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Abstract

Although the prognosis of patients with breast cancer continues to improve, breast cancer 

metastasis to bones remain high in incidence and challenging to manage. Here we report the 

development of bone-homing alendronate (ALN)-anchored biodegradable polymeric micelles for 

the targeted treatment of metastatic cancer to bone. These micelles exhibited bone protective 

capacity including the recruitment, differentiation and resorption activity of the osteoclasts. 

Encapsulation of docetaxel (DTX), the first-line chemotherapeutic for treatment of metastatic 

breast cancer, in ALN-modified micelles results in a sustained release, enhanced cytotoxicity and 

improved pharmacokinetics. In the syngeneic animal model of late-stage disseminated breast 

cancer bone metastasis, the treatment with targeted DTX-loaded micelles attenuated the 

tumorigenesis and significantly improved animal lifespan compared to the conventional surfactant-

based formulation (free DTX). These findings indicate potential applications of the osteotropic 

nanomedicines for bone metastasis treatment.
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INTRODUCTION

Tumor metastases remain the primary cause of cancer-related mortality. Bone has been 

widely recognized not only as one of the frequent destinations of metastatic spread of 

multiple solid tumors, but also as an organ that can offer a favorable microenvironment for 

cancer cell survival and further growth or dormancy of metastases. The complex mechanism 

of bone metastasis involves a coordinating interplay of bone-homing cancer cells, 

osteoclasts, osteoblasts and the immune cells in the bone marrow1. Tumor cells produce 

factors which stimulate osteoclastic bone resorption and negatively affect osteoblasts. The 

consequent release of bone-derived growth factors that act on cancer cells, promotes a more 

aggressive tumor phenotype and potentiate cancer spread and bone destruction. Moreover, 

physical properties of bone, such as acidic pH, a high extracellular calcium concentration 

and hypoxia, also support tumor growth. In patients with breast cancer, the skeleton is the 

most frequent site for metastases. It is estimated that up to 75% of late-stage breast cancer 

patients will eventually develop bone metastases2. These lesions lead to various skeletal 

complications, including osteolysis, hypercalcemia, bone pain, pathologic fractures, and 

spinal cord and nerve compression syndromes3. These complications increase morbidity and 

diminish the quality of life in such patients as well as often account for the poor prognosis4. 

During the past few decades, the advances in early diagnosis and development of more 

effective treatment strategies led to significant reduction in mortality from primary breast 

cancer. However, the current therapeutic modalities for advanced metastatic breast cancer 

patients remain palliative. Radiation therapy remains to be a gold standard for palliative care 

of bone metastases and suppression of local disease. Osteoclast inhibitors, bisphosphonates 

(zoledronic acid, pamidronate) and denosumab, an antibody targeting RANKL, are 

commonly prescribed therapeutics for management the progression of the established 

disease and reducing the risk of occurrence of skeletal-related events. However, the impact 

of these agents on survival outcomes was seen in only a small population of patients5,6. 

Another challenge in the treatment of bone metastatic disease is effective delivery of 

therapeutics to the tumor sites due to poor penetration of most drugs in the bone tissue. 

Moreover, these agents also affect non-cancerous cells within the bone microenvironment, 

impeding bone healing processes and potentially leading to some adverse events. Thus, 

despite significant advances in the care of these patients there is a need for more effective 

treatment options to prolong the survival of patients with metastatic bone diseases.

During the last decades, substantial attempts have been made in targeting bone metastases 

using drug delivery systems such as polymer-drug conjugates, liposomes, polymeric 

nanoparticles and micelles. These systems aim to improve the biodistribution and target site 

accumulation of drugs thus reducing side effects. To further enhance targeting of 

nanoparticles to bone lesions, the bone-binding moieties, such as bisphosphonates, were 

utilized as targeting ligands due to their affinity to the mineral compartment in bone 

tissue7,8. Indeed, hydroxyapatite is exposed as bone metastases progress offering a target for 

bisphosphonate binding. In line with this, detection of metastatic involvement of the skeleton 

using 99mTc - radiolabeled bisphosphonates has been in clinical practice for many years9. A 

number of in vitro and in vivo studies substantiated preferential and efficient accumulation 

of bone-targeted drug carriers within the bone lesions. Interestingly, despite demonstrated 

Liu et al. Page 2

Mol Pharm. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



improved drug efficacy, reduced toxicity and delay of disease progression in mouse models, 

no significant survival improvement between targeted and non-targeted nanocarriers has 

been reported10–17. Nonetheless, combining the benefits of drug delivery systems with 

bisphosphonate bone targeting to influence the tumor cells and their microenvironment may 

further improve the capabilities of drug delivery to eliminate or ameliorate bone metastases.

Herein, we engineered bone-homing polypeptide-based polymeric micelles carrying the 

chemotherapeutic docetaxel for the treatment of breast cancer bone metastases. To achieve 

this, an amphiphilic triblock copolymer composed of polyethylene glycol, polyglutamic acid 

and polyphenylalanine (PEG-PGlu-PPhA) was functionalized with a bisphosphonate, 

alendronate (ALN). The phenylalanine moieties facilitate self-association of block 

copolymers and formation of micelles and are essential for solubilization of hydrophobic 

compounds. Using an immunocompetent mouse model of breast cancer dissemination to the 

bone, this study demonstrates that targeted micelle-based therapy significantly attenuated 

tumor burden and extended animal survival, proving the effectiveness of this targeting 

approach for the delivery of chemotherapeutics to the bone.

MATERIALS AND METHODS

MATERIALS

α-Amino-ω-ALK-poly(ethylene glycol) (ALK-PEG-NH2, MW = 5,000 g mol−1, Đ = 1.02) 

was purchased from JenKem Technology USA Inc. L-glutamic acid γ-benzyl ester (BGlu), 

L-phenylalanine (PhA), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 

(EDC), N-hydroxysuccinimide (NHS), tris(3-hydroxypropyltriazolylmethyl)amine 

(THPTA), hydroxyapatite (HA, powder, 10μm, ≥100 m2/g), ethylenediaminetetraacetic acid 

(EDTA), 3-bromopropionic acid, sodium ascorbate, copper (II) sulfate pentahydrate, 

Phosphate Colorimetric Kit (MAK030), Acid phosphatase Leukocyte (TRAP) Kit, and other 

chemicals were purchased from Sigma-Aldrich. Receptor activator of nuclear factor kappa-B 

ligand (RANKL) was obtained from R&D System. Docetaxel (DTX) was purchased from 

Selleck Chemicals LLC. Alendronate sodium trihydrate (ALN) was purchased from Alfa 

Aesar. CF488A amine was obtained from Biotium. Fetal bovine serum (FBS), RPMI 1640 

medium, DMEM medium, penicillin/streptomycin, and other chemicals were purchased 

from Invitrogen. XenoLight D-Luciferin - K+ Salt Bioluminescent Substrate was purchased 

from PerkinElmer.

METHODS

Synthesis of ALK-PEG-PGlu10-PPhA10 block copolymers.—Synthesis of the 

monomers, BGlu-NCA (γ-benzyl L-glutamate-N- carboxyanhydride) and PhA-NCA (L-

phenylalanine -N- carboxyanhydride), and polymerizations were carried out as described 

previously18. Under inert and dry conditions, BGlu-NCA (79.6 mg, 0.302 mmol) dissolved 

in 5 mL of DMF was added to ALK-PEG-NH2 (150 mg, 0.03 mmol) dissolved in 10 mL of 

anhydrous DMF. The reaction was carried out for 72 h at 40°C. The degree of 

polymerization of BGlu block was determined by 1H NMR by comparing the peak 

intensities of the methylene protons of γ-benzyl groups and PEG (400 MHz, DMSO-d6, δ 
ppm: 5.14 (m, 2H, -CH2C6H5); 3.52 (s, 4H, -OCH2CH2-)). After the completion of the 
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reaction, PhA-NCA (145 mg, 0.26 mmol), previously dissolved in 5 mL of anhydrous 1,4-

dioxane, was added and let to react for 120 h. The final product was purified by repeated 

precipitation from DMF into diethyl ether. The protecting benzyl groups were removed 

using 0.5 N NaOH. and the crude product was dialyzed against distilled water for 48 h 

(MWCO 2 kDa), filtered (0.8 μm filter) and lyophilized.

Synthesis of azido-ALN.—3-azidopropionic acid was synthesized as previously 

described19. To 3-azidopropionic acid (40.8 mg, 0.3 mmol) dissolved in 1 mL of anhydrous 

CH2Cl2, EDC (66 mg, 0.3 mmol) and NHS (48.6 mg, 0.4 mmol) were added and the 

reaction mixture was stirred for 6 h at r.t. followed by removal of the solvent under reduced 

pressure. The NHS activated 3-azidopropionic acid (14.6 mg) dissolved in 0.2 mL of 

acetonitrile/water mixture (1:4 v/v) was then added dropwise to ALN (12.3 mg, 0.04 mmol) 

solution in 0.5 mL of water while adjusting pH to 8.0 after each drop. The reaction was 

carried out overnight at r.t., then product was isolated by repeated precipitation in ethanol 

and dried. The structure was confirmed by 1H NMR.

Synthesis of ALN-PEG-PGlu-PPhA.—The azide-ALN (6.64 mg, 0.02 mmol) and 

ALK-PEG-PGlu10-PPhA10 (13.4 mg, 0.002 mmol) were dissolved in 10 mL of water and 

methanol mixture (1:1 v/v). Copper (II) sulfate pentahydrate (0.5 mg, 0.002 mmol), THPTA 

(1.06 mg, 0.002 mmol) and ascorbic acid (3.52 mg, 0.02 mmol) were then added and 

reaction mixture was stirred for two days at r.t under argon atmosphere. Then, EDTA (6.7 

mg, 0.02 mmol) was added to the solution followed by dialysis against deionized water 

(MWCO 2 kDa) for 48 h. The dialyzed solution was then acidified and lyophilized to 

produce ALN-PEG-PGlu-PPhA. The residual copper content after purification was 0.7 ppm 

as determined by inductively coupled plasma mass spectrometry.

Polymer characterization.—The 1H NMR spectra were recorded in DMSO-d6 on a 

Bruker 400 MHz spectrometer. Gel permeation chromatography (GPC) was performed on 

Shimadzu liquid chromatography system equipped with TSK-GEL® column (G4000HHR) 

using DMF/LiBr (10 mmol) as mobile phase. The column was kept at 40°C and flow rate 

was 0.6 mL/min. Standard curve was generated using poly(ethylene glycol) standards 

(molecular weight range of 282 – 34,890,Agilent Technologies, USA). Critical micelle 

concentrations of ALK-PEG-PGlu-PPhA and ALN-PEG-PGlu-PPhA copolymers were 

determined using pyrene assay20. The ALN conjugation efficiency was determined by 

phosphate assay as previously reported21. Briefly, 20 μL of ALN-PEG-PGlu-PPhA solution 

(5 mg/mL) was mixed with 20 μL of H2O2 and 120 μL H2SO4 in the ampule and the mixture 

was heated for 15 min at 200 °C. 1.38 mL of Na2S2O5 (3 mg/mL) was added to the ampule 

and samples were incubated at 100 °C for another 15 min. Finally, the sample was filtered 

through a 0.2 μm filter and 200 μL of the solution were collected into a 96 well plate. A 

series of standards was prepared in the same plate according to the manufacture’s instruction 

ranging from 2.5 to 100 μM. Finally, 30 μL of the phosphorus reagent was added to each 

well, incubated with mild shaking overnight at r.t. followed by measuring the absorbance at 

650 nm.
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Polymeric micelles preparation and characterization.—Micelles were prepared 

using nanoprecipitation method. Briefly, the polymers without or with DTX were dissolved 

in a minimal amount of 80% ethanol (e.g. 1 mg polymer, 0.25 mg DTX in 50 μL ethanol, 

polymer/drug molar ratio 0.4 : 1), and dispersed into an excessive amount of ice-cold water 

or PBS solution (water: ethanol = 20: 1 v/v). The solutions were stirred for an additional 5 

min and ethanol was evaporated under vacuum. The unbound drug was removed by 

centrifugation (1000 g, 5 min). Quantification of DTX in micellar formulations was 

performed by high-performance liquid chromatography (HPLC) HPLC analysis on Agilent 

1200 HPLC system equipped with Nucleosil C18 column (250 mm × 4.6 mm) using mobile 

phase comprised of acetonitrile/water mixture (55/45, v/v) at a flow rate of 1 mL/min 

Detection was performed at 227 nm. The loading capacity (LC) was expressed as 

LC (%)  =
WDTX

WDTX + W polymer
× 100%, where wDTX and wpolymer are the weight amount of 

solubilized drug and polymer excipients in solution. The hydrodynamic diameters (Deff), 

polydispersity index (PDI) and ζ-potential of the drug-loaded micelles were evaluated by 

dynamic light scattering (DLS) using Nano ZS Zetasizer (Malvern Instruments, UK) at 

25°C. Results are presented as means ± SD (n = 3).

Drug release studies.—The release profiles of DTX were measured in PBS (pH 7.4) or 

70% FBS in PBS at 37 °C. Briefly, 1 mL of micelle formulation in PBS (approximately 0.1 

mg/mL of DTX) was loaded into a Slide-A-Lyzer G2 dialysis tube (MWCO 3.5 kDa) and 

suspended in 45 mL PBS solution. At predetermined time points, samples of 100 μL were 

collected from the dialysis device and DTX concentrations were quantified by HPLC using 

the same conditions reported above.

HA binding assay.—To investigate the biomineral-binding ability of ALN-functionalized 

micelles, CF-488 labeled copolymers were synthesized by EDC coupling (at a molar ratio of 

[COOH]/[dye] = 10] and purified by dialysis to remove the uncoupled dye. The CF-488 

labeled micelle solution in PBS (1.1 mg/mL, 1.5 mL) were incubated with HA powder (10 

mg) for 4 hours at r.t. upon gentle shaking. HA was removed by centrifugation (2200 g, for 1 

min) and the fluorescence intensity of the supernatant (Isupernatant) was recorded at 515 nm 

(λex=490 nm) and compared with the initial micelle solution (Io). The relative binding 

affinity was calculated as 1 −
Isupernatant

Io
× 100%. CF-488-labeled ALK-m were used as 

controls. The binding test was performed in triplicate.

Cell culture and cytotoxicity studies.—The murine 4T1 mammary adenocarcinoma 

cell line was obtained from American Type Culture Collection (ATCC). Cells were 

maintained in RPMI 1640 supplemented with 10% FBS, and 100 U/mL streptomycin/

penicillin at 37 °C, 5% CO2. Cells (3500 cells per well) were seeded in the 96-well plates, 

cultured for 12 h and then exposed to free DTX (formulated as 10 mg DTX, 80 mg Tween 

80, 648 mg PEG300, 275.9 mg ethanol 96%, 4 mg citric acid) and DTX-loaded micelles at 

serial concentrations for 36 h at 37 °C. The cell viability was be evaluated by standard MTT 

assay22 and the IC50 values were calculated using GraphPad Prism software. To confirm the 

anticancer activity, cells were seeded in 24-well plates pre-coated with Matrigel (95 cells/
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cm2) for clonogenic assay. Cells were treated with free DTX or DTX-loaded micelles (0.1 

μg/mL on DTX basis) for 36 h and allowed to recover in fresh medium for another 72 h. 

Colonies were washed, stained with crystal violet and counted. The surviving fraction (SF) 

was calculated as:

SF = No .  o f  colonies at the end point o f  the study
No .  o f  seeded cells × PE

where plating efficiency (PE) is calculated as:

PE = No .  o f  colonies a f ter seeding
No .  o f  seeded cells

Inhibition of osteoclastogenesis and osteoclasts absorptive activity.—The 

Raw264.7 monocyte/macrophage-like cells were obtained from ATCC (TIB-71) and 

maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin at 37°C. 

Cells were collected after reaching about 75% confluency, seeded on 48-well plates 

(1.25×104 cells/well) and supplemented with RANKL at the final concentration of 50 

μg/mL. After attachment, cells were exposed to various concentrations of empty ALN-

decorated micelles or non-decorated micelles (0–100 μM on ALN basis) for one week. The 

culture medium containing RANKL and corresponding treatment were exchanged every 

three days. At the end cells were fixed in 10% buffered formaldehyde and stained with 

TRAP. The stain-positive cells (osteoclasts) in each well were numerated to calcculatre IC50. 

The bone resorption activity of osteoclasts derived from Raw264.7 cells was evaluated in 24-

well Osteo Surface plates. Raw264.7 cells were continuously cultured with RANKL (50 

μg/mL) in the presence or absence of ALN-decorated micelles or non-decorated micelles at 

two different concentrations (0.81 μM or 9 μM on ALN basis) for 7 days. In another setting, 

Raw264.7 cells cultured in the presence of RANKL for 4 days were exposed to the micelles 

for another 3 days. On day 8, cells were bleached and the area/numbers of the pits (resulting 

from the absorption activity of osteoclasts) appeared on the plate surface were quantified by 

using Image Pro software.

Macrophage migration assay.—Transwell permeable supports with 0.8 μm pore 

membranes were used for cell migration assay. Conditioned medium (CM) was collected 

from 4T1 culture following 12 h of incubation in serum-free DMEM at 37°C and used as the 

chemoattractant. 4T1 cells were plated on 24-well plates (10,000 cells per well) and cultured 

in serum-free DMEM for 12 h followed by replacement with CM and incubation for an 

additional 8 h. Raw264.7 cells (1,000 per insert) were allowed to attach to the top inserts and 

then were placed into the wells. The macrophages were allowed to migrate to the bottom of 

the top chamber for 24 hours in the presence of 4T1 cells and CM in the bottom chamber. 

Where indicated, ALN-decorated or non-decorated micelles were present in both top and 

bottom chambers throughout the assay. The wells without 4T1 cells and chemoattractant 

were used as negative controls. The cells on the upper side of the membrane that dis not 

migrate were removed and the migrated cells attached to the bottom side of the membrane 

were fixed in 10% formalin/PBS, stained with 0.25% crystal violet solution. and counted 
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with an inverted microscope using a 20× objective. Data presented as the average of five 

random spots for each well (n = 3).

Pharmacokinetics studies in mice.—All animal work was performed based on the 

protocols approved by the University of Nebraska Medical Center Institutional Animal Care 

and Use Committee. Pharmacokinetics of DTX and DTX-loaded micelles were determined 

in 8-weeks of age female Balb/C mice (Charles River Laboratories). The 18 mice were 

randomly divided into three treatment groups of 6 mice and given either DTX (in Tween 80/

ethanol/PEG300) or DTX-loaded ALN-micelles or DTX-loaded non-decorated micelles by 

tail vein injection at an equivalent dose of 10 mg DTX/kg. At various time points, blood 

samples (100–150 μL) were collected from a submandibular vein into heparinized tubes and 

centrifuged at 10,000 g for 3 min. DTX was extracted from plasma samples (10 μL) using 

excess (40 μL) of ice-cold acetonitrile. All samples were sonicated for 1 min, centrifuged at 

10,000 g for 3 min and collected clear supernatants were analyzed on LC-MS/MS system 

equipped with a Nucleosil C18 column (250 mm × 4.6 mm) using mobile phase of 80% 

acetonitrile at flow rate of 0.5 mL/min. Paclitaxel (625 ng/mL) was used as an internal 

standard. Calibration curves were generated by spiking plasma samples from control 

animals with DTX at concentration of 5–2000 ng/mL. An LC-MS/MS system equipped with 

triple quadrupole (QTRAP® 6500, Sciex) coupled to HPLC system (Nexera × 2, Shimadzu) 

was used in multiple reaction monitoring (MRM) mode as follows; m/z 853.995/876.25 → 
286/308.25 for paclitaxel and 808.08/830.26 → 527/549.24 for DTX.

Evaluation of therapeutic efficacy.—To establish the animal model of breast cancer 

bone metastases, 1×104 4T1/Luc cells, constitutively expressing firefly luciferase, were 

suspended in 50 μL of sterile PBS and injected into the left cardiac ventricle23 of female 

Balb/C mice (6-week of age) under isoflurane anesthesia. Disease progression and 

dissemination to the bone were followed by noninvasive bioluminescence imaging (BLI) 

using the IVIS Imaging System (Xenogen). Total photon flux (photons/sec) was measured 

from regions of interest (ROI) over the whole mouse body. On day 12 post-intracardiac 

injection, mice were randomized in 4 treatment groups (n = 8) and treated with saline 

(control group), DTX (in Tween 80/ethanol/PEG300), DTX-loaded ALN-decorated micelles 

and DTX-loaded non-decorated micelles at dose of 10 mg DTX/kg. Treatments were 

administered daily for three consecutive days via tail vein injections. At 48 h after the last 

treatment, 3 mice per each treatment group were euthanized, tissues (liver, spleen, kidney, 

bones) were collected and fixed in 10% buffered formalin. Bones were decalcified using 

Regular Cal Immuno (BBC Biochemical). After fixation, specimens were embedded in 

paraffin, then 5 micron thick sections were cut and stained with hematoxylin and eosin. The 

slides were evaluated with the pathologist blinded as to which group was being e valuated. 

The rest of the animals were sacrificed at low body condition scoring or signs of paralysis. 

We also used two additional groups of animals to elucidate the efficacy of targeted treatment 

of bone metastases in combination with radiotherapy. Metastatic-bearing mice (n = 6) 

received 3 i.v. injections on the daily basis of either saline or DTX-loaded ALN-decorated 

micelles (10 mg/kg on DTX basis). 24 h following the last dose of micelles or vehicle mice 

were irradiated using a medical linear accelerator, Siemens Priums® (S/N: M3068, Siemens 
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Healthineers, Erlangen, Germany), at a dose rate of 3 Gy/min with the total effective dose of 

5 Gy.

RESULTS AND DISCUSSION

Synthesis of alendronate-conjugated polymers.

The synthesis of the parent ALK-PEG-PGlu10-PPhA10 copolymer and the modification of 

the distal end of the PEG block with ALN moieties using azide-alkyne “click” chemistry are 

shown in Scheme 1. The unreacted small molecules were removed by dialysis against 

deionized water (MWCO 2 kDa). The chemical composition, molecular mass and 

polydispersity of synthesized copolymers were determined by 1H NMR and GPC analyses 

(Supporting information, Fig. S1 and S2, Table S1). The ALN conjugation efficiency was 

determined using a phosphate assay and was ~75%. We have previously demonstrated that 

the incorporation of hydrophobic PhA units into triblock copolymers confer amphiphilic 

properties and facilitates self-association of block copolymers in an aqueous medium18. An 

association behavior of PEG-PGlu-PPhA copolymers was confirmed using pyrene 

fluorescence assay (Figure S3). ALK-PEG- PGlu-PPhA exhibited low (0.05 μM) critical 

micelle concentration (CMC). The onset of aggregation of functionalized ALN-PEG-PGlu-

PPhA chains was shifted to higher concentrations with determined CMC value of 1 μM. The 

observed increased CMC value is consistent with the presence of distal charged ALN groups 

on the polymer chains that are leading to increased repulsion between the copolymer chains 

upon the formation of micellar aggregates. This CMC value is still extremely low and 

comparable with those reported for PEG-poly(lactide) micelles (0.5–5 μM)24,25, suggesting 

that micelles formed by ALN-PEG-PGlu-PPhA copolymers might exhibit good stability. As 

was previously demonstrated, the integration of aromatic units in the polymer chains 

forming the cores of the micelles can substantially improve the stability, taxane loading and 

retention in polymeric micelles26. Therefore, we believe that PhA-based cores of the 

micelles may provide a proper environment for the DTX loading.

Preparation of docetaxel-loaded polymeric micelles and characterization of their 
physicochemical properties.

DTX, a microtubule-stabilizing taxane, is used in clinic for the treatment of metastatic breast 

cancer27,28. Along with its potent anticancer activity, DTX also exhibits serious dose-

limiting toxicities partly due to the formulation excipients. Polyoxylated surfactant, 

polysorbate 80, is utilized in Taxotere, a commercial formulation of DTX, and has been 

connected to observed nonallergic anaphylaxis, hypersensitivity reactions, and injection- and 

infusion-site adverse events29. Based on these considerations, we selected DTX as the model 

chemotherapeutic agent for solubilization into polymeric micelles. The micelle formation 

and drug loading were accomplished in one single step using a nanoprecipitation method. 

We obtained stable dispersions of DTX-loaded micelles with a loading capacity of 22.4% as 

was determined by HPLC and it was associated with high loading efficiency (about 97%). 

ALN-decorated micelles with varying ALN density were prepared by co-assembly of ALK-

PEG-PGlu-PPhA and ALN-PEG- PGlu-PPhA copolymers at various molar ratios. In this 

way, we prepared alendronate-decorated micelles with the various proportion of ALN 

moieties ranging from 3.8 mol% to 75 mol%. Micelles prepared from ALK-only copolymers 
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(ALK-m) were used as a non-targeted control for comparison. Of note, the modification 

with ALN ligand practically did not change the size of the micelles: the average 

hydrodynamic diameters (Deff) of the ALN-only micelles (ALN-m) and ALK-m in DI water 

at neutral pH were about 70 and 67 nm, respectively, as measured by DLS. The DTX-loaded 

micelles (further denoted as ALN-m/DTX or ALK-m/DTX) had a greater size (82–84 nm) 

than that of empty micelles and exhibited uniform size distribution (PDI < 0.2) (Table 1). 

Both types of micelles displayed net negative charge which can be explained by the presence 

and ionization of glutamic acid residues in the shell of the micelles. As expected, the ζ-

potential of the ALN-m/DTX was further decreased to −32 ± 2 mV compared to −17.0 ± 1 

mV for the unmodified ALK-m/DTX (Table 1), which is indicative of the existence of 

additional negatively charged ALN moieties on the surface of ALN-m. One of the common 

metabolic complications of bone metastasized breast cancer is hypercalcemia. It is 

characterized by elevated serum calcium level (about 3 – 3.5 mM for moderate cases) and 

indicates poor prognosis30. Therefore, we next examine how the presence of calcium ions 

may affect the characteristics of DTX-loaded micelle. When ALN-m/DTX were incubated 

in DI water in the presence of 3.4 mM Ca2+, their size substantially decreased to ca. 57 nm 

and ζ-potential increased (Table 1). Likewise, a decrease in size and the net negative charge 

was observed for ALK-m/DTX, however, in the less pronounced manner. This behavior is 

consistent with effective chelation of calcium ions by bisphosphonate groups as well as 

partial neutralization of carboxylate groups of PGlu chains leading to decrease of net charge, 

reduced repulsions between the polymer chains in the shell of the micelles and collapse of 

the micelle. Similarly, the size of DTX-loaded micelles was also affected by the ionic 

strength: micelles prepared in PBS were substantially smaller compared to those in DI water 

(Table 1) due to the masking of the electrostatic repulsions in the shell of the micelles by the 

electrolyte (0.15 M NaCl). Interestingly, the addition of calcium ions to dispersions of 

micelles in PBS did not lead to a further decrease in particle size. Based on these results, we 

can expect that dimensions of ALN-m/DTX under physiological conditions will be around 

60 nm and thus will be suitable for bone targeting and extravasation since the pore size of 

the capillaries and sinusoids in the bone marrow is approximately 80–100 nm31. Dispersions 

of DTX-loaded micelles exhibited good stability as no changes in size or PDI were detected 

within at least 4 weeks of storage at ambient conditions.

Both DTX-loaded formulations displayed similar sustained release profiles without burst 

release (Figure 1A). Under physiological conditions (PBS, pH 7.4) the cumulative release of 

DTX from both types of micelles was about 25% within 12 h. The slightly slower release 

rates were observed for ALN-m/DTX as compared to ALK-m/DTX at longer periods of 

times. DTX release from ALN-m/DTX was further slowdown in the presence of serum 

albumin in the medium (70% FBS). These data suggest that limited drug leakage from the 

micelles can be expected in the circulation, which is the first step of the successful delivery.

Bone mineral binding of ALN-decorated micelles.

The bone targeting and retention capacity of ALN-m/DTX were evaluated using HA powder 

as a bone mineral mimicking model32. To this end, we have screened a series of 

fluorescently-labeled ALN-decorated micelles with various content of ALN moieties that 

was controlled by the molar ratio of fluorescently labeled ALK-PEG-PGlu-PPhA and ALN-
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PEG-PGlu-PPhA copolymers. The measurements of HA-associated fluorescence confirmed 

that all bone-targeted micelles exhibited a good affinity to HA as a result of multivalent 

interactions and anchoring via ALN moieties (Figure 1B). As expected the binding of 

targeted ALN-m exceeded that of the non-targeted ALK-m and became more efficient as the 

density of targeting ligands increased. The bound fraction of ALN-m reached saturation 

level (approximately 70%) for the ALN-m with 37 mol % ALN moieties on their surfaces 

and a further increase in ligand density did not provide statistically significant improvements 

in HA binding. The observed effect of ALN density can be partially attributed to improper 

ligand presentation since ALN moieties attached to the flexible PEG chains may be buried in 

the shell surrounding the core of the micelles or steric hindrance of the ligands due to the 

size of the micelles. Importantly, the presence of calcium ions in the solution and their 

chelation by ALN-m did not affect the binding of ALN-m to HA (Figure S4). This is in 

agreement with the previous reports on the increased affinity of ALN-modified nanoparticles 

for HA compared to calcium ions in solution and the ability of calcium pre-incubated 

nanoparticles to adsorb on HA surfaces33. In view of these observations, it is likely that 

ALN-m could retain their ability to bind to the bone mineral matrix in the presence of 

calcium ions in the bloodstream upon intravenous administration. In addition, since calcium-

bound ALN-m had less negative ζ-potential (Table 1), this observation also supports the 

argument that binding of ALN-m to HA is mainly driven by specific interactions via ALN 

moieties rather than by the negative ζ-potential of the micelles. In this context, it is also 

noteworthy that non-targeted ALK-m displayed relatively high binding efficiency (ca. 20%, 

Figure 1B). It may be attributed to the contribution of binding via PGlu block in the outer 

shell of the micelles. Indeed, it is well known that aspartic acid or glutamic acid 

oligopeptides have an affinity for HA. Their binding capacity increases when repeating 

sequences of amino acid residues are present in the sequence such as in osteopontin and 

sialoprotein, non-collagenous bone proteins34. Thus, it is likely that incorporation of short 

hydrophilic PGlu blocks (10 units) into the shell of the ALN-m may be beneficial not only 

for stabilization of micellar structures but also by enabling additional binding capabilities. 

Overall, these data suggest that ALN-m could be a suitable drug carrier to target 

chemotherapeutics to the bone resorption sites. Besides being an excellent bone targeting 

agent, ALN pharmacological mechanism of action also involves an inhibitory effect on 

osteoclasts as well as beneficial effects on osteocytes and osteoblasts32. It was also 

suggested that in addition to anti-resorptive properties bisphosphonates may also have 

indirect effects on tumor cells35. To evaluate whether the design of our delivery system can 

capitalize on the above-mentioned ALN properties, we choose ALN-m with maximal 

content of conjugated ALN moieties (ca. 75 mol %) for further experiments.

In vitro cytotoxicity studies.

Murine 4T1 triple-negative breast cancer cell line is known to be highly invasive, relatively 

resistant to chemotherapy and radiotherapy36 and is widely used to establish primary or 

metastatic tumor models in Balb/C mice. The cytotoxic effect of DTX loaded into the 

polymeric micelles was first evaluated against 4T1 cells using MTT assay. As summarized 

in Table 2, cytotoxicity of the DTX formulated into ALN-m (referred to as ALN-m/DTX) 

was substantially increased compared to ALK-m/DTX or conventional DTX formulation 

(Tween 80/ethanol/PEG300): the IC50 value for ALN-m/DTX was 0.035 ± 0.016 μM, an 
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order of magnitude lower than those for other treatments. Interestingly, when the micelle 

formulations were tested under the conditions mimicking hypercalcemia (3.4 mM Ca2+), the 

IC50 values were further lowered. Of note, both ALN-m and ALK-m were nontoxic to 4T1 

cells in the whole range of concentrations used for the treatment with DTX-loaded 

formulations (Figure S5). To further validate these results, an additional study was 

conducted using a clonogenic assay (Figure 1C). Reduction in the colony-forming potential 

of 4T1 cells was observed following a 36 h exposure to all DTX formats. Consistent with 

MTT assay results, ALN-m/DTX showed the most potent cytotoxicity and resulted in 

significantly lower (p < 0.05) fraction of surviving cells. The different cytotoxicity profiles 

of ALN-modified and non-modified DTX-loaded micelles might be ascribed to the 

enhanced cellular association of ALN-m/DTX by the 4T1 cell. Indeed, it was found that the 

intracellular accumulation of ALN-m/DTX exceeded that of ALK-m/DTX (Figure S6).

Remodeling of the tumor-bone microenvironment.

As a therapeutic agent ALN was reported to inhibit osteoclast formation and limit their 

resorptive activity. ALN was also reported to indirectly affect osteoclast precursors, a source 

of resorption-stimulating cytokines37. We next investigated whether ALN moieties tethered 

to the surface of the micelles could retain its inhibitory effect on osteoclast formation in 
vitro. Murine monocyte/macrophage-like RAW264.7 cells that maintain the capacity to 

differentiate into osteoclast-like cells in the presence of RANKL were used in these studies. 

To this end, osteoclast precursor RAW264.7 cells were stimulated by RANKL (50 ng/mL) 

with or without free ALN or ALN-m in the culture medium. Generation of RAW-derived 

osteoclasts were confirmed by staining of TRAP enzyme, a marker for osteoclasts. As 

shown in Figure 2A, treatment with ALN-m attenuated osteoclasts formation in a 

concentration-dependent manner similarly to free ALN. The IC50 values for free ALN and 

ALN-m (6.4 ± 2.5 μM and 8.8 ± 4.6 μM, respectively) did not vary significantly from each 

other (p > 0.05). Importantly, treatment with ALK-m did not have any noticeable effect on 

osteoclastogenesis (Figure 2B). The tumor cells are also known to play a critical role in this 

cycle by cleaving anchored RANKL into soluble format via elevated expression of 

MMP-738. Thus, we next performed osteoclastogenesis assay using the conditioned medium 

(CM) from cultured 4T1 cells that contained secreted differentiation factors. Consistent with 

the former results, ALN-m significantly repressed (p < 0.01) the formation of mature RAW-

derived osteoclasts at the ALN concentration corresponding to its IC50 value (9 μM) (Figure 

2C). In contrast, multiple multinucleated osteoclasts were derived from RAW264.7 cells 

treated with 4T1-CM containing ALK-m at the same polymer concentration. These results 

suggest that ALN-m provide substantial inhibitory capacity against cancer-induced 

osteoclastogenesis.

In breast cancer bone metastasis microenvironment bi-directional interactions between 

osteoclasts and tumor cells lead to both osteolysis and tumor growth39. Hence, it is also 

crucial to decrease osteoclast resorptive activity. To evaluate the effects of ALN-m on 

osteoclast bone lytic activity, RAW264.7 cells were seeded on plates coated with 

microcrystalline calcium phosphate and then stimulated with RANKL in the absence or 

presence of ALN-m. We selected two concentrations of ALN-m, 9 μM and 0.81 μM (on 

ALN basis) that were determined to suppress or not affect osteoclast differentiation, 
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respectively. The resorption activity was quantified as a total resorptive area of “pits” formed 

by osteoclasts (Figure 3A). As expected, non-targeted ALK-m did not affect their resorption 

activity while treatment with ALN-m suppressed formation of resorption pits. Treatment 

with 0.81 μM ALN-m, the concentration that practically did not inhibit osteoclast 

differentiation, significantly reduced (p <0.01) overall area of resorption pits compared with 

RANKL-stimulated cells. Osteoclastic bone resorption was inhibited practically completely 

by the treatment with 9 μM ALN-m which is in line with our observation that ALN-m at this 

concentration also significantly inhibit osteoclast formation (Figure 2C). To exclude the 

direct effect of ALN-m on osteoclastogenesis, in parallel experiment RAW264.7 cells were 

first pre-differentiated into osteoclasts for 4 days and then were treated with ALN-m. As 

shown in Figure 3B, osteoclasts treatment with ALN-m significantly inhibited their 

resorption activity in a concentration-independent manner. Together these results implicate 

that the ALN-m have an inhibitory activity on both osteoclast differentiation and function 

and thus could provide additional benefit in combating bone metastases by intervening the 

disease-induced bone loss.

In the osteolytic cycle in bone metastases, residential macrophages and circulating 

monocytes stimulating by the cytokines secreted by the tumor can be recruited and 

infiltrated into the tumor microenvironment40,41. The tumor-associated macrophages are not 

only capable of osteoclast differentiation but also are considered to be involved in 

angiogenesis, immunosuppression and thus contribute to progressive disease and poor 

chemotherapy response. Here, we aimed to determine whether ALN- m were able to 

attenuate macrophage recruitment by cancer cells in vitro. To this end, we used the 

Transwell method where the Raw264.7 cells were seeded on the upper insert and allowed to 

migrate across the membrane to the lower chamber, on which 4T1 cells were seeded (Figure 

4A). In the 24 h period, a substantial number of the macrophages were found to migrate 

across the membrane toward 4T1 cells, with more than a 10-fold increase in a number of 

migrated cells compared to the negative control (Figure 4, B and C). When treated with 

ALN-m, as low as 0.81 μM on ALN base, migration ability of macrophages was suppressed 

to a practically negligible level (p > 0.05 compared to negative control). Given that ALN-m 

at such concentration is non-toxic to both types of cells, it could be assumed that the 

“cooperation” between tumor and macrophage was inhibited.

In vivo therapeutic efficacy.

Before assessing the therapeutic efficacy of DTX-loaded micelles, we evaluated the 

pharmacokinetics of both ALN-m/DTX and ALK-m/DTX in healthy Balb/C mice and 

compared to “free” DTX (in Tween 80/ethanol/PEG300) at an equivalent dose of 10 mg 

DTX/kg. The non-compartment model PK parameters are presented in Supplementary Table 

S2. DTX incorporation into micelles resulted in a modest increase in plasma half-life (8.9 h 

for ALN-m/DTX and 7.7 h for ALK-m/DTX vs. 6.2 h for free DTX). Moreover, DTX 

plasma exposure as determined by the area-under-the-curve (AUC) was ~1.5 times higher 

for ALN-m/DTX than that for ALK-m/DTX. Both the volume of distribution and clearance 

were decreased by 1.3-fold and 1.5-fold, respectively, in the ALN-m/DTX treatment group 

compared with the ALK-m/DTX treatment group. It is likely that the observed trend may be 

related to the presence of hydrophilic and negatively charged ALN moieties on the surface 
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of the micelles that provide additional hydration layer and more favorable nano-biointerface 

compared to more hydrophobic ALK groups on the surface of ALK-m. While a better 

understanding of the effects of surface modifications on stealth properties of ALN-m is 

needed, these preliminary data suggest that ALN-m can prolong circulation time of DTX 

through reducing its rapid elimination and contributing to more DTX distributed into bone 

tissue.

Syngeneic 4T1 breast cancer model was used to assess the therapeutic effect of ALN-

m/DTX on established bone metastases42. To establish disseminated metastatic disease, 

4T1/Luc cells were injected into a left cardiac ventricle of Balb/C mice. Bone metastatic 

seeding and burden was monitored by whole body BLI. The disease was found to be very 

aggressive and associated with substantial weight loss: tumor burden exclusively inside the 

skeleton was successfully established in 1–2 weeks after cell injection and often resulted in 

mortality within 3 weeks. Due to the aggressiveness of the disease, the treatments were 

administered daily for the first three days to assure that all individual experimental subjects 

received the same total dose of the drug. In this model of aggressive bone metastasis, we 

observed a trend of delayed progression of bone metastasis by treatment with either ALN-

m/DTX or ALK-m/DTX compared with the control group (p < 0.05, Figure 5A and Figure 

S6). In addition, both treatments attenuated animal weight loss (the effect of ALN-m/DTX 

was statistically significant, p < 0.02 vs. control group) and can also be indicative of their 

therapeutic potential (Figure 5B). This is in contrast with the treatment of DTX, which had a 

negligible effect on reducing bone metastasis (p ≈ 0.28 versus the control group), which can 

be explained by the aggressiveness of the disease model and the drug-resistant nature of the 

4T1 cell line. Of note, neither of the micelles-based formulations reached statistical 

significance compared to free DTX treatment at the endpoint of the BLI monitoring (18 

days) when the mice in the control group succumbed to metastatic cancer. This seems to 

indicate that frequent administration of the DTX-loaded micelles may cause a continuous 

drug supply to the tumor sites, where the targeting properties of the carrier become 

irrelevant. Considering similar size (about 60 nm) of both targeted and non-targeted micelles 

and only modest improvement in PK parameters of ALN-m/DTX compared to ALK-m/

DTX, we would not expect a major difference in the extent of DTX delivery between these 

two formulations due to EPR effect. The equilibrium of micelle movement in and out of the 

tumor site might be shifted toward prolonged local residence time of the ALN-m/DTX due 

to their bone-binding properties.

Moreover, ALN-m could provide additional benefit in combating bone metastases by 

reducing osteoclast activity and support of tumor growth by tumor-associated macrophages. 

Therefore, it is fair to presume that the direct and indirect effects of ALN-m/DTX would 

have benefited over ALK-m/DTX or DTX alone in the long-term. Indeed, the treatment with 

free DTX did not provide any improvement in animal survival over the saline control (Figure 

5C). The non-targeted ALK-m/DTX slightly prolonged the mean survival time from 18 to 

21 days, although all mice reached the endpoint before day 24. Remarkably, the ALN-

m/DTX demonstrated the best therapeutic outcome and significantly improved the survival 

time (p < 0.05) compared to ALK-m/DTX group with 2 out of 5 long-term survivors who 

reached the endpoint at day 35 (Figure 5C). Such a therapeutic response to ALN-m/DTX is 

far superior to either ALK-m/DTX or DTX alone suggesting a benefit of bone targeting and 
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chemotherapy in late-stage bone metastasis. Notably, no visceral organ toxicities were 

observed as a result of the treatments as representatively assessed for liver, spleen and 

kidney by tissue histopathology analysis (Figure S8). Extramedullary hematopoiesis is often 

reported as a consequence of bone metastases in this model43. In the control group, strong 

extramedullary hematopoiesis was detected in the liver, while in the treatment groups it was 

significantly reduced. Marrow toxicity indicated by decreased cellularity was occasionally 

present in the bone sections, but was similar between groups. These observations suggest a 

favorable toxicity profile for the DTX micellar formulations.

Among all treatment options for metastatic breast cancer including chemotherapy, hormonal 

therapy and targeted therapy, radiation therapy (RT) remains an essential modality 

particularly for the palliative purpose. The most common utilities of palliative RT are for 

pain control, improving ambulation, preventing fractures and controlling spinal cord 

compression/neurologic deficits and preserving the quality of life particularly for patients 

with bone metastasis. Over the past few decades, multiple randomized controlled clinical 

trials have confirmed equivalent short-term pain relief between a single 8 Gray (Gy) fraction 

and multiple fraction regimens, including most commonly 30 Gy in 10 fractions, 24 Gy in 6 

fractions and 20 Gy in 5 fractions44–48. While single fraction treatment optimized 

convenience of patients and their caregivers and was linked to lower acute toxicity, 

retreatment rates due to recurrent pain at the same anatomic site were higher in those 

patients who received single fractions compared to fractionated treatment courses. It is 

important for further studies to explore the possibilities of combined therapy to enhance the 

efficacy of single fraction RT. To test this notion, we conducted a proof-of-concept 

experiment utilizing sequential chemotherapy with ALN-m/DTX and RT. Two groups of 

animals with developed metastasis received three i.v. injections daily of either saline or 

ALN-m/DTX (10 mg/kg on DTX basis) and then, 24 h after the last treatment, mice 

received a total of 5 Gy of radiation at a dose rate of 3 Gy/min. The treatment of late-stage 

metastasis with a single 5 Gy RT was ineffective and did not delay the progression of the 

disease (Figure 6A). In contrast, the administration of ALN-m/DTX followed by RT delayed 

tumor growth and prolonged the median survival from 19 days (RT) to 30 days (Figure 6B). 

Due to the large variations within the RT group (Figure S7), the differences in tumor growth 

or survival between RT and combination group was close to but not statistically significant 

(p = 0.06 vs. the RT-only treatment group). Further detailed studies are needed to confirm 

the benefits of this combined treatment regimen. Particularly, it might be interesting to test 

this combination therapy in another model of bone metastasis, when breast cancer cells are 

injected directly into bone (such as tibia or femur). While it is technically not a model of 

metastasis, it can replicate tumor-induced changes in bone42 and will permit to apply RT 

locally. Nevertheless, these results suggest that treatment with bone-targeted chemotherapy 

combined with radiotherapy could potentially be more effective and suppress the 

development and dissemination of bone metastasis.

CONCLUSIONS

We engineered a dual-functional bone-homing drug carrier based on biodegradable 

polypeptide-based micelles that can deliver the drug to the bone and shows a propensity for 

simultaneous remodeling the tumor-bone microenvironment. The drug-loaded micelles were 
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prepared via a robust procedure that allowed higher loading of docetaxel using an 

alendronate-modified copolymer with a relatively short length of the hydrophobic segment. 

Docetaxel, when encapsulated into the ALN-m was found to retain its cytotoxicity and to be 

even more effective in 4T1 breast cancer cell killing in the conditions mimicking 

hypercalcemia in patients with metastases. These ALN-m demonstrated enhanced binding to 

the bone mineral analog and were effective in inhibiting osteoclast differentiation and their 

resorption activity as well as attenuate tumor-induced migration of macrophages in vitro. In 

line with the in vitro results, ALN-m/DTX delayed disease progression and improved 

survival in a syngeneic murine model of breast cancer bone metastasis. This model 

represents a useful tool for examining the later stages of breast cancer bone metastasis, 

however, the skeletal sites of metastatic deposition and number and size of the metastases 

are extremely variable. Nevertheless, our work provides new insight into the fusion of ALN 

moieties with drug-loaded micelles to maximize the therapeutic efficiency of chemotherapy 

by targeting bone metastases and their microenvironment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Synthesis of the bone-targeted copolymer.

Conditions: A). DMF, 40 °C, N2, 72 h; B). DMF / 1,4-dioxane, 40 °C, N2, 120 h; C). THF / 

0.5N NaOH, RT, 24 h; D). MeOH / H2O (1:1, v/v), CuSO4 × 5H2O, THPTA, ascorbic acid, 

Ar, RT; E). ACN, NaN3, reflux, 6 h; (F) DCM, EDC/NHS, RT, 6 h; (G) ACN/H2O (1:4, v/v), 

pH 8.0, RT, 24 h. Abbreviations: Alk-PEG-NH2 - α-Amino-ω-ALK-poly(ethylene glycol), 

BGlu-NCA - L-glutamic acid γ-benzyl ester-N- carboxyanhydride, PhA-NCA - L-

phenylalanine -N- carboxyanhydride, ALK-PEG-PBGlu-PPhA – alkyne-poly(ethylene 

glycol)-b-poly(L-glutamic acid γ-benzyl ester)-b-poly(L-phenylalanine), ALK-PEG-PGlu-

PPhA – alkyne-poly(ethylene glycol)-b-poly(L-glutamic acid)-b-poly(L-phenylalanine).
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Figure 1. In vitro characterization of ALN-m and ALN-m/DTX micelles.
(A) Drug release profiles for DTX in targeted ALN-m/DTX and non-targeted ALK-m/DTX 

micelles under physiological conditions as determined by HPLC method; (B) Binding of the 

ALN-m to the bone mineral HA as a function of degree of modification of ALN-m; (C) 

Cytotoxicity of DTX and micelle formulations in 4T1 breast cancer cells determined by 

clonogenic assay. Cells were treated with 0.1 μg/mL DTX equivalents for 36 h and allowed 

to recover in fresh medium for another 72 h. Data are expressed as mean ± SD (n = 3), *p < 

0.05, NS - not significant.
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Figure 2. Effects of ALN-m on osteoclastogenesis.
RAW264.7 cells were stimulated with RANKL (50 μg/mL) in the presence or absence of 

ALK-m or ALN-m at different concentrations (based on ALN equivalents). Mature 

multinucleated osteoclast cells were detected by TRAP staining. The results are normalized 

to cells grown only in the presence of RANKL (control). (A) free ALN and ALN-m 

displayed comparable inhibition effects on osteoclasts differentiation; (B) ALK-m did not 

show any effect on the osteoclast differentiation; (C) RAW264.7 cells were stimulated with 

CM from 4T1 cells in the presence or absence of ALN-m. Data presented as the mean ± SD 

(n = 3). **p < 0.01, NS - not significant.
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Figure 3. ALN-m inhibits the resorption activity of osteoclasts.
(A) RAW264.7 cells were cultured on Osteo Surface plates and treated with RANKL (50 

μg/mL) in the presence or absence of ALK or ALN-m as indicated. Polymer concentration is 

expressed based on ALN equivalents. The total area of the resorbed regions was quantified 

and normalized to the cells cultured in the presence of only RANKL (control). (B) 

RAW264.7 cells were first differentiated into osteoclasts on Osteo Surface plates in the 

presence of RANKL (50 μg/mL) for 4 days and then treated with ALK-m or ALN-m for 

next 3 days. Data are expressed as the mean ± SD (n = 3). **p < 0.01, NS - not significant.
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Figure 4. Inhibition of tumor-induced macrophage migration by ALN-m.
(A) Schematic illustration of the experiment. RAW264.7 cells (103 per insert) were added to 

the upper chamber with DMEM without FBS (negative control) or 4T1 cells (105/well) and 

their conditioned media (CM) added to the lower well (positive control). RAW264.7 cells 

were allowed to migrate for 24 h at 37°C prior to staining and quantitation of chemotaxis. In 

experimental groups ALN-m were added to both chambers; (B) Representative images of 

migrated RAW264.7 cells; (C) Quantification of migration of RAW264.7 cells treated with 

ALN-m. Data represents the average ±SD for 5 randomly selected fields over 3 separate 

experiments. **p < 0.01, NS - not significant.
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Figure 5. Anti-metastatic efficacy of ALN-m/DTX in syngeneic 4T1 breast cancer bone 
metastasis model.
Treatment consisted of iv injections of PBS, DTX (in Tween 80/ethanol/PEG300), ALK-m/

DTX, or ALN-m/DTX at an equivalent dose of 10 mg DTX/kg. Arrows represent iv 

injections. (A) Quantification of bone metastasis burden based on whole body BLI imaging; 

(B) Body weight; (C) Kaplan−Meier survival plot; (D) Histopathological analysis of 

representative kidney, liver, and spleen of mice received different treatments. Data presented 

as mean ± SEM (n = 8). *p < 0.05 by log-rank (Mantel-Cox) test.

Liu et al. Page 24

Mol Pharm. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Treatment efficiencies of sequential chemotherapy with ALN-m/DTX and radiotherapy 
(RT).
Treatment consisted of iv injections of PBS or ALN-m/DTX (10 mg/kg DTX) followed by 5 

Gy of radiation at a dose rate of 3 Gy/min 24 h after the last injection. Arrows represent iv 

injections. (A) Quantification of bone metastasis burden based on whole body BLI imaging; 

(B) Kaplan−Meier survival plot. Data presented as mean ± SEM (n = 6).
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Table 1.

Physicochemical characteristics of DTX-loaded micelles

Sample

DI water DI water with 3.4 mM Ca2+ PBS

Deff
a

(nm)
PDI

a ζ-potential
a

(mV)
LC (%)

Deff
(nm)

PDI ζ-potential
(mV)

Deff
(nm)

PDI

ALK-m/DTX 82 ± 4 0.20 −17 ± 1 22.4 73 ± 1 0.17 −6 ± 1 60 0.16

ALN-m/DTX
b 84 ± 5 0.18 −30 ± 2 22.4 57 ± 1 0.16 −12 ± 1 67 ± 2 0.16

a
Effective diameter (Deff), polydispersity index (PDI) and ζ-potential were determined by DLS (copolymer concentration 1 mg/mL; 25°C). Data 

presented as mean ± SD (n = 3).

b
ALN-m/DTX corresponds to DTX-loaded micelles prepared from ALN-PEG-PGlu-PPhA copolymers.
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Table 2.

IC50 values of free DTX and DTX-loaded micelles in 4T1 breast cancer cell line.

Sample
IC50, μM

a

RPMI RPMI (3.4 mM Ca2+)

DTX 2.16 ± 0.82 -

ALK-m/DTX 1.39 ± 0.49 0.26 ± 0.05

ALN-m/DTX 0.035 ± 0.002 0.012 ± 0.020

a
The IC50 values expressed as means ± SD (n = 3).
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