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Abstract

Bisphosphonates are used to treat bone diseases such as osteoporosis and cancer-induced bone 

pain and fractures. It is thought that modifying the pharmacokinetics and biodistribution profiles 

of bisphosphonates (i.e. rapid renal clearance and extensive bone absorption) will not only reduce 

their side effects, but also expand their clinical applications to extraskeletal tissues. In the present 

work, using zoledronic acid (Zol) and calcium as model bisphosphonate and metal molecules, 

respectively, we prepared DOPA (an anionic lipid)-coated spherical Zol-Ca nanocomposites (Zol-

Ca@DOPA) and developed Zol-nanoparticle formulations (i.e. Zol-Ca@bi-lipid NPs) based on the 

nanocomposites. The influence of the inputted weight ratio of Zol-Ca@DOPA to DSPE-PEG2k on 

the properties (e.g. size, size distribution, loading efficiency, encapsulation efficiency, zeta 

potential, and polydispersity) of Zol-Ca@bi-lipid NPs was investigated, and a type of Zol-Ca@bi-

lipid NPs with size around 25 nm was selected for further studies. In a mouse model, the Zol-

Ca@bi-lipid NPs significantly reduced the bone distribution of Zol, increased the blood circulating 

time of Zol, and altered the distribution of Zol in major organs, as compared to free Zol. It is 

expected that similar nanoparticles prepared with bisphosphonate-metal complexes can be 

explored to expand the applications to bisphosphonates in extraskeletal tissues.
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1. Introduction

Bisphosphonates, distinguished by their unique ‘P-C-P’ structure, are a class of phosphonate 

compounds clinically used to treat bone diseases such as osteoporosis (Drake et al., 2008; 

Russell et al., 2008). They also attract great attentions for bone tumor treatment, due to their 

ability to inhibit skeletal tumor growth, reduce tumor burden and cancer-induced bone 

diseases (e.g. bone pain, fracture) (Green, 2004; Heymann et al., 2004; Jimenez - Andrade et 

al., 2010; Ripamonti et al., 2009). Mechanistic studies have demonstrated that 

bisphosphonates can directly killing tumor cells, as well as have indirect antitumor effect by 

inhibiting or killing tumorassociated microphages (TAMs) in the tumor microenvironment 

(Gnant and Clézardin, 2012; Guise, 2008; Li et al., 2008; Rogers and Holen, 2011).

Recently, there is also interest in using bisphosphonates for extraskeletal tumor treatment 

(e.g. lung, breast, or prostate tumor) (Hillner et al., 2003; Oster et al., 2014; Rosen et al., 

2003). Unfortunately, because of their unique pharmacokinetics profile (i.e. rapid 

elimination from plasma by renal clearance and extensive skeleton absorption), 

bisphosphonates usually have very limited distribution in extraskeletal tumors (Lin, 1996; 

Marra et al., 2009; Weiss et al., 2008). Several reformulating strategies have been applied to 

modify the pharmacokinetics and biodistribution of bisphosphonates. For instance, there are 

reports that encapsulating bisphosphonates (e.g. zoledronic acid (Zol), clodronic acid (Clo)) 

into functional liposomes causes significant changes in their tissue distribution, as well as an 

increase of bisphosphonate levels in tumors (Marra et al., 2011; Shmeeda et al., 2013; 

Zeisberger et al., 2006). Caraglia and colleagues have also developed an advanced Zol 

delivery system based on the self-assembly of calcium phosphate nanoparticles and cationic 

lipids, which significantly enhanced the accumulation of Zol in extraskeletal tumors (Marra 

et al., 2012; Salzano et al., 2011; Salzano et al., 2016).

Phosphonate-metal materials, including bisphosphonate-metal complexes, are materials that 

have extensive industrial applications (Alkordi et al., 2008; Clearfield and Demadis, 2011; 

García et al., 2012; Shimizu et al., 2013). However, the biomedical applications of such 

materials are still limited, probably related to the lack of studies on the control of their 

physical properties, such as morphology, size, dispersity, uniformity, hydrophilicity/
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hydrophobicity, etc. (Shimizu et al., 2009; Zhu et al., 2014). Recently, Au and colleagues 

reported the utilization of a new reverse microemulsion (RM) method for the synthesis of 

DOPA (an anionic lipid)-coated bisphosphonate-metal composites (i.e. Zol-Ca@DOPA), 

which are small nano-spheres with good uniformity and monodispersity. Based on such Zol-

Ca@DOPA composites, the authors developed a novel nanoparticle formulation for targeted 

delivery of Zol to subcutaneous tumors to explore the potential of using Zol to directly 

inhibit tumor cell growth (Au et al., 2016). Using nanoparticles prepared with fluorescently 

labeled cholesterol, the authors showed that surface-modification of the nanoparticles with 

folic acid increases their distribution in tumor tissues in a mouse model (Au et al., 2016). 

However, it remains unclear how such a nanoparticle formulation alters the biodistribution 

of Zol and whether it helps to reduce the distribution of Zol in bones. We sought to address 

these questions in the present study. We prepared a similar bisphosphonate-metal complex-

based nanoparticle formulation by using Zol and calcium as the model bisphosphonate and 

metal molecules, respectively. The Zol-Ca@DOPA composites were prepared following the 

method by Au and colleagues (Au et al., 2016). DSPE-PEG2K was utilized to wrap the 

highly lipophilic Zol-Ca@DOPA composites to facilitate their dispersion in an aqueous 

solution, and the resultant nanoparticle formulation was denoted as Zol-Ca@bi-lipid NPs. 

After further optimization and characterization, a type of Zol-Ca@bi-lipid NPs with single 

Zol-Ca@DOPA composite-based core was selected for further studies. The distribution and 

kinetics of Zol, free or in the Zol-Ca@bi-lipid NPs, in blood, bone, and major organs were 

evaluated and compared in a mouse model.

2. Materials and Methods

2.1 Reagents

Zoledronic acid monohydrate was from TCI America (Portland, OR). Alexa Fluor 647 

(AF647)-labeled Zol (Zol-AF647) was from BioVinc LLC (Culver City, CA). Sodium 

hydrate, calcium chloride, sodium dihydrogen phosphate, sodium hydrogen phosphate, 

uranyl acetate (UA) dihydrate, formic acid and polyoxyethylene (5) nonylphenylether 

(NP-5) were from Sigma-Aldrich (St. Louis, MO). The 1, 2-dioleoyl-sn-glycero-3-phosphate 

monosodium salt (DOPA) and 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy (polyethylene glycol)-2000 (DSPE-PEG2K) were from Avanti Polar Lipid, Inc. 

(Alabaster, AL). Cyclohexane, dimethyl sulfoxide (DMSO), chloroform and ethanol were 

from Thermo Fisher Scientific Co. (Pittsburgh, PA). All reagents were used without further 

purification.

2.2 Animals

Female C57BL/6 mice (6–8 weeks) were from Charles River Laboratories (Wilmington, 

MA). Animal studies were performed in accordance with the National Research Council 

Guide for the Care and Use of Laboratory Animals. Animal protocol was approved by the 

Institutional Animal Care and Use Committee at The University of Texas at Austin.
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2.3 Preparation and characterization of spherical Zol-Ca@DOPA composites using reverse 
microemulsion method

The spherical Zol-Ca@DOPA composites was prepared as previously described (Li et al., 

2017). Briefly, the component ratios of VH2O/VNP-5 and VNP-5/Vcyclohexane in RM were 

fixed at 1/13.3 and 30/70, respectively. To prepare the RM, 0.36 mL aqueous solution of 

reactant (CaCl2 or Zol) was added into 16 mL mixture of NP-5 and cyclohexane. The 

concentrations of CaCl2 or Zol in aqueous solution were 0.15 M and 0.02 M, respectively. 

To the Zol-containing RM, 0.24 mL DOPA solution (0.05 M in CHCl3) was added dropwise 

to reach a final concentration of 0.9 mM. After sonication and then stirring for several 

minutes, this RM was mixed with the CaCl2-containing RM. After overnight reaction, 

abundant ethanol was applied to break the RM. The white precipitate was collected, washed 

with ethanol twice, and dried. Thereafter, CHCl3 was added to re-suspend the precipitate. 

The suspension obtained was passed through a 0.22 µm filter, dialyzed against CHCl3 for 48 

h in a benzoylated dialysis tube (2 KDa MWCO, Sigma-Aldrich), and stored in −20°C. 

Dynamic light scattering (DLS) and transmission electron microscope (TEM) were applied 

to determine the hydrodynamic particle size and morphology of the Zol-Ca@DOPA 

composites by using a Zetasizer Nano ZS (Malvern, Westborough, MA) and an FEI Tecnai 

TEM (available in the Institute for Cellular and Molecular Biology Microscopy and Imaging 

Facility at The University of Texas at Austin and operated with high tension of 80 kV), 

respectively.

2.4 Determination of Zol concentration by ionic exchange high performance liquid 
chromatography (IE-HLPC)

The concentration of Zol in the Zol-Ca@DOPA storage solution was determined by IE-

HPLC (1260 Infinity II LC System from Agilent Technologies, Santa Clara, CA). Due to the 

hydrophobicity of Zol-Ca@DOPA composites, DSPE-PEG2k was applied to suspend such 

composites in an aqueous solution. Typically, 0.1 mL Zol-Ca@DOPA suspension was added 

into a glass vial with 1 mg DSPE-PEG2k, followed by the removal of CHCl3. Thereafter, 1 

mL IE-HPLC mobile phase (i.e. 0.2% formic acid with pH of ~3.0) was added into the glass 

vial followed by several minutes of water-bath sonication. The concentration of Zol in the 

solution was measured by IE-HPLC with an IC-Pak Anion HC column (4.6 × 150 mm and 

10 µm, Waters Corp., Milford, MA), an absorption wavelength of 210 nm, and a flow rate of 

1.8 mL/min.

2.5 Preparation and characterization of Zol-Ca@DOPA/DSPE-PEG2K nanoparticle 
formulation (i.e. Zol-Ca@bi-lipid NPs)

To prepare Zol-Ca@bi-lipid NPs, a certain amount of Zol-Ca@DOPA composites together 

with DSPE-PEG2K were suspended in 2 mL CHCl3 to obtain a transparent solution. 

Thereafter, a thin film was formed after the removal of CHCl3 using a rotary evaporator. The 

thin film was further applied to a CentriVap Benchtop Vacuum Concentrator (Labconco, 

Kansas City, MO) at 60 °C for 2 h before it was hydrated using 1 mL water (or 10 mM 

sodium phosphate buffer if needed) and sonicated for several minutes, followed by passing 

through a 0.45 µm filter and storing in 4 °C. The morphology of Zol-Ca@bi-lipid NPs was 

characterized using TEM. To prepare the specimen, 5 µL of Zol-Ca@bi-lipid NPs in 
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suspension was added onto a glow-discharge treated carbon-coated grid and allowed to dry. 

Thereafter, the specimen was observed directly or after negatively stained using 2% UA 

solution. The hydrodynamic size and zeta potential of such nanoparticles were measured 

using a Malvern Zetasizer Nano ZS. To determine the content of Zol in Zol-Ca@bi-lipid 

NPs, Zol-Ca@bi-lipid NPs in suspension were lyophilized and dissolved in 0.2% formic 

acid with pH ~3 before applying to IE-HPLC. The drug-loading efficiency (DLE) was the 

weight ratio of the Zol in the nanoparticles to the lyophilized nanoparticles. The recovery 

efficiency (RE) was the weight ratio of Zol detected in the Zol-Ca@bi-lipid NPs to the 

inputted amount of Zol in the Zol-Ca@DOPA hydrophobic core. The encapsulation 

efficiency (EE) was calculated using the amount of Zol in the Zol-Ca@bi-lipid preparations 

(calculated by subtracting free Zol in the preparations determined after ultrafiltration from 

inputted amount of Zol) divided by the total inputted amount of Zol. The preparations were 

not passed through a 0.45 µm filter when determining the EE. These experiments were 

repeated at least three times, and data reported are mean ± S.D.

2.6 In vitro release of Zol from Zol-Ca@bi-lipid NPs

The release of Zol from the Zol-Ca@bi-lipid NPs was determined by placing 1 mL of free 

Zol or Zol-Ca@bi-lipid NPs (Zol concentration, 0.6 mg/mL) into a dialysis tube (MWCO, 

50 KDa, Spectrum Laboratories, Inc., Rancho Dominguez, CA), which was then placed into 

9 mL of release medium (i.e. 10 mM sodium phosphate buffer, pH 5.0, 6.6, or 7.4) and 

incubated in a 37°C shaker incubator. At pre-designed time points, 1 mL of release medium 

was withdrawn and replaced with 1 mL fresh release medium. The concentration of Zol in 

the release medium was measured directly using IE-HPLC.

In the biodistribution study (see below), the Zol-Ca@bi-lipid NPs were made fluorescent by 

including Zol-AF647 (2%, w/w, of the total Zol). To understand the difference between the 

release profiles of Zol and Zol-AF647, we prepared Zol-Ca@bi-lipid NPs with Zol-AF647 

(2%). Dialysis tubes with 0.4 mL of Zol-Ca@bi-lipid NPs in suspension were placed into 

3.6 mL of release medium (i.e. 10 mM sodium phosphate buffer, pH 7.4) and incubated in a 

37 °C shaker incubator. At pre-designed time points, 1 mL release medium was withdrawn 

and replaced with 1 mL fresh release medium. The samples were lyophilized and then re-

dissolved in 0.1 mL mobile phase (i.e. 0.2% formic acid, pH ~3). The concentration of Zol 

in samples was measured using IE-HPLC as described above, and the concentration of Zol-

AF647 in samples was measured using an UV spectrometer NanoDrop 2000 (Thermo 

Scientific, Wilmington, DE) at an absorption wavelength of 650 nm. For the release study, 

the experiments were repeated three times.

2.7 In vivo biodistribution of Zol-Ca@bi-lipid NPs in a mouse model

The biodistribution and kinetics of the Zol-Ca@bi-lipid NPs in blood, one of the hind legs, 

and various major organs were evaluated in C57BL/6 mice. Mice were intravenously 

injected with Zol-Ca@bi-lipid NPs, free Zol, or sterile PBS (as a control). The dose of Zol 

was 2 µg per mouse, and 2% (w/w) of the Zol was Zol-AF647. Mice (n = 3) were euthanized 

at various time points after injection (i.e. 0.5, 2.5, 6 or 24 h) to collect blood, right hind leg 

bone, and major organs (i.e. heart, lung, kidneys, pancreas, spleen and liver). All samples 

were then imaged using an IVIS Spectrum Imaging System (Caliper Life Sciences, 
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Waltham, MA) with excitation/emission wavelength of 640/680 nm, and the fluorescence 

intensities values were used as an indication of the distribution of the Zol. Data reported 

were normalized based on the values from the PBS group (i.e. the values of the PBS group 

were subtracted).

2.8 Statistical analysis

Data were analyzed using Student's t-test (i.e. unpaired) using the GraphPad Prism from 

GraphPad Software, Inc. (La Jolla, CA). Shaprio-Wilk normality test of data, including those 

from a preliminary study, showed that the zoledronic acid (in vivo biodistribution) data 

follow normal distribution. A p value of ≤ 0.05 (two-tailed) is considered significant.

3. Results and Discussion

3.1 Preparation and Characterization of Zol-Ca@bi-lipid NPs

Fig. 1A shows a representative TEM image of the DOPA-coated Zol-Ca composites (Zol-

Ca@DOPA). These composites are spherical, around 15 nm, monodispersed, and uniform. 

The relative number hydrodynamic size distribution of the Zol-Ca@DOPA composites is 

shown in Fig. 1B. Their average hydrodynamic size is 14.8 ± 2.3 nm, which is in agreement 

with the particle size estimated using the TEM image.

Due to the hydrophobicity of Zol-Ca@DOPA composites, DSPE-PEG2K was used to wrap 

such composites to enable their suspension in an aqueous solution to form nanoparticles (i.e. 

Zol-Ca@bi-lipid NPs). Fig. 2 shows the effect of the inputted weight ratio of Zol-

Ca@DOPA composites (i.e. amount of Zol) and DSPE-PEG2K on certain physical properties 

of the resultant Zol-Ca@bi-lipid NPs. When the Zol/DSPE-PEG2K ratio was increased from 

15 µg/mg to 120 µg/mg, the drug (i.e. Zol) loading efficiency (DLE) increased from 1.6% to 

4.2%, and as expected, the encapsulation efficiency (EE) of Zol decreased from 93.6 ± 0.4% 

to 78.8 ± 3.3% (Fig. 2A). Moreover, the recovery efficiency (RE) of Zol was around 80% in 

the Zol-Ca@bi-lipid NPs prepared with a Zol/DSPE-PEG2K ratio of 30 µg/mg or less, but 

decreased sharply when the Zol/DSPE-PEG2K ratio was higher than 30 µg/mg (e.g. 60 to 

120 µg/mg) (Fig. 2B), likely due to the difficulty in the formation of small, monodispersed 

Zol-Ca@bi-lipid NPs at high Zol/DSPE-PEG2K ratios; a significant portion of the 

preparations was likely lost when the samples were applied to a 0.45 µm filter. The mean 

hydrodynamic size of the resultant Zol-Ca@bi-lipid NPs increased from 12.5 nm to 92.5 nm 

with the polydispersity index (PDI) decreased from 0.41 to around 0.2 (Fig. 2C). 

Furthermore, the zeta potential of the resultant Zol-Ca@bi-lipid NPs increased from −27.4 

± 1.2 mV to −8.9 ± 1.5 mV (Fig. 2D).

Clearly, increasing the weight ratio of Zol-Ca@DOPA to DSPE-PEG2k led to an increase in 

the size of the resultant nanoparticles. Given that the mean diameter of the Zol-Ca@DOPA 

composites was only ~15 nm (Fig. 1), it is likely that the Zol-Ca@bi-lipid NPs with slightly 

larger size (e.g. > 15 nm and < 30 nm) have an inner core consisting of single Zol-

Ca@DOPA composite, whereas larger nanoparticles (e.g. > 30 nm) may contain multiple 

Zol-Ca@DOPA composites. For example, when the Zol/DSPE-PEG2K ratio was 15 or 20 

µg/mg, the majority of the Zol-Ca@bi-lipid NPs formed appeared to be small with a single 
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Zol-Ca@DOPA composite inner core (Fig. 2E). In contrast, when the Zol/DSPE-PEG2K 

ratio was increased to 60 or 120 µg/mg, the resultant Zol-Ca@bi-lipid NPs were much larger 

and contained multiple Zol-Ca@DOPA composites (Fig. 2E), likely because the amount of 

DSPE-PEG2k added was not enough to wrap the outer surface of every single Zol-

Ca@DOPA composite anymore.

Based on the above results, the Zol-Ca@bi-lipid NPs that were prepared with a Zol/DSPE-

PEG2K weight ratio of 20 µg/mg were selected for further studies, because almost all the 

resultant nanoparticles had a single Zol-Ca@DOPA composite core (Fig. 2E), and such Zol-

Ca@bi-lipid NPs had high Zol encapsulation efficiency (i.e. 92.1 ± 1.3%), high Zol recovery 

efficiency (i.e. 78.3 ± 1.2%), and small particle size of 23.6 ± 1.8 nm with low 

polydispersity index (i.e. ~0.2). Fig. 3A shows a representative TEM image of the Zol-

Ca@bi-lipid NPs after negative staining. The diameter of such nanoparticles based on the 

TEM images is estimated to be ~25 nm, which is in agreement with the mean hydrodynamic 

size measured using DLS (histogram of distribution by number shown in Fig. 3B). The TEM 

images also showed that the Zol-Ca@bi-lipid nanoparticles appeared to have a core (i.e. Zol-

Ca@DOPA composite) and a lipid layer-based shell structure.

3.2 pH-responsive drug release of Zol-Ca@bi-lipid NPs

The release profiles of Zol from the Zol-Ca@bi-lipid NPs were determined in normal 

physiological pH (i.e. pH 7.4) and lower pH values (i.e. pH 6.8 and 5.0), because data from 

previous studies indicated that the release of Zol from Zol-Ca complexes is pH dependent 

(Au et al., 2016; Liu et al., 2012). As shown in Fig. 4, the release rate of Zol from Zol-

Ca@bi-lipid NPs was higher in lower pH. For example, after 48 h, only about 35% of Zol 

was released from the nanoparticles at pH 7.4, in comparison to ~45% at pH 6.8 and ~75% 

at 5.0. This finding confirmed that the release of Zol from the Zol-Ca@bi-lipid NPs is pH-

sensitive, likely because the high concentration of protons in lower pH more effectively 

disrupt the chemical interactions between the phosphate anions and calcium cations in the 

Zol-Ca complexes (Dorozhkin, 2012). The pH-dependent release of Zol from the Zol-

Ca@bi-lipid NPs will likely be beneficial for future application of the Zol-Ca@bi-lipid NPs 

in tumor therapy as the pH in tumor microenvironment is known to be lower than normal 

physiological pH (Helmlinger et al., 1997; Parolini et al., 2009). It is expected that the Zol-

Ca@bi-lipid NPs will likely have limited Zol release when circulating in blood, and then 

release more Zol when reach tumor tissues.

In addition, it is noted that there is a disagreement about the release of Zol from Zol-Ca 

complexes in normal physiological pH (i.e. pH 7.4) in the literature. For instance, Liu et al., 

(2012) reported that in 5 mM phosphate-buffered saline (PBS), more than 30% of Zol was 

released from bare or lipid-coated Zol-Ca rods within 24 h, which agrees with our result 

shown in Fig. 4. However, Au et al. (2016) reported that their Zol-Ca/lipid nanoparticle 

formulation was fairly stable and only release less than 5% of Zol in a pH 7 phosphate buffer 

(100 mM) after 24 h. We also noticed that the release of Zol from our Zol-Ca@bi-lipid NPs 

was much slower in a 50 mM phosphate buffer (data not shown). Our Zol-Ca@bi-lipid NPs 

are similar to the nanoparticles reported by Au et al. (2016). We speculate that high 

concentrations of phosphate anions may significantly slow down the release of Zol from the 
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Zol-Ca complexes. This phenomenon is probably related to the release of Ca2+ together with 

the release of Zol from Zol-Ca complexes in aqueous solution. Since there are hydrogen 

phosphate anions (i.e. HPO4
2−) in the release medium, they may interact with Ca2+ to form 

CaHPO4 precipitates (Newton and Driscoll, 2008). When the concentration of HPO4
2− is 

high (e.g. in 0.05 – 0.1 M phosphate buffers), more insoluble CaHPO4 may form and deposit 

on the outer surface of nanoparticles, thus blocking further dissociation of the Zol-Ca 

complexes (i.e. the release of Zol). Given that the concentration of phosphate anions in 

normal physiological condition is relatively low (i.e. 5 to 10 mM) (Hugentobler et al., 2007; 

Kestenbaum et al., 2005), it is therefore expected that our Zol-Ca@bi-lipid NPs will release 

some Zol when circulating in blood after i.v. injection.

3.3 In vivo pharmacokinetics and distribution of Zol in Zol-Ca@bi-lipid NPs

In order to investigate if our Zol-Ca@bi-lipid NPs could modulate the biodistribution and 

pharmacokinetics of Zol, we studied the plasma and tissue kinetics of Zol in Zol-Ca@bi-

lipid NPs and compared them to that of free Zol in a mouse model. To readily detect Zol, 2% 

(w/w) of the Zol was the fluorescently labeled Zol-AF647. It has been reported that free 

bisphosphonates and their relative fluorescently labeled bisphosphonates, including Zol and 

Zol-AF647, have very similar in vivo distributions (Junankar et al., 2015; Roelofs et al., 

2012; Sun et al., 2015). C57BL/6 mice were i.v. injected with Zol-Ca@bi-lipid NPs or free 

Zol, both containing 2% of Zol-AF647, and mice were euthanized at different time points 

after injection to collect blood, right hind leg bone, and major organs, and the contents of 

Zol in them were determined by measuring the fluorescence intensity values.

Shown in Fig. 5A are the blood Zol concentration vs. time curves. Free Zol underwent rapid 

clearance after i.v. injection, whereas the Zol-Ca@bi-lipid NPs significantly slowed down 

the clearance of Zol (e.g. ~3.6-fold decrease in observed clearance (Clobs), ~3.6-fold 

increase in AUC0-inf) (data based on PKSolver, non-compartment i.v. bonus model (Zhang et 

al., 2010)). Importantly, the Zol-Ca@bi-lipid NPs significantly decreased Zol distribution in 

mouse leg bone, as compared to free Zol (Fig. 5B). The fluorescent images of the bones and 

other major organs taken from the mice 24 h after i.v. injection of free Zol or the Zol-

Ca@bi-lipid NPs are shown in Fig. 5C. The fluorescent images of bones and other major 

organs taken at other time points, including in mice injected with sterile PBS as a control, 

are shown in Fig. S1–S4. Bisphosphonates (e.g. Zol) have demonstrated clinical efficacy 

against skeletal tumors (Green, 2004; Heymann et al., 2004). However, due to their preferred 

accumulation in bones, bisphosphonates have no or only limited activity against 

extraskeletal tumors (Marra et al., 2009; Weiss et al., 2008). Moreover, it is known that 

certain side effects of bisphosphonates, e.g. jaw necrosis, are tightly related to their 

accumulation in bones as well (Ruggiero et al., 2004; Woo et al., 2006). Therefore, our 

finding that formulating Zol into Zol-Ca@bi-lipid NPs decreases the bone distribution of 

Zol suggest that they can be potentially applied to treat extraskeletal tumors, as well as 

minimize their side effects. It is noted that although at a relatively lower level, Zol 

distribution in bones remained significant even after i.v. inject ion of the Zol-Ca@bi-lipid 

NPs (Fig. 5B–C). This is likely related to the release of Zol from the nanoparticles when 

circulating in blood. Future effort of minimizing the release of Zol from similar 
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nanoparticles in blood circulation is expected to further help reduce or minimize its bone 

distribution.

In major organs, there were significant differences in the fluorescence intensity values in the 

kidneys (at the 0.5 h time point), spleen, liver (Fig. 5C–E), but not in heart, lung or pancreas 

(Fig. S5) of mice i.v. injected with Zol-Ca@bi-lipid NPs or free Zol. As expected, when 

injected with free Zol, fluorescent signal can be detected in mouse kidneys at early time 

point (i.e. 0.5 h), likely because Zol is normally cleared from the kidneys (Lin, 1996; Lin et 

al., 1991). As to mice injected with the Zol-Ca@bi-lipid NPs, fluorescent signals were 

significantly higher in their liver and spleen, as compared to that in mice injected with free 

Zol (Figs. 5D–E). This may be attributed to the particulate nature of the Zol-Ca@bi-lipid 

NPs, which facilitates their distribution in the mononuclear phagocyte system (e.g. liver and 

spleen) (Albanese et al., 2012; Storm et al., 1995).

Taken together, data in Fig. 5 indicate that the Zol-Ca@bi-lipid NPs significantly modify the 

blood and tissue distribution and kinetics of Zol in a mouse model. In the present in vivo 

study, a small percent of the Zol used was Zol-AF647, which enables the quantitation of the 

Zol in the blood, bone and major organs of mice by ex-vivo fluorescence imaging. Data 

from previous studies showed that fluorescently labeled bisphosphonates, e.g. Zol-AF647, 

mainly accumulate in bones, which is similar to their unlabeled parent bisphosphonates 

(Junankar et al., 2015; Roelofs et al., 2012; Sun et al., 2015). However, conjugating AF647 

onto Zol affects its physicochemical properties. In order to verify the feasibility of using the 

Zol-AF647 as the fluorescent probe to study the pharmacokinetics and biodistribution of 

unlabeled Zol delivered by the Zol-Ca@bi-lipid NPs, the release profile of Zol-AF647 from 

such nanoparticles prepared with 2% of Zol-AF647 was evaluated and compared to the 

release profile of the free, unlabeled Zol from the same nanoparticles. As shown in Fig. 6, 

the rate at which the Zol-AF647 is released from the Zol-Ca@bi-lipid NPs (with 2% Zol-

AF647) is similar to (or not higher than) that of the unlabeled Zol from the same 

nanoparticles, indicating that the pharmacokinetics and biodistribution data generated by 

measuring Zol-AF647 (Fig. 5) are indicative of the pharmacokinetics and biodistribution of 

the unlabeled Zol in the Zol-Ca@bi-lipid NPs.

As mentioned earlier, there is increasing interest in developing new formulations to alter the 

in vivo biodistribution of bisphosphonates, and thus enhance their applications in 

extraskeletal tumor therapy (Oster et al., 2014; Rosen et al., 2003). Most of the reported 

formulations, such as the bisphosphonate-encapsulated liposomes (e.g. liposomal Zol or 

Col) and the Zol-embedded pre-formed calcium phosphate and cationic lipids hybrid 

nanoparticles, have been shown to be able to change the biodistribution of the 

bisphosphonates (Marra et al., 2012; Salzano et al., 2011; Salzano et al., 2016; Shmeeda et 

al., 2013). Compared to those formulations, the delivery systems based on the 

bisphosphonate-metal complexes recently reported by Au and colleagues offer an alternative 

platform: spherical Zol-Ca complexes were prepared using a RM technique, and the 

complexes were then coated with folic acid-modified lipids for targeted delivery of Zol into 

subcutaneous tumors in a mouse model (Au et al., 2016). However, in their in vivo 

biodistribution study, fluorescently labeled cholesterol compounds were used to show that 

the folic acid on the nanoparticles was able to help increase the distribution of the 
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nanoparticles into tumor tissues, as compared to nanoparticles that were not modified with 

folic acid (Au et al., 2016). In other words, the authors did not report the distribution of Zol 

in tumor tissues, nor in mouse bones. Our data showed that the distributions of Zol in mouse 

bone and some major organs were significantly modified by the Zol-Ca@bi-lipid NPs, as 

compared to free Zol, thus helping lay the foundation for exploring the application of 

formulations based on complexes formed by direct bisphosphonate-metal interactions for 

extraskeletal tumor therapy.

4. Conclusions

In the present study, we showed that a Zol-nanoparticle formulation prepared using Zol-Ca 

nanocomposites synthesized by a reverse microemulsion method reduces the bone 

distribution of Zol, decreases its clearance rate in blood, and alters its tissue distribution. It is 

expected that similar bisphosphonate-metal material-based nanoparticle formulations can be 

applied to help reduces the side effects of bisphosphonates and expand their applications in 

extraskeletal tissues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(A) A representative TEM image of DOPA-coated zoledronic acid-calcium (Zol-

Ca@DOPA) composites (bar = 100 nm); (B) the hydrodynamic size distribution of the Zol-

Ca@DOPA (in CHCl3).
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Fig. 2. 
The effect of the ratio of Zol-Ca@DOPA to DSPE-PEG2k (i.e. Zol/DSPE-PEG2k) on the 

drug (Zol) loading efficiency (DLE) and encapsulation efficiency (EE) of Zol (A), recovery 

efficiency (RE) of Zol (B), average hydrodynamic size (by number) and polydispersity index 

(PDI) (C), and zeta potential (D) of the resultant Zol-Ca@bi-lipid NPs. (E) Representative 

TEM images of Zol-Ca@bi-lipid NPs prepared with different Zol/DSPE-PEG2k ratios (i.e. 

15, 20, 60 and 120 µg/1 mg) (bar = 100 nm). In A–D, data shown are mean ± S.D. (n ≥ 3).
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Fig. 3. 
Characterization of Zol-Ca@bi-lipid NPs prepared with a Zol-Ca@DOPA to DSPE-PEG2k 

ratio of 20 µg/1 mg. (A) a representative TEM image after negative staining. Nanoparticles 

with clear core-shell structure are indicated by white arrows (bar = 100 nm); (B) 
hydrodynamic size distribution of the Zol-Ca@bi-lipid NPs in aqueous suspension.

Li et al. Page 16

Int J Pharm. Author manuscript; available in PMC 2018 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
The release profiles of Zol from Zol-Ca@bi-lipid NPs in 10 mM sodium phosphate buffers 

with different pH values (i.e. 5.0, 6.8 and 7.4). As controls, the diffusion of free Zol across 

the dialysis member was also measured at different pH values. Data are mean ± S.D. (n = 3).

Li et al. Page 17

Int J Pharm. Author manuscript; available in PMC 2018 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Blood and tissue pharmacokinetics of Zol in Zol-Ca@bi-lipid NPs. Mice were i.v. injected 

with Zol-Ca@bi-lipid NPs or free Zol with an equivalent amount of Zol (with 2% Zol-

AF647) and euthanized 0.5, 2.5, 6 or 24 h after injection. Fluorescence intensity in blood, 

right hind leg bone, and major organs were measured. The results are expressed as values 

after subtracting mean values from the PBS group. (A) Blood, (B) leg bone, (C) fluorescent 

images of the right rear leg bone and major organs from mice euthanized 24 h after i.v. 

injection, (D) kidneys, (E) liver, and (F) spleen. Data are mean ± S.D. (n = 3, * p < 0.05, ** 

p < 0.01).
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Fig. 6. 
A comparison of the release profiles of Zol and Zol-AF647 from the same Zol-Ca@bi-lipid 

NPs that contain 2% Zol-AF647 in 10 mM sodium phosphate buffers (pH 7.4). Data are 

mean ± S.D. (n = 3).
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