or anionic NPs [18]; therefore, neutral NPs 

remain in circulation longer and can extravasate through the fenestration in the bone marrow. 

The NP size also played a critical role since the openings in bone fenestrations are typically 

170 nm [19, 20]. Although the mean hydrodynamic diameter of our NPs is larger than the 

opening in fenestrations, there is a major fraction of TXT-NPs that is lower than 170 nm 

(Figure 1a). However, the TEM diameter (60 nm), which is measured in a dry state, is 

significantly below the opening in the bone marrow fenestrations (Figure 1b). The 

hydrodynamic diameter is measured in a hydrated state which, in this case, includes 

hydration of the PVA associated with NP surface that can significantly add to the 

hydrodynamic diameter of NPs [21]. We have previously reported the discrepancy between 
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the TEM and hydrodynamic diameters of PLGA-NPs formulated using PVA as an emulsifier 

[22].

Nonetheless, the efficacy of the TXT-NPs is evident, as they show better effect on tumor 

regression and improved survival, and less body weight loss than saline control animals 

(Figures 2 and 3) or those treated with TXT-CrEL (Figure 4). This is also evident from the 

significantly greater median survival time for TXT-NPs vs. saline or TXT-Cr-EL-treated 

animals (saline group = 9.5 wks, TXT-CrEL = 9 wks, TXT-NPs > 48 wks). The results show 

that TXT-CrEL treatment has no effect on median survival time as compared with saline 

control animals. Despite better outcomes with the TXT-NPs than with saline or TXT-CrEL-

treated animals, our data show that the treatment with TXT-NPs needs to be given at regular 

intervals; otherwise, the tumor progresses (Figure 2 vs. Figure 3) and then becomes non-

responsive to the treatment, suggesting that cancer cells may have developed drug resistance. 

However, even with a regular dosing of TXT-NPs, the tumor progressed once the treatment 

was discontinued (Figure 3a). The results of these studies suggest that continued dosing of 

TXT-NPs may be needed even after the tumor has regressed in order to minimize the risk of 

residual tumor cells causing relapse and becoming more aggressive. Hence, a better option 

would be to develop a treatment that does not cause tumor relapse even if the treatment is 

discontinued.

RANKL is known to promote invasiveness of cancers that metastasize to bone [23]; hence 

the blockage of RANKL activity has been suggested as a potential therapeutic strategy for 

interfering in tumor metastasis and progression to bone [24]. DNmb is a monoclonal 

antibody that blocks the RANKL by binding to its receptor RANK on osteoclasts, resulting 

in reduced bone resorption and thus less release of growth factors required for tumor growth 

[25]. Our data show that DNmb alone-treatment required multiple dosing to achieve tumor 

regression but eventually showed tumor relapse, more bone loss, and mortality by 30–40 

wks (Figure 4). The micro-CT data show bone loss in few DNmb alone-treated animals even 

at early time points (9 wks), thus explaining the mortality, whereas the TXT-NP alone-

treated animals did not show such bone loss at early time points (Figure 6). Based on the 

median survival, TXT-NPs alone-treatment provides better outcome than DNmb alone-

treatment (14 wks vs. > 48 wks). However, DNmb alone-treatment shows better survival 

than saline control or TXT-CrEL treatment (40% survival by 40 wks for DNmb vs. 0% by 

<16 wks for saline control or TXT-CrEL).

The combination treatment (TXT-NPs + DNmb) seems to address the issues associated with 

TXT-NP and DNmb alone-treatments, as it showed no tumor relapse even when the 

treatment was discontinued (Figure 4) or bone loss (Figure 6). Although we have previously 

shown that the similarly formulated NPs extravasate into the bone marrow and co-localize 

with the tumor mass in the marrow [10], our current data show ~3-fold higher drug levels in 

the metastasized bone in animals treated with TXT-NPs than those treated with TXT-CrEL 

(Fig 8). TXT as such has a short first half-life (~17 hrs) but prolonged terminal half-life (~86 

hrs) [26] but like other anticancer drugs, TXT biodistribution is mostly to vascular organs 

that have with high cardiac output such as to the liver, kidney, and intestine [27]. On the 

other hand, TXT-NPs can provide sustained drug effect (Figure 1c), thus explaining the 

differences in drug levels in metastasized bone tissue (Figure 8) and efficacy seen with TXT-
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NP and TXT-CrEL treated animals. Further pharmacokinetic and biodistribution study and 

histological analysis of vital organs along with changes in blood parameter would explain 

reduced toxicity of TXT-NPs over TXT-CrEL.

The efficacy of the combination treatment could be attributed to sustained and localized 

delivery of TXT to tumor tissue in bone marrow with NPs and DNmb playing a synergistic 

role in breaking the cross talk between cancer cells and bone cells (Figure 9). Importantly, 

the combination treatment has been seen to retain normal bone morphology (Figure 7A) and 

bone cell activities (osteoblast and osteoclast) (Figure 7B and C). Alkaline phosphatase 

activity is important for the mineralization of bone and represents a useful biochemical 

marker of bone formation. TRAP is highly expressed in osteoclasts; they play a pivotal role 

in bone homeostasis but are activated by metastatic tumors that then leads to bone 

destruction [28]. Our results show similar TRAP activity in the bone of the combination-

treated animals as in the bones of normal animals (Figure 7B), suggesting that the 

combination treatment was effective in controlling RANKL activity as well as proliferation 

of cancer cells, ultimately leading to early tumor regression (Figures 4 and 5). As a result, 

the combination-treated animals do not show bone loss (Figure 6) and exhibit significantly 

better survival than DNmb or TXT-NP alone-treated animals. We also determined the 

combination treatment is effective even when the tumor burden is higher in bone marrow 

(Figure 5).

Currently, patients with bone metastasis are treated with bisphosphonates to reduce the risk 

of skeleton-related events and to ameliorate bone pain, as bisphosphonates can inhibit bone 

resorption [29]. Some studies have also reported that high doses of bisphosphonates 

indirectly slow the progression of bone metastasis [30] by inhibiting osteoclast-mediated 

bone resorption and thereby the release of growth factors necessary to promote cancer cell 

growth and differentiation, and subsequent tumor formation in bone [31]. However, a recent 

review of the data from different clinical studies showed no statistically significant 

improvement in survival of bisphosphonate-treated patients [32]. Furthermore, 

bisphosphonates show dose-limiting toxicities; at high doses and with chronic use, they 

cause osteonecrosis of the jaws (considered to be a consequence of their effect on circulating 

endothelial progenitor cells), and interfere with the normal process of angiogenesis and 

vasculogenesis required to maintain healthy tissue [33]. The chronic high doses of 

bisphosphonates completely shut off all bone remodeling, leading to a cessation of bone 

repair and rejuvenation of the skeleton. Over a long period of time, this allows the 

accumulation of dysfunctional and defective bone tissue that normally would have been 

removed and replaced with new bone. Radiation treatment is used mostly as a palliative 

therapy to relieve bone pain or to prevent morbidity due to pathologic fracture and spinal 

cord compression. However, radiation treatment can also destroy the bone cells, preventing 

bone tissue formation [34].

The other approaches such as conjugating anticancer drugs [35] or drug-loaded NPs to bone-

seeking agents, e.g., bisphosphonates [36], tetracycline [37], or E-selectin (overexpressed in 

bone marrow endothelium) [38] have been investigated, but these remain inefficient. For 

example, Swami et al. [39] found no significant difference in the efficacy (bone loss, tumor 

burden, and survival) of alendronate (bisphosphonate)-conjugated, bortezomib-loaded NPs 
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compared with unconjugated NPs or drug alone in a bone metastasis model of myeloma. 

The advantage of our TXT-NP formulation is that it does not involve any conjugation 

chemistry or ligand, but rather, simple modulation of their physical characteristics. A simple 

method of formulating drug-loaded NPs is important for clinical translation of the treatment.

We administered TXT-NPs for sustained drug effect, but DNmb was given as a solution 

along with TXT-NPs as an intravenous injection. Considering its long half-life even when 

given as an IV injection (range of 8–37 days, depending upon the dose of 0.03 to 3 mg/kg; 

dose used in this study = 3 mg/kg) [40], DNmb would diffuse into bone marrow to provide 

its sustained therapeutic effect. DNmb for human use is usually given subcutaneously (half-

life = 25.4 days) once every 4 weeks for bone metastases. It has been shown to minimize 

bone loss associated with certain cancers; however, its effect is suboptimal in inhibiting 

cancer progression, and it is also associated with certain side effects, particularly 

hypocalcemia and higher risk of serious infections with chronic treatment [41]. As our data 

show, DNmb alone-treatment is well tolerated but shows tumor relapse, bone loss, and 

increasing animal mortality with time (Figure 4). As a further development, DNmb can be 

encapsulated in NPs along with TXT or as a separate formulation for its sustained localized 

effect in bone marrow, which can potentially reduce its dose and improve therapeutic 

efficacy.

In this study, we used PC-3 cells to induce a tumor that has osteolytic effect on the bone, but 

prostate cancer is most often osteoblastic, depending upon the cancer cell line. However, our 

data in different prostate cancer cell lines in vitro show the efficacy of TXT-NPs (Table 1), 

and hence our combination treatment could be effective in different types of prostate cancers 

that have metastasized to bone marrow.

Considering the limitations of the current approaches in treating bone metastasis, our 

combination treatment has significant potential. It has an immediate impact on suppressing 

the tumor growth, and would require dosing at a certain time interval until the tumor is 

eliminated from the bone marrow so that there is no risk of tumor relapse (Figure 4). The 

combination treatment was also seen as safe and effective, as there is no weight loss or bone 

loss, and maintained normal bone cell activities (Figures 6 and 7). With the appropriate drug 

for a particular cancer, the combination approach could potentially be explored for treating 

other cancers that metastasize to bone marrow, as RANKL plays a role in promoting cancer 

progression and invasiveness in bone marrow in different types of cancers. The polymer 

used in the formulations of TXT-NPs is biodegradable and FDA approved [42]. Its 

biodegradation properties as well as biocompatibility has been well-established [43]. 

Further, DNmb is clinically used for bone-related conditions. Hence, the clinical translation 

of the combination is highly feasible.

Conclusions:

The combination treatment of TXT-NPs and DNmb was synergistic in effectively 

suppressing prostate cancer tumor growth, preventing bone loss, and improving survival rate. 

The combination treatment also shows no toxicity, as evident from weight gain and no tumor 

relapse when the treatment was discontinued, and maintained normal bone morphology and 

bone cell activities. Thus, the simultaneous combination treatment that is given 
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intravenously at a regular time interval over a certain period of time could provide a 

promising approach to treating advanced-stage prostate cancer, and potentially other cancers 

that have metastasized to bone marrow.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CrEL Cremophor EL

DNmb Denosumab monoclonal antibody

HPLC High-performance liquid chromatography

LC-MS Liquid chromatography-mass spectrometry

micro-CT Micro-computed tomography

NPs Nanoparticles

M.W. Molecular Weight

PLGA D,L-lactide co-glycolide

PVA Poly (vinyl alcohol)

RANKL Receptor activator of nuclear factor κB ligand

TXT Docetaxel
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Figure 1: Physical characterization of TXT-NPs and drug release.
a) Histogram showing hydrodynamic size distribution of TXT-NPs measured in water using 

dynamic light scattering. Mean hydrodynamic diameter = 252 ± 21 nm with polydispersity 

index of = 0.07, n=7; b) Transmission Electron Micrograph (TEM) of TXT-NPs, mean TEM 

diameter = 60 ± 2.1 nm; n=200; c) Drug release profile from TXT-NPs carried out at 37 °C 

in mannitol citrate buffer pH 7.5 containing 0.1% between 80 and 10% ethanol to maintain 

sink condition, and 0.1% sodium azide as preservative. Data as mean ± s.e.m., n=3
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Figure 2: Effect of treatment with TXT-NPs on tumor regression.
Animals were treated with TXT-NPs (12 mg/kg TXT dose equivalent NPs) to determine the 

effect of first dosing. The subsequent dosing was administered when tumor began to grow. 

Arrows indicate dosing schedule. Changes in a) bioluminance signal in TXT-NPs treated vs. 

saline control groups, p=0.008; b) body weight in treated vs. saline group, p=NS; and c) 
survival of treated vs. saline control, p=0.04. Data are expressed as the mean ± s.e.m., n= 3 

to 4. Median survival for saline group = 9.5 wks vs. 20 wks for treated group. X-axis 

abbreviation: D is for days, whereas other time points are in weeks.
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Figure 3: Efficacy of multiple dosing of TXT-NPs at predetermined time points on tumor 
regression.
Animals were treated with TXT-NPs (12 mg/kg TXT dose equivalent NPs) via tail vein. 

Arrows indicate dosing schedule, which is at 4 wk-intervals with total six doses. Changes in 

a) bioluminescence signal in TXT-NPs treated and saline control groups; p=0.01 b) body 

weight of treated vs. saline control, p=NS; c) survival with time; treated vs. saline p=0.002. 

Data are expressed as the mean ± s.e.m. n=4 to 5. Median survival for untreated group = 10 

wks vs. > 48 wks for the treated group, which is beyond the study end point. Abbreviation, 

D is for days, whereas other time points are in weeks.
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Figure 4: Effect of combination treatment (TXT-NPs + DNmb) on tumor regression.
Animals with tumor received 4 doses of TXT-NPs (12 mg/kg TXT dose-equivalent NPs) in 

combination with DNmb (3 mg/kg), both given simultaneous as an IV injection. The other 

groups were DNmb alone (3 mg/kg, as IV injection), TXT-Cremophor (12 mg/kg), and 

saline (n=3). Arrows indicate dosing schedule. Changes in a) bioluminance signal; p<0.05 

(each group compared with saline group); b) body weight, p<0.05 for both DNmb and 

combination treatment when compared with saline control; TXT Cr-EL group shows no 

statistical significance with saline control; c) survival with time; and d) representative 

bioluminance images of untreated, TXT-NPs and the combination (DNmb+TXT-NPs) 

treated animals. Combination vs. other groups, p=0.01. Saline, vs. TXT Cr-EL or DNmb 

p=NS. Data are expressed as the mean ± s.e.m., n= 3 to 5. The combination treatment was 

most effective in terms of tumor regression, body weight gain, and survival as compared 

with other treatment groups. There was no tumor relapse in the combination group even after 

discontinuing the treatment, whereas DNmb alone treated group showed tumor relapse. 

Median survival for saline = 7 wks; DNmb =14 wks; TXT-Cr-EL = 9 wks; and DNmb + 

TXT-NP > 40 wks, which is beyond the study end point. Abbreviation, D is for days, 

whereas other time points are in weeks.
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Figure 5: Comparative efficacy of the combination treatment vs. TXT-NPs alone.
Animals with tumor received either DNmb + TXT-NPs (12 mg/kg TXT dose equivalent NPs 

+ 3 mg/kg, DNmb) or TXT-NPs alone (12 mg/kg TXT dose equivalent). Arrows indicate 

treatment schedule. Changes in a) bioluminance signal in treatment groups vs. saline 

control; p<0.05 b) body weight, p= 0.01 for combination vs. saline group, combination vs. 

TXT-NPs, p=NS, and c) survival with time. Data are expressed as the mean ± s.e.m., n= 3 to 

5. Blue (TXT-NPs) and green (combination) lines overlap each other. Treatments vs. saline 

control p= 0.001. Median survival for saline = 5 wks; > TXT-NP or DNmb + TXT-NP > 25 

wks, which is beyond the study end point.
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Figure 6: Micro-CT analysis for bone loss.
The micro-CT analysis was carried on representative animals from different treatment 

groups at 9, 25 and 40 wks. The results show that the combination treatment is most 

effective in inhibiting bone resorption.
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Figure 7: Morphological and immunohistochemical analysis of bone.
A) Histological analysis of bone a) normal, b) treated with the combination of TXT-NPs + 

DNmb at 25 wks and c) untreated. Treated animal shows almost similar bone morphology as 

control bone, whereas untreated animal shows only tumor tissue in this region of the tibia. 

B) TRAP staining for osteoclasts of a) normal tibia and b) tumor-inoculated tibia from the 

animal treated with the combination of TXT-NPs + DNmb at 25 wks. Tibia from treated 

animals shows similar osteoclast distribution pattern as tibia from the normal animal (no 

tumor induction). C) Alkaline phosphatase staining for osteoblasts a) normal tibia and b) 
tumor-inoculated tibia from the animal treated with the combination of TXT-NPs + DNmb at 

25 wks at low and high magnifications. Tibia of the treated animals show normal osteoclast 

and osteoblast activities.
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Figure 8: Analysis of TXT levels in metastasized bone tissue.
Animals with tumor signal between 4.98E+06 p/s/cm2/sr to 1.46E+07 p/s/cm2/sr range were 

used. Drug was administered either as TXT-NPs or TXT-CrEL (12 mg/kg) in animals with 

bone tumor. TXT levels in metastasized bone tissue were analyzed one-week post-drug 

administration. Results show ~-fold higher drug levels in animals treated with TXT-NPs than 

with TXT-CrEL. Data as the mean ± s.e.m., n= 3, p=0.02.
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Figure 9: Mechanism of efficacy of the combination of TXT-NPs and DNmb in preventing bone 
loss.
The combination treatment breaks the communication between prostate cancer cells and 

osteoclasts that support each other to promote cancer cell growth and osteoblast conversion 

to osteoclasts.
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Table 1:

Cytotoxicity of TXT Soln and TXT-NPs in different prostate cancer cell lines

Cell Line End Point Treatment IC50 (ng/mL) IC75 (ng/mL) IC90 (ng/mL)

PC3

3 day
TXT-Soln 2.5±0.05 4±0.03 6±0.2

TXT-NPs 2.6±0.04 5±0.1 14±0.3

5 day
TXT Soln 1.6±0.01 2.5±0.02 5±0.07

TXT-NPs 2±0.03 4±0.08 15±0.7

7 day
TXT-Soln 1.6±0.01 2.5±0.01 4±0.08

TXT-NPs 2±0.01 3.4±0.02 7±0.2

DU145 5 day
TXT-Soln 1.5±0.04 2±0.03 2±0.02

TXT-NPs 1.6±0.03 2.2±0.03 3±0.04

LNCaP 5 day
TXT-Soln 8.3±0.3 22±1 60±2

TXT-NPs 20±0.5 76±3 208±6

C42 5 day
TXT-Soln 6±0.2 13±1 34±5

TXT-NPs 12±0.4 47±3 149±9

Cell seeding density/well/0.1mL in 96-well plate: For 3- and 5-d treatment in PC3 cells – 3,000 cells; for 7-d treatment – 1,500 cells/well. For 
DU145 cells – 3,000 cells. LNCaP and C42 cells – 10,000 cells. Data represented as mean ± s.e.m. (n=6).
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Table 2:

Bone analysis using micro-CT from different groups at 25 wks

Treatment Sample Bone Mineral Content (mg) Bone
Mineral
Density
(mg/cc)

Bone
Volume
Fraction

Control – no tumor, no treatment Right tibia 17 597 0.7

Left tibia 16 620 0.7

TXT-NPs Tumor tibia 15 439 0.5

Contralateral tibia 15 461 0.5

DNmb + TXT- NP Tumor tibia 19 483 0.6

Contralateral tibia 20 465 0.6

Bone Mineral Density (BMD) is BMC (mg)/cubic centimeter of the sample. Bone volume fraction (BVF) is the volume of mineralized bone/unit 
volume of the sample
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