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ABSTRACT 

 Current chemotherapy methods have limited effectiveness in eliminating bone 

metastasis, which leads to a poor prognosis associated with severe bone disorders. To 

provide regional chemotherapy for this metastatic tumor, a bone-targeting drug 

carrier was produced by introducing the osteotropic bisphosphonate alendronate 

(ALN) units into an amphiphilic phospholipid polymer, poly(2-methacryloyloxyethyl 

phosphorylcholine-co-n-butyl methacrylate). The polymer can form nanoparticles 

with a diameter of less than 30 nm; ALN units were exposed to the outer layer of the 

particle. A simple mixing procedure was used to encapsulate a hydrophobic 

anticancer drug, known as docetaxel (DTX), in the polymer nanoparticle, providing a 

uniform solution of a polymer-DTX complex in the aqueous phase. The complex 

showed anticancer activities against several breast cancer cell lines, and the complex 

formation did not hamper the pharmacological effect of DTX. The fluorescence 

observations evaluated by an in vivo imaging system and fluorescence microscopy 

showed that the addition of ALN to the polymer-DTX complex enhanced bone 

accumulation. Bone-targeting phospholipid polymers are potential solubilizing 
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excipients used to formulate DTX and deliver the hydrophobic drug to bone tissues 

by blood administration. 
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1. INTRODUCTION 

Breast, lung, and prostate cancers account for approximately one third of neoplasm 

mortality.(1) Their cumulative annual incidence is approximately 290,000 patients in 

Japan(1) and more than 5 million worldwide.(2) These cancers tend to invade bone 

marrow via the circulatory system in a high incidence rate from 19% to 65%,(3) 

leading to a poor prognosis associated with serious complications such as 

pathological fractures, hypercalcemia and bone pain.(4) Taxoid drugs are widely used 

antineoplastic agents for metastatic breast(5) or prostate cancers.(6) Current systemic 

chemotherapy methods have limited effectiveness in eliminating bone-residing 

tumors.(7),(8) While a dose increase can somewhat provide clinical responses in the 

suppression of bone metastasis,(9) high-dose chemotherapy, owing to systemic 

adverse effects, is still not recommended because of its weak survival records and 

poor improvement to the quality of life.(9),(10) Hence, regional chemotherapy has the 

potential to achieve localized antineoplastic effects in bone-metastatic sites and 

decrease systemic side effects.(11) 

In the past few decades, there has been a growing interest in polymers as drug 



 

5 

 

delivery systems for skeletal disorders.(11)–(17) For example, bone-targeting polymer 

nanoparticles (NPs), composed of block copolymers of 

poly(D,L-lactide-co-glycolide) (PLGA) and polyethylene glycol (PEG) with 

bisphosphonate (BP) residues, have been proposed as bone-targeting drug carriers.(17) 

Some research groups have reported that the drug-embedded NPs can inhibit 

myeloma progression in mice.(15) N-(2-hydroxypropyl)methacrylamide (HPMA) 

polymer, conjugated with bone-targeting pendant groups, is another polymeric carrier 

for bone-targeting drug delivery,(18) and the drugs conjugated with HPMA have been 

reported to suppress the progression of bone metastases.(11),(13) In the studies noted 

above, hydrophilic polymers play critical roles in offering extended circulating 

half-lives of polymer-drug complexes, minimizing the clearance of loaded drugs and 

conferring reactive sites to immobilize bone-targeting moieties in the complex.(3),(19) 

However, PEG is reported to induce an accelerated blood clearance (ABC), in which 

initially administered nanocarriers induce humoral immunity by producing 

immunoglobulin (e.g., anti-PEG antibody), resulting in diseased circulating half-lives 

in the subsequent administration.(20),(21) Therefore, improving antifouling property of 

polymers is still in great demand for elongating blood retention.  

2-Methacryloyloxyethyl phosphorylcholine (MPC) is one of the biocompatible 
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monomers bearing the zwitterionic phosphorylcholine group, that offers a 

hydrophilic interface resisting opsonization and protein adsorption.(22) For example, a 

microsphere with an MPC moiety on its surface have been reported to suppress the 

adsorption of albumin and globulin compared with a microsphere with an HPMA 

polymer surface.(23) Even more, the phosphorylcholine group in the MPC moiety has 

also been reported not to induce the ABC, unlike PEGylated materials.(20) Since 

repeated administrations are conducted in cancer chemotherapy, the MPC-bearing 

drug carrier seems to be more applicable.(24),(25) The copolymers of MPC and n-butyl 

methacrylate (BMA) (PMB) form self-assembly nanospheres in water, offering a 

blood-compatible hydrophilic shell and a hydrophobic pocket.(26) Previous researches 

have reported the successful performing of the formulations of the paclitaxel 

embedded in the PMB(27) with the complex exerting an antineoplastic effect on 

hepatocellular, squamous cell,(28) gastric,(29) and bladder carcinomas.(30)  

Bioactive groups, such as oligopeptides,(31) ligands,(28),(32) and antibodies(33),(34) 

were introduced to carry out the target-specific functionalization of PMB. However, 

to the best of our knowledge, no studies have to date focused on bone-targeting 

phospholipid polymers. In this study, amphiphilic phospholipid polymers, endowed 

with an osteotropic alendronate (ALN) moiety, a class of nitrogen-containing BP 
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compounds, were synthesized; their drug formulations and in vivo bone-targeting 

properties were also investigated. Docetaxel (DTX) was selected as a model of 

lipophilic anticancer drug, which is first-line chemotherapy in patients with 

metastatic breast cancer. The bone-targeting amphiphilic MPC-based polymer can be 

a medical candidate for the regional chemotherapy of bone metastasis.  

 

2. MATERIALS AND METHODS 

2.1. Materials 

NOF Co. (Tokyo, Japan) supplied MPC. Dichloromethane, triethylamine (TEA), 

and BMA were purchased from Wako Co., Ltd. (Osaka, Japan). Methacryloyl 

chloride, ALN, and DTX were purchased from Tokyo Chemical Industry Co., Ltd. 

(Tokyo, Japan). Methacryloxyethyl thiocarbamoyl rhodamine B was purchased from 

Polysciences, Inc. (Warrington, PA). American Type Culture Collection supplied 

breast cancer cells (MCF-7, MDA-MB-231, 4T1). Macrophage cells RAW264.7 and 

fibroblast cells L929 were purchased from DS Pharma. DMEM, 

Antibiotic-Antimycotic (100X), and LIVE/DEAD Viability/Cytotoxicity Kit were 

purchased from Thermo Fisher Scientific (Rochester, NY). Fetal bovine serum was 
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purchased from Biowest (Nuaille, France). Methacryloyl chloride, BMA, and 

triethylamine were distilled under atmospheric pressure before the experiment, and 

other reagents were used without further purification. 

2.2. Synthesis of phospholipid polymer with alendronate group 

N-Methacryloylalendronate sodium salt (NMA·Na) was prepared following 

Khelfallah et al.(35) The NMA was stored in −30°C, and sodium-ion was removed by 

passing it through Amberlite ion-exchanger resin and lyophilized before use. 

Conventional radical polymerization was performed to synthesize a copolymer of 

MPC, BMA, and NMA (PMBA). Each monomer was dissolved in methanol:water = 

9:1 in a final monomer concentration of 0.5 M. After adding 2.5 mM of 

2,2’-azobis(isobutyronitrile) (AIBN) as an initiator, the monomer solution was 

placed at 60°C for 15 h. The reaction mixture was precipitated in diethyl ether, and 

the remaining monomer was completely removed using a dialysis membrane 

(MWCO 3,500) against distilled water. PMB was also produced in the same way as 

described above. For biodistribution imaging, the same polymerization procedure 

was used to prepare rhodamine-bearing PMB and PMBA (PMB-Rho and 

PMBA-Rho) with an addition of a trace amount of methacryloxyethyl thiocarbamoyl 
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rhodamine B (M-Rho). The PMB-Rho and PMBA-Rho were dialyzed against 

methanol:water = 1:1. Each polymer was lyophilized after dialysis to obtain a fluffy 

powder. Composition ratios of MPC, BMA, and NMA were determined from 

1H-nuclear magnetic resonance (1H-NMR) using ECZ-400 (Jeol, Tokyo, Japan) by 

dissolving each polymer in 50°C ethanol-d6. The composition ratio of M-Rho was 

measured using the 550 nm absorbance using UV-Vis spectroscopy (V-650; JASCO, 

Tokyo, Japan). Molecular weight and fluorescence labeling were confirmed using a 

gel permeation chromatography (JASCO, Tokyo, Japan), equipped with a refractive 

index detector, a UV/Vis detector, size-exclusion columns, Shodex SB-803 HQ, and 

SB-806M HQ, with a poly(ethylene glycol) standard in MeOH/water 70:30 with 50 

mM LiBr. To determine the critical micelle concentration (CMC) of PMB, the 

fluorescence spectra of pyrene probe in the polymer aqueous solution were measured 

at room temperature using a fluorescence spectrophotometer (F-2500; JASCO, 

Tokyo, Japan), as described previously.(36) 

2.3. Preparation of polymer-DTX complex 

To evaluate the maximum amount of DTX encapsulated in our polymer solution, 

PMBA was dissolved in phosphate buffer serine (PBS) at concentrations of 50 to 200 
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mg/mL. The excess amount of DTX was placed and sonicated in the solution for 1 h. 

The mixture was centrifuged at 10,000 × g for 10 min to remove the precipitated 

DTX, and the supernatant was lyophilized. The same volume of the crude polymer 

solution was also lyophilized. By measuring the weight of dried matters, the 

maximum amount of the formulated DTX was calculated using the following 

equation: 

Sd = (Wd – W0)/L 

where Wd, W0, and L denote the dry weights of the polymer-DTX and the crude 

polymer solutions and the volume of supernatant, respectively.  

In the assay, 0.8 mg of DTX and 50 mg of polymers (PMB or PMBA) were 

dissolved in 1 mL water by applying sonication for several hours. The homogeneous 

solutions of DTX and polymer were filtrated using a 0.45 µm syringe filter and 

lyophilized to form the polymer-DTX powder. The polymer was stored at 4°C and 

dissolved in PBS before use. For the biodistribution assay of the polymer-DTX 

complex, 20% of DTX was replaced by fluorescein-labeled DTX (DTX-F) in the 

formulation process to visualize the drug distribution. The synthesis procedure of 

DTX-F is described in the Supporting Information section. 
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2.4. Characterization of polymer-DTX complex 

Zetasizer Nano ZS (Malvern Panalytical Ltd., UK) was used to measure the size 

and zeta potential. Polymer-DTX complex powder was dissolved in PBS at the 

polymer concentration of 1 mg/mL. Dynamic light scattering (DLS) was used to 

investigate the size distribution profile of polymer-DTX dissolved in PBS with or 

without divalent cations (0.90 mM CaCl2 and 1.05 mM MgCl2). The zeta potential of 

polymer-DTX dissolved in 10 mM phosphate buffer pH 7.4 was measured. 

2.5. Cell cytotoxicity assay 

Cytotoxicity of the polymer and the polymer-DTX complexes toward breast 

cancer cells (MDA-MB-231, MCF-7, and 4T1), fibroblasts (L929), and macrophages 

(RAW264.7) were investigated. Each cell was seeded on a 96 well plate and 

incubated for one day. The polymer and polymer-DTX were dissolved in PBS, and 

then 10 µL of the sample solutions were added to the plate to attain a final polymer 

concentration from 0 to 1.25 mg/mL (final DTX concentration from 0 to 25 µM). To 

investigate the cytotoxicity of free DTX, 1 mM DTX in ethanol was used to prepare 

DTX solutions. After two more days of culture, the WST-8 Cell Counting Kit 

(Dojindo, Tokyo, Japan) was used to estimate the number of cells. The LIVE/DEAD 
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Viability/Cytotoxicity Kit was used to investigate the cytotoxicity three days after the 

administration of PMBA-DTX according to the manufacturer's protocol.  

2.6. Biodistribution assay 

The rhodamine-labeled polymer was intravenously inoculated, and in vivo 

polymer distribution was investigated. KSN athymic nude mice (female, 6-week-old) 

were inoculated with 100 µL of approximately 100 mg/mL of PMB-Rho or 

PMBA-Rho dissolved in PBS via the tail vein. The concentrations of PMB-Rho and 

PMBA-Rho were adjusted so that each polymer solution had the same fluorescence 

intensity. Three days after injection, blood, the bone of the hind legs, and major 

organs (e.g., the heart, liver, spleen, lungs, pancreas, and kidneys) were harvested 

and analyzed using IVIS Lumina III (Caliper Life Science/PerkinElmer, USA). Tibial 

sagittal sections were observed using the C2 confocal microscopy system (Nikon, 

Japan). For the biodistribution assay of polymer-DTX complexes, 100 µL of 

complex solutions, composed of 50 mg/mL of PMB-Rho, PMBA-Rho, and 0.8 

mg/mL DTX+DTX-F of PBS, was inoculated via a tail vein. Twenty-four hours after 

injection, tibial bones were harvested, and the sagittal section was observed, as 

described above. All the animal experiments were performed according to the 
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guidelines of the Animal Care and Use Committee of Matsumoto Dental University 

and Animal Care and Use Committee of Kansai University (authorization #1815). 

NIH guidelines for the care and use of laboratory animals (NIH Publication #85-23 

Rev. 1985) were observed. 

2.7. Statistical analysis 

IC50 of cytotoxicity assay was evaluated by fitting the four-parameter logistic 

model onto the experimental survival curves. One-way ANOVA with post-hoc 

Tukey's test was used to perform the statistical analysis of cytotoxicity assay. Welch 

t-test was used to perform the statistical comparisons between fluorescence 

deposition of PMB and PMBA. P-value <0.05 was considered statistically 

significant.  

 

3. RESULTS 

3.1. Synthesis and characterization of polymer  

As shown in Figure 1, we synthesized ALN-containing phospholipid polymer 

(PMBA) and PMB as a non-osteotropic reference. For the pharmacokinetic study, 

rhodamine-labeled PMB or PMBA (PMB-Rho and PMBA-Rho) were also 
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synthesized by adding a trace amount of M-Rho; the mole fraction of M-Rho was 

estimated from the intensity of 550 nm absorbance. Table 1 shows the molecular 

weight and mole fraction of each polymer. Every polymer synthesized in this study 

was dissolved in water. The CMC of PMBA was 8.3 × 10−4 mg/mL, which is 

equivalent to that of PMB reported previously.(27) 

3.2. Formation of polymer-DTX complex 

The amount of DTX dissolved in the PMBA/PBS solution was estimated from the 

dry weight of the supernatant of the polymer solution with saturated DTX. The 

amount of DTX in the aqueous phase was increased in tandem with an increase in 

PMBA concentration (see Figure 2); 5 mg of DTX was subsequently dissolved in 1 

mL of 200 mg/mL PMBA solution without any turbidity. In contrast, the same 

amount of DTX hardly dissolved in 1 mL of PBS (see Figure 2). The maximum 

solubility of DTX in 50 mg/mL PMBA was 2.9 ± 1.0 mg/mL, which was 150 times 

higher than that in water. No precipitation was observed when the complex solution 

was stored for one month at 4°C (data not shown).  

Next, we used the DLS measurement to find out the diameter of the polymer-DTX 

complex. The particle size of PMB- and PMBA-DTX complexes in PBS was 20.1 ± 
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0.1 and 27.0 ± 0.1 nm, respectively (see Table 2). DTX alone, solubilized with 

ethanol, formed aggregates with a diameter of ~100 nm (Figure S1). This implies 

that PMB or PMBA prevented the encapsulated DTX from forming self-assembly in 

the aqueous phase. PMBA-DTX powder offered good reproducibility of particle size 

when the powder was dissolved in PBS at the time of use for at least 1 month after 

the formulation (see Figure S2A). We also checked the stability of the complex 

dispersed in PBS at 4°C and noticed that the size and PdI hardly fluctuated in four 

weeks (Figure S2B). The presence of Ca2+ and Mg2+ increased the diameter of 

PMBA-DTX from 25.9 ± 0.6 to 35.4 ± 0.3 nm (Table S1). The measurements of zeta 

potential show that the introduction of the NMA unit significantly decreased the zeta 

potential of the polymer-DTX complex from −1.8 ± 1.0 to −11.8 ± 1.6 mV, indicating 

that anionic ALN was successfully introduced to the surface of the complex.  

3.3. Anticancer properties of the polymer-DTX complex 

Several types of cells were used to investigate the cytotoxicity of the polymer and 

polymer-DTX complex. Figure 3 shows the survival curves of MDA-MB-231 and 

L929; Figure S3 displays the survival curves of the other cells. None of the cell types 

exhibited cytotoxicity when they were cultured with PMBA at the concentration of 
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1.25 mg/mL, suggesting that PMBA is cytocompatible. The antineoplastic profiles of 

free DTX and PMBA-DTX were equal regardless of whether the drug was 

administered in a free form or was formulated with PMBA. The live/dead assay 

revealed that PMBA-DTX induced cell death associated with multi-nuclei 

formation(37) (Figure S4). Table 3 summarizes IC50s in each treatment condition. In 

every cell type, the IC50 of PMBA-DTX and PMB-DTX was almost the same as that 

of free DTX, suggesting that drug formulation with our polymer did not hinder the 

pharmacological effects of DTX.  

3.4. In vivo bone-targeting property of PMBA 

Biodistribution of PMB or PMBA was investigated by injecting the PMB-Rho and 

PMBA-Rho solutions into the nude mice. Three days after injection, leg bones and 

major organs were harvested, and the fluorescence deposition was investigated (see 

Figure 4). Figure 4A shows that no significant increase in the polymer deposition of 

the liver, spleen, and kidneys was observed when introducing ALN moiety to PMB 

polymer; in contrast, the polymer deposition in the leg bones was approximately 

double in the PMBA-Rho group compared with the PMB-Rho group (see also Figure 

4B). Histological examination of the tibiae revealed the accumulation of PMBA-Rho 



 

17 

 

on the surface of the trabecular bone (see Figure 4C). This accumulation, however, 

was not observed in the PMB-Rho group. We observed the line distributions of the 

PMBA-DTX complex bound on the trabecular bones accompanied by higher 

accumulation of DTX-F distributed on the bone surface (see Figure 5 D–F). In 

contrast, the accumulations of PMB-DTX were not prominent compared with those 

of the PMBA-DTX group (see Figure 5 A–C). These results suggest that PMBA is a 

potential polymer for the osteotropic delivery of DTX.  

 

4. DISCUSSION 

In chemotherapy for breast or prostate cancers, the current strategy involves an 

adjuvant/neoadjuvant medication in early resectable stages, or a palliative remedy for 

the later metastatic stages. Bone-residing chemotherapy is a great option to achieve a 

clinical response to the suppression of the metastatic bone tumor. In this study, the 

amphiphilic and osteotropic copolymer bearing MPC was produced; this copolymer 

offers the hydrophobic pocket to encapsulate DTX and deliver the drug to bone 

tissues. Konno et al. proposed that amphiphilic MPC polymer containing 30% of 

BMA can improve the solubility of paclitaxel in the aqueous phase for at least 1 

OTAKA,Akihisa
70%の間違い



 

18 

 

mg/mL.(27) This principle was applied to design our bone-targeting phospholipid 

polymers, and the PMBA aqueous solution (50 mg/mL) could make >2 mg/mL of the 

DTX dissolved in the aqueous phase (Figure 2) to form nanoparticles with a diameter 

of <30 nm (Table 2). Particle size is a key element for efficient transportation across 

fenestrated sinusoidal capillary in the bone marrow. It ensures that 

the non-endogenous particles in a diameter of 60 nm or less can spread to the bone 

marrow via the phago-endocytic route;(38) our PMBA-DTX complex conformed to 

this requirement. Moreover, DTX entrapped by PMBA gave the same antineoplastic 

profile as free DTX (Figure 3 and Table 3), which is also comparable with previous 

reports.(32),(39) The introduction of ALN on the surface of nanoparticles was identified 

by the decreasing zeta potential arising from anionic NMA (Table 2). The 

introduction of ALN also increased the size of PMBA-DTX complex in the presence 

of Ca2+ and Mg2+ (Table S1), which is because ALN moiety have strong affinity to 

divalent cations to form electrostatic cross-links between the nanoparticles in a 

similar manner reported by Nishiguchi et al.(40); however, the size of whole assembly 

is still <40 nm and small enough for bone-targeting drug transportation. The 

fluorescence biodistribution assays revealed the osteotropic property of PMBA in 

both its free polymer form (Figure 4) and its complex form (Figure 5). 
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ALN-containing macromolecules tend to accumulate in the sites of bone metastasis 

because of accelerated bone remodeling,(11) with the bone-targeted biodistribution of 

PMBA presumptively becoming more prominent in a metastatic site. Collectively, 

PMBA is a potential osteotropic carrier for bone-residing chemotherapy by 

encapsulating hydrophobic DTX. 

Ethanol-free excipients are highly expected to formulate taxoid drugs to avoid 

several side effects, such as hypersensitivity reactions (HSRs) and alcohol sensitivity. 

For example, ethanol-free paclitaxel formulated with albumin (ABI-007 or 

Abraxane) was reported to completely eliminate severe HSRs despite the absence of 

premedication.(41) Other research groups have also reported that PMB is an 

alternative ethanol-free agent for formulating paclitaxel because PMB-paclitaxel 

complex causes neither skin ulcer at the site of injection(39) nor an intolerable 

transient increase in alanine aminotransferase (ALT).(42) Our data indicated that DTX 

was successfully formulated by PMBA without any ethanol (Figure 2), and PMBA 

did not show any cytotoxic against fibroblast and macrophage cells as PMB did 

(Figure 3). Taken together, PMBA can act as an effective formulating agent 

to avoid solvent-based side effects.  
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Bone-targeting delivery is also able to suppress non-bone-related side effects, such 

as peripheral neuropathy, fluid retentions, or left ventricular dysfunction, which are 

parts of mortal causes of high-dose chemotherapy.(9),(43) In the biodistribution assay, 

no significant increase in polymers accumulation was observed in any organs except 

for the bones (Figure 4A), suggesting that the introduction of ALN moiety will not 

induce any unintended drug accumulation. However, it should be noted that our 

current bone-targeting strategy offers little improvement in avoiding bone marrow 

suppression, and more improvements will be required to deal with this problem.(43) 

One possible solution involves immobilizing cancer-targeting functional groups 

related to PMBA to deliver the drug to the tumor cell after reaching the 

bone-metastatic area. Another solution involves using alternative antineoplastic 

agents with milder bone marrow suppression compared with taxoid drugs, such as 

lapatinib, gemcitabine, or methotrexate. 

The tolerance of PMBA needs to be investigated for further study. ALN is a class 

of BPs that are commonly used as antiresorptive agents to treat bone diseases that 

involve excessive bone resorption, such as osteoporosis, Paget’s disease, and bone 

metastasis.(44) Because of the strong suppression of bone turnover, exceeding the 

administration of BPs can induce atypical fractures caused by microdamage 
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accumulation.(45) No significant cytotoxicity was observed when L929 was cultured 

in 1,250 µg/mL of PMBA, which corresponds to 290 µM ANL (Figure 3B); however, 

≥100 µM nitrogen-containing BPs have been reported to be toxic to 

several fibroblast cells.(46) This may be because the cytotoxicity of ALN was reduced 

by the immobilization on MPC polymer in a manner similar to a reduced toxicity of 

drugs immobilized on HPMA polymer, reported by Segal et al. in (13). The research 

group also performed a maximum tolerated dose test in which mice were 

intravenously injected five times with 9.5 mg/kg of ALN conjugated with HPMA 

polymer, causing no significant loss of body weight or a decrease in the number of 

white blood cells.(11) By this standard, up to 6.5 mg/kg of DTX can be administered 

using our system, and this concentration is high enough for the evaluation of 

antitumor activities in mice. However, for human application, the amount of ALN 

introduced in PMBA still requires further investigation. For instance, in the 

conventional DTX chemotherapy, 3.4 g of polysorbate 80 is needed to formulate ≤75 

mg/m2 of DTX to a medium-built person with an average body surface area of 1.7 

m2.(47) To formulate the same volume of DTX (130 mg), 3.25 g of PMBA is required, 

which is almost equivalent to the amount of polysorbate 80. With this assumption, 

the amount of ALN administered in one intravenous infusion will be 188 mg/dose, 
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which provides 47 times higher blood concentration of BPs than the recommended 

dose (4 mg/dose) for preventing skeletal complications related to the bone metastases 

prostate cancer.(48) Moreover, the extent of the effect of PMBA on osteoblasts and 

osteoclasts is still unclear, calling for further investigations into the pharmacological 

effects of PMBA on bone metabolism. If PMBA has an intolerable adverse effect on 

bone turnovers, other bone-targeting moieties, such as tetracycline,(49) acidic 

oligopeptides,(50) and anionic polyphosphoesters,(36),(51) may have to be considered. 

Since this is a preliminary report, further optimization will be required to 

maximize the deposition and the anticancer property of our bone-targeting system. 

The biodistribution of PMBA was investigated only three days after injection; 

nonetheless, little is known about the pharmacokinetic process of PMBA and 

PMBA-DTX complexes. The hydrodynamic diameter and concentration of targeting 

ligand are key factors in maximizing the deposition of drugs in the affected area.(19) 

Pan et al. compared the bone deposition of HPMA, bearing different ratios of ALN 

moiety (0, 1.5, 8.5 mol%), with a molecular weight of 90 kDa whose hydrodynamic 

volume was equivalent to our polymers.(52) In the report, the highest bone deposition 

was obtained using HPMA with 1.5% ALN moiety, which indicates that there may 

exist an optimized proportion of ALN. Many researchers have reported that an 
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increase in ALN moiety and hydrodynamic diameter will lead to the deposition of 

osteotropic polymers in the liver and spleen via the reticuloendothelial system. In this 

study, however, no significant increase in the polymer deposition of the liver and 

spleen was observed when introducing ALN moiety to PMB polymer, and this may 

be caused by the stealth property of MPC moiety of PMBA. The releasing kinetics of 

DTX from PMBA-DTX complex after the administration is another issue to be 

addressed. Soma et al. reported that PMB-encapsulation promote the infiltration of 

paclitaxel into a tumor tissue up to 24 h after administration(29), suggesting that the 

PMB-paclitaxel complex keeps the structure during the transportation. On the other 

hand, Mu et al. reported the drug-release from PMB-paclitaxel complex takes place 

in the presence of plasma proteins due to the transfer of paclitaxel from the complex 

to the proteins(53). Further research is needed to examine which situation is more 

likely to occur in our system.  

 

5. CONCLUSIONS 

 The biodistribution assay of our phospholipid polymer revealed that the 

introduction of bone-targeting moiety selectively improved the polymer 
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accumulation in bones. DTX formulated with PMBA is a potential drug agent to 

provide a high-dose condition in the metastatic bone environment. Our 

bone-targeting phospholipid polymer did not associate itself with any remarkable 

toxicity in this in vitro and in vivo study. The next step will involve using a bone 

metastasis mouse model to probe the detailed hemodynamic and pathological 

responses of bone metastasis of PMBA-DTX. 
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FIGURES 

 

Figure 1. Synthetic scheme of PMBA-Rho. 

 

Figure 2. Solubility curve of DTX in the PMBA solution. The picture of DTX placed 

(a) in PBS and (b) in the PMBA solution. The concentrations of DTX and PMBA 

polymer are 5 and 200 mg/mL, respectively. N = 3, mean ± SD. 
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Figure 3. Cytotoxicity profiles of (A) MDA-MB-231 and (B) L929 with the 

administration of PMBA and PMBA-DTX. PMBA alone induced no cytotoxicity in 

both cell types (circle). The patterns for PMBA-DTX (cross) and free DTX (triangle) 

are equal, indicating that the complex formation did not hamper the pharmacological 

effects of DTX. N = 3, mean ± SD. Asterisk, significant difference in PMBA-DTX 

compared with the additive-free control (*p-value <0.05); hash, significant difference in 

DTX compared with the additive-free control (#p-value <0.05); N.S., no significant 

change in PMBA (p-value >0.05). 
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Figure 4. The biodistribution of PMB-Rho or PMBA-Rho three days after intravenous 

injection. (A) The intensity of PMB-Rho (cross) or PMBA-Rho (circle) accumulated in 

each organ was measured using interest analysis; *p-value <0.05 in the Welch t-test. (B) 

An ex vivo fluorescence image of leg bone. (C) A sagittal section of the proximal end of 

the tibia was observed using confocal microscopy. Nuclei (blue) and rhodamine-labeled 

polymer (red) were excited at 405 nm (emission collected from 417 to 477 nm) and at 

561 nm (emission collected from 571 to 1000 nm), respectively. Magnification 20×. Bar 

= 100 µm. 
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Figure 5. Confocal microscopy of the sagittal section of the proximal end of the tibia, 

harvested from mice 24 h after intravenous injection of PMB-DTX (A–C) and 

PMBA-DTX (D–F). DTX-F (A, D, green in C and F) and rhodamine-labeled polymer 

(B, E, red in C and F) were excited at 405 nm (emission collected from 417 to 477 nm) 

and at 561 nm (emission collected from 571 to 1000 nm), respectively. Magnification 

10×. Bar = 200 µm. 

DTX Polymer Merged 

g 
<( 
cc 
~ 
a.. 


	Abstract
	Keywords
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Synthesis of phospholipid polymer with alendronate group
	2.3. Preparation of polymer-DTX complex
	2.4. Characterization of polymer-DTX complex
	2.5. Cell cytotoxicity assay
	2.6. Biodistribution assay
	2.7. Statistical analysis

	3. Results
	3.1. Synthesis and characterization of polymer
	3.2. Formation of polymer-DTX complex
	3.3. Anticancer properties of the polymer-DTX complex
	3.4. In vivo bone-targeting property of PMBA

	4. Discussion
	5. Conclusions
	Acknowledgments
	References

