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Abstract

The development of phosphonate-metal materials is tightly related to the advancement in their
synthesis methods. Herein, using zoledronic acid (Zol), a bisphosphonate (bioacitve phosphonate
with a *P-C-P’ structure), and calcium as model molecules, we applied the reverse microemulsion
(RM) method to synthesize a series of Zol-Ca complexes. We comprehensively i) studied the
relationship between RM conditions, including the component ratio of RM, co-surfactants,
reaction time, reactant concentrations, reaction temperature, and the presence of a phospholipid, 1,
2-dioleoyl-sn-glycero-3-phosphate acid (DOPA), and the physical properties of the complexes
synthesized (i.e. shape, size, uniformity, monodispersity and hydrophilicity/hydrophobicity), and
ii) explored the underlying mechanism(s). To evaluate the biomedical application potential of the
Zol-Ca complexes synthesized, one type of hydrophobic, DOPA-coated spherical Zol-Ca
complexes (denoted as Zol-Ca@DOPA) was formulated into a PEGylated lipid-based nanoparticle
formulation (i.e. Zol-Ca@bi-lipid NPs, ~24 nm in diameter). In a mouse model with orthotopic
mammary tumors, the Zol-Ca@bi-lipid NPs significantly enhanced the distribution of Zol in
tumors, as compared to free Zol. It is expected that the RM-based systhesis of (bis)phosphonate-
metal materials with controllable physical properties will help expand their applications.

Graphical abstract

"Author of correspondence: Tel: (512) 495-4758, Zhengrong.cui@austin.utexas.edu.

Authors’ Contributions:
X. L.: Experimental design, Figures 1-8, Figure S1-S6, Table S1, and writing the paper; Y.N.: Figure 8C, Figure S5; S.V.: Figure 8D;
S.H.: Table S1; Z.C.: Experimental design, writing and editing the paper.

Supporting Information

TEM images of Zol-Ca complexes formed in reverse microemulsion with single co-surfactant or different reaction time; proposed
structure of Zol-Ca@bi-lipid NPs and their representative TEM images; in vivo release profile of Zol from Zol-Ca@bi-lipid NPs;
fluorescent images showing the uptake of Zol in orthotopic M-Wnt mammary tumors; TEM images of other DOPA-coated
bisphosphonate-metal complexes, including DOPA-coated alendronic acid-calcium (Ale-Ca@DOPA), clodronic acid-calcium (Clo-
Ca@DOPA) and zoledronic acid-zinc (Zol-Zn@DOPA); and the chemical composition (i.e. Ca/Zol ratio) of three selected Zol-Ca
complexes.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Lietal.

Keywords

Page 2

| water phase

Typical RM s i
(low water amourt) / Zol-Ca@bi-ipld NPs ' Dot
|
y i
E 2 * * ' 4 oil phase
ii @ :
- i
EE <, | nonlonk:
g2 h- ik ¢ surfactant
=3 s £Ee & v. Injsction i
EX B :
§n ! Zol-Ca
s comphex
E o Bicontinuous RM ) = | ol
E E (high water amount) y s ) >
A !
g2 ¢ i ! Doea
g & i J Y ! e
= ~— AT .
% Enhanced delivery of Zolinto | | DSPE-PEG
Y !

orthotopic M-Wnt tumor

Microemulsion compositions; Reaction conditions; Formation mechanism; Nanoparticles;
Distribtuion in tumor

Introduction

Phosphonates, including bisphosphonates, are derivatives of organophosphorus acids that
contain unique ‘P-C’ bond(s).! In the late 1970s, it was demonstrated that phosphonates are
able to coordinate a variety of metal cations to form covalent ‘P-O-metal’ bonds.2
Subsequently, the chemistry of phosphonate-metal materials underwent an impressive
development, resulting in the generation of numerous functional materials with a broad
range of industrial and biomedical applications.3~

Phosphonate-metal materials are generally synthesized by the co-precipitation method (i.e.
mixing reactants directly into a mixture of water/polar organic solvent).8 Modification of
reaction conditions, such as temperature, pH value, solvent type and ratio, can influence the
coordination manner between phosphonates and metal cations, thereby inducing the
generation of numerous crystal structures.®-10 In recent years, classic sol-gel method has
also been used to synthesize porous phosphonate-metal complexes,11-12 and the ‘template-
free” and “surfactant-assisted’ strategies have been applied to adjust the porous
characteristics (e.g. porosity, pore size) of the resultant phosphonate-metal materials. 13-15
The phosphonate-metal materials synthesized by those methods often have unique crystal
structures and desired porous characteristics, but are usually bulk complexes with irregular
shapes and poor uniformity and dispersity.l: 12 A method of synthesizing phosphonate-metal
materials with controllable physical properties (e.g. shape, size, uniformity, dispersity) may
help expand the potential applications of such materials.

Reverse microemulsion (RM) technology has been utilized to synthesize a wide variety of
nanomaterials (e.g. metallic nanoparticles, semiconductor quantum dots, polymeric
nanoparticles), and the physical properties of the resultant nanomaterials can be readily
controlled by adjusting the parameters of the RM systems.16-18 There are, indeed, a few
reports of synthesizing phosphonate-metal materials by reacting compounds containing
phosphonate moiety, e.g. phosphonate-modified cisplatin prodrugs or bisphosphonates, with
metal cations in RM systems.1%-21 However, comprehensive studies are needed to correlate
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the parameters of the RM systems with the physical properties of phosphonate-metal
materials synthesized and to clarify the underlying mechanisms.

The primary aim of the present study was to comprehensively investigate the controlled
synthesis of phosphonate-metal materials by RM technology, using zoledronic acid (Zol), a
bisphosphonate, and calcium as model molecules. The effects of the component ratios in the
RM system (i.e. water/nonionic surfactant/oil), co-surfactant(s), reaction time, reaction
temperature, reactant concentration and the inclusion of an anionic phospholipid, 1, 2-
dioleoyl-sn-glycero-3-phosphate acid (DOPA) on the shape, size, uniformity and
monoadispersity of the Zol-Ca complexes synthesized were evaluated. Importantly, the
mechanisms underlying the formation of Zol-Ca complexes with various physical properties
were discussed. In addition, since there is great interest in applying bisphosphonates such as
Zol for tumor therapy, 2227 we preliminarily evaluated the potential of using the Zol-Ca
complexes synthesized to enhance the delivery of Zol into tumors in a mouse model.

Materials and methods

Reagents

Zoledronic acid (zoledronate or Zol) monohydrate, alendronic acid (alendronate or Ale) and
disodium clodronic acid (clodronate or Clo) tetrahydrate were from TCI America (Portland,
OR). Alexa Fluor 647 (AF647)-labeled Zol was from BioVinc LLC (Los Angeles, CA).
Sodium hydrate, calcium chloride, zinc chloride, sodium dihydrogen phosphate, sodium
hydrogen phosphate, uranyl acetate (UA) dihydrate, formic acid, formalin, collagenase 1V,
paraformaldehyde, polyoxymethylene, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), polyoxyethylene (5) nonylphenylether (NP-5) and polyoxyethylene (10)
octylphenyl ether (OEP-10) were from Sigma-Aldrich (St. Louis, MO). DOPA monosodium
salt and 1, 2-distearoyl- sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene
glycol)-2000] (DSPE-PEG,k) were from Avanti Polar Lipid, Inc. (Alabaster, AL).
Cyclohexane, dimethyl sulfoxide, hexanol, chloroform and ethanol were from Thermo
Fisher Scientific Co. (Pittsburgh, PA). APC-labeled anti-mouse CD206 (MMR) antibody
was from BioLegend Co. (San Diego, CA). All reagents were used without further
purification.

Cells and Animals

J774A.1 murine macrophages were from the American Type Culture Collection (Manassas,
VA) and cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 U/mL of penicillin plus 100 pg/mL of streptomycin (1% P/S)
at 37 °C and 5% CO,. MMTV-M-Wnt-1 (M-Wnt) mammary tumor cells (basal-like, triple-
negative, claudin-low) were isolated from the spontaneous mammary tumors in MMTV-
Whnt-1 transgenic mice with a congenic C57BL/6 background. Such tumor contains a high
population of tumor-associated macrophages (TAMs).28 M-Wnt cells were cultured in RPMI
1640 containing 10% FBS and 1% P/S. All cell culture media and reagents were from
Invitrogen (Carlsbad, CA).
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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. M-Wnt
tumor model was established by injecting M-Wnt tumor cells (1 x 108 cells per mouse) into
the fourth mammary fat pad of C57BL/6 mice.

Synthesis of Zol-Ca complexes using the RM method

For a typical synthesis of Zol-Ca complexes, surfactant NP-5 was first dissolved in
cyclohexane to obtain a homogeneous mixture. Thereafter, an aqueous solution of CaCl,
(0.15 M, pH ~7) or Zol (0.02 M, pH ~9) was added dropwise into such mixture with
magnetic stirring, followed by sonication in water bath until the system became transparent.
Afterwards, such two types of RM, one containing CaCl, and the other containing Zol, were
mixed with each other to initiate the reaction between CaCl, and Zol. After a pre-designed
time period (i.e. 0.5, 4, 16 or 44 h) at room temperature (~22 °C), the mixed RM was
transferred into abundant ethanol, and the resultant mixture was centrifuged at 12 000 x g
for 30 min. The precipitate was washed using ethanol twice and re-suspended in ethanol. To
comprehensively study the synthesis of Zol-Ca complexes by the RM method, the effects of
several reaction parameters on the physical properties of the complexes were evaluated,
including the volume ratio of H,O/surfactant/cyclohexane, co-surfactants (OEP-10 and
hexanol), reactant (i.e. CaCl, or Zol) concentrations in the RM, and reaction temperature.

The morphology of all Zol-Ca complexes synthesized was characterized using an FEI Tecnai
Transmission Electron Microscope (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. The samples of Zol-Ca complexes were suspended
in ethanol, and 6 pL of the suspension was placed onto a carbon film-coated copper grid,
followed by observation after dryness.

Determination of the chemical composition of Zol-Ca complexes

To determine the Zol/Ca ratios in the resultant Zol-Ca complexes, such complexes were
dissolved in a formic acid/water mixture (0.2%, v/v). The concentration of Zol in the
solution was determined directly by ion-exchange high performance liquid chromatography
(IE-HPLC, 1260 Infinity Il LC System from Agilent Technologies, Santa Clara, CA) with an
IC-Pak Anion HC Column (4.6 x 150 mm and 10 um, Waters Corp., Milford, MA). The
mobile phase of IE-HPLC was 0.2% formic acid solution (pH ~3), and the absorption
wavelength and the flow rate were 210 nm and 1.8 mL/min, respectively.2 The calcium
concentration in the same solution was determined by inductively coupled plasma mass
spectrometry (ICP-MS, Agilent 7500ce), after appropriate dilution using 2% nitric acid.

Preparation and characterization of DOPA-coated Zol-Ca complexes composites

For the preparation of DOPA-coated Zol-Ca composites, the component ratio of Vp_s/
Veyclohexane i RM was fixed at 30/70 and the V,0/VNp-s ratio was changed from 1/13.3 to
1/1.5. To prepare the RM, an aqueous solution of reactant (CaCl, or Zol) was added into 8
mL mixture of NP-5 and cyclohexane. The concentrations of CaCl, or Zol in the aqueous
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solution were 0.15 M and 0.02 M, respectively. DOPA was dissolved in CHCI3 to a
concentration of 50 mM. When DOPA was added before the initiation of reaction, 0.12 mL
DOPA solution was added dropwise into the Zol-containing RM to reach a final
concentration of 0.9 mM. After sonication for several minutes and stirring for 10 min, this
RM was mixed together with CaCl,-containing RM. When DOPA was added after the
initiation of reaction, 0.12 mL DOPA was directly added into the reaction mixture 4 h after
the reaction was started to reach a final concentration of 0.45 mM. After ~16 h of reaction,
abundant ethanol was applied to break the RM. The white precipitate was collected, washed
with ethanol twice, and then dried. Thereafter, CHCI3 was added to re-suspend the dried
precipitates for further TEM characterization.

To purify spherical DOPA-coated Zol-Ca complexes for further studies, the suspension was
passed through a 0.22 um filter and dialyzed against CHClI3 for 48 h in a benzoylated
dialysis tube (2 KDa MWCO, Sigma-Aldrich) and then stored at —20 °C.

The concentration of Zol in the Zol-Ca@DOPA storage suspension was determined by IE-
HPLC. Due to the high hydrophobicity of Zol-Ca@DOPA composites, a net neutral
surfactant (i.e. DSPE-PEGk) was applied to allow such composites to suspend within an
aqueous solution. Typically, 0.1 mL of the Zol-Ca@DOPA solution was added into a glass
vial with 1 mg DSPE-PEG, followed by the removal of CHCI3. Thereafter, 1 mL IE-
HPLC mobile phase (0.2% formic acid, pH ~3.0) was added into the glass vial and sonicated
for several minutes. The concentration of Zol in the solution was then measured by IE-
HPLC,

Besides Zol-Ca@DOPA, DOPA-coated alendronic acid-calcium (Ale-Ca@DOPA),
clodronic acid-calcium (Clo-Ca@DOPA) and zoledronic acid-zinc (Zol-Zn@DOPA)
complexes with spherical shape were also prepared in the same manner and characterized
using TEM.

Preparation and characterization of Zol-Ca complex-incorporated lipid-based
nanoparticles (i.e. Zol-Ca@bi-lipid NPs)

To prepare Zol-Ca@bi-lipid NPs, Zol-Ca@DOPA composites and DSPE-PEG,k were
mixed in 2 mL CHCl3 to obtain a transparent solution. Thereafter, the solution was applied
to a rotary evaporator under reduced pressure to remove CHCI3 and obtain a thin film. The
thin film 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 um PVDF filter and
storing at 4 °C.

The morphology of Zol-Ca@bi-lipid NPs was characterized by TEM. To prepare the
specimen, carbon-coated grids were pretreated by glow-discharge, and then each grid was
covered by 5 UL of Zol-Ca@bi-lipid NPs solution. After dryness, the specimen was directly
characterized or negatively stained using a 2% UA solution before observation. The
hydrodynamic size and zeta potential of the nanoparticles were measured using a Nano
Zetasizer (Malvern, Westborough, MA). To determine the content of Zol, Zol-Ca@bi-lipid
NPs were lyophilized and dissolved in mobile phase before applying to IE-HPLC. The
recovery efficiency (RE) was the weight ratio of the detected Zol in the nanoparticles
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divided by the inputted Zol amount. The drug-loading efficiency (DLE) was the weight ratio
of the detected Zol in nanoparticles divided by the weight of the lyophilized nanoparticles.

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 the
nanoparticles into a dialysis tube (MWCO, 50 KDa, Spectrum Laboratories, Inc., Rancho
Dominguez, CA). Dialysis tubes that contained 0.6 mg of Zol, free or in Zol-Ca@bi-lipid
NPs, in 1 mL of release medium were placed into 9 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 concentration of Zol in the release medium was measured using IE-
HPLC.

In vitro cellular cytotoxicity of Zol-Ca@bi-lipid NPs

A standard MTT assay was used to evaluate the cytotoxicity of Zol-Ca@bi-lipid NPs to the
J774A.1 cells. Cells were seeded in 96-well plates (5 x 108 cells per well), followed by
incubation for 24 h. Cells were then treated with free Zol, Zol-Ca@bi-lipid NPs, or a Zol-
free DOPA liposome formulation as a control. The method of preparing the DOPA
liposomes consisted of calcium-treated DOPA and DSPE-PEG,y was almost the same as the
method of preparing the Zol-Ca@bi-lipid NPs, except that an equivalent amount of calcium-
treated DOPA instead of Zol-Ca@DOPA was used.

After 48 h of incubation at 37 °C, 20 uL of MTT solution (5 mg/mL in PBS) was added into
the culture medium and incubated for 2 h. Thereafter, the culture medium was replaced by
150 pL of dimethyl sulfoxide. After 15 min of incubation, the absorbance at 570 nm in each
well was measured using a Synergy HT microplate reader (BioTek, Winooski, VT). The
50% inhibitory concentration (1Cgg) values were calculated using the GraphPad Prism
(GraphPad Software, Inc., La Jolla, CA.).

Effect of Zol-Ca@bi-lipid NPs on the distribution of Zol in tumor tissues in a mouse model

The ability of the Zol-Ca@bi-lipid NPs in delivering Zol into tumors was evaluated in
C57BL/6 mice with orthotopic M-Wnt mammary tumors (n = 4). Tumor-bearing mice were
intravenously injected with Zol-Ca@bi-lipid NPs, free Zol, or PBS (as a control) 30 days
after M-Wnt tumor cells (1 x 10%) were injected into mice (average tumor diameter, ~8 nm).
The dose of Zol was 2 pg per mouse, and 2% (w/w) of the Zol was AF647-labeled. Mice
were euthanized 24 h later, and tumors were dissected and imaged using the IVIS Spectrum
imaging system (Caliper Life Sciences, Waltham, MA) with excitation/emission wavelength
of 640/680 nm..

In order to further confirm the modification of the biodistribution of Zol by Zol-Ca@bi-lipid
NPs, the effect of the Zol-Ca@bi-lipid NPs on the population of TAMs in the tumors was
evaluated. Mice with orthotopic M-Wnt mammary tumors were intravenously injected with
Zol-Ca@bi-lipid NPs, free Zol, or PBS (as a control) 36 days after tumor cell injection (i.e.
mean tumor diameter ~10 mm). Zol-free DOPA liposomes were also used as a vehicle
control. The dose of Zol was 10 ug per mouse, and the injection was repeated two days later.
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Forty-eight hours after the second injection, mice were euthanized to collect tumor tissues.
To prepare single cell suspension, tumors were digested with 1 mg/mL of collagenase 1V in
Hank’s Balanced Salt Solution (HBBS, Gibco) with 3 mM CacCl,, followed by passing
through a 70 um strainer (Thermo Fisher Scientific) to collect cells. After washing with PBS
twice, cells were fixed in 4% paraformaldehyde at room temperature for 30 min and then
stained with APC-labeled anti-CD206 antibody on ice for 1 h. After washing with cold PBS
twice, cells were analyzed using a BD FACS Aria Flow Cytometer (BD Biosciences-US,
San Jose, CA) to determine the percent of CD206" cell (a biomarker of TAMs).30

Statistical analysis

Statistical analyses were accomplished using the Prism software. A p value of < 0.05 is
considered significant.

Results and Discussion

Effects of the component ratio of the RM on the properties of Zol-Ca complexes
synthesized using the RM method

The RM system used for the synthesis of Zol-Ca complexes consisted of H,O, NP-5 as the
surfactant, and cyclohexane as the oil phase (denoted as RMq). We first investigated the
relationships between the physical properties of Zol-Ca complexes formed and the ratio of
the different components in the RM;. Shown in Figure 1 are representative TEM
micrographs of Zol-Ca complexes synthesized in RM; with different V,0/Vnp.5 and
VNpP-5/Veyclohexane ratios. When the ratio of Viy,0/Vnp-s Was fixed at 1/13.3, the Zol-Ca
complexes formed were spherical and uniform in size, although the majority of the
complexes existed as aggregates. Moreover, increasing the Vnp-s/Vcyclohexane ratio from
9/91 to 35/75 led to an increase in the size of the complexes formed (i.e. from ~10 nm to ~20
nm), but did not show any significant effect on the spherical shape or the aggregation status
of the complexes (Figure 1A).

When the ratio of V,0/Vnp-s Was increased to 1/3 or higher, the as-synthesized Zol-Ca
complexes exhibited pearl-necklace-like structures (i.e. connection or aggregation of
different Zol-Ca complexes along certain directions). The whole length of the structures
ranges from several tens to several hundreds of nanometers, and the diameter of the
structural unit of such pearl-necklace-like complexes is ~8 nm (Figure 1C and 1D).
Additionally, changing the VNp_s/Vcyclohexane ratio from 9/91 to 35/75 did not significantly
influence the physical properties of Zol-Ca complexes formed (Figure 1D).

Taken together, these results indicate that the component ratio in the RMq system strongly
influences the shape of resultant Zol-Ca complexes, and also slightly affect the size of
spherical complexes but not the pearl-necklace-like complexes. The formation of spherical
or pearl-necklace-like complexes is mainly determined by the ratio of the water/surfactant
(.. Vh,0/VNp-5), and the size of the spherical Zol-Ca complexes is mainly affected by the
ratio of surfactant/oil phase (i.e. V\p-s/Veyclohexane)- A ternary phase diagram was plotted to
illustrate the relationships between the morphology (i.e. shape and size) of Zol-Ca
complexes synthesized and the compositions of the RM4 (Figure 2). Since the Vp_s/
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Veyclohexane ratio did not significantly affect the shape of Zol-Ca complexes formed, the RM
system with a fixed VNp_s/Vcyclohexane ratio of 30/70 was selected for further studies.

Effects of co-surfactant(s) on the properties of Zol-Ca complexes synthesized using the

RM method

We then investigated the effect of including co-surfactant(s) in the RM system on the
properties of Zol-Ca complexes synthesized. It was verified that the inclusion of OEP-10 or
hexanol as a co-surfactant led to an increase in the size of the spherical Zol-Ca complexes
formed (Figure S1), as compared to the complexes formed in RM; without any co-surfactant
(Figure 1A-3). Due to the poor solubility of OEP-10 in cyclohexane and the difficulty in
forming transparent hexanol-containing RM with high concentrations of CaCl, solution, a
combined co-surfactant system (i.e. Voep-10/Vhexanol ratio fixed at 2/1) was selected, and the
RM that contains such combined co-surfactant system are named as RM». Shown in Figure
3A are representative TEM micrographs of the Zol-Ca complexes synthesized in RM, with
fixed Vi,0/Viotal surfactants @0 Viotal surfactants/ Vcyclohexane ratios of 1/13.3 and 30/70,
respectively, which is identical to that in RM1, except that a portion of NP-5 (i.e. 25% to
100%) was replaced with the combined co-surfactant system (i.e. Vnp-5/VOEP-10 + hexanol
ratios of 75:25, 50:50, 25:75 or 0:100). When the Vnp_5/VOEP-10 + hexanol fatio was 75/25,
the Zol-Ca complexes formed were still spherical, and their size, ranging from 25 to 80 nm,
was significantly increased, as compared to complexes formed in the RM without any co-
surfactant (Figure 3A-1, versus Figure 1A-3). When the V\p-5/VOEP-10 + hexanol Fatio was
decreased (e.g. from 75/25 to 50/50 or 25/50), the resultant complexes remained mainly
spherical, but the particle sizes are not uniform, and non-spherical or irregular shape
products were also formed (Figure 3A-2 and 3A-3, indicated by white arrows). Without
NP-5 (i.e. VNp-5/VOEP-10 + hexanol Fatio of 0/100) in RM,, spherical particles were rarely
formed, and the resultant products were mainly irregular bulk materials (Figure 3A-4).

We also investigated the effect of the co-surfactants on the properties of the pearl-necklace-
like complexes. Shown in Figure 3B are typical TEM micrographs of the pearl-necklace-like
Zol-Ca complexes formed in RM; with fixed V,0/Viotal surfactants ad Viotal surfactants/
Veyclohexane Fatios of 1/1.5 and 30/70, respectively (the same component ratio to that shown
in Figure 1D-3), and VNp-5/VOEP-10 + hexanol fatios varying from 75:25 to 0:100. It appeared
that the inclusion of co-surfactants had no significant influence on the pearl-necklace-like
structures, but resulted in the formation of additional irregular products.

These results indicate that certain percentages of co-surfactants in the RM can increase the
size of the resultant spherical Zol-Ca complexes, but did not significantly affect the physical
properties of pearl-necklace-like complexes. Mareover, it may induce the generation of
irregular bulk materials. A ternary phase diagram was drawn to describe the change in the
morphology of the Zol-Ca complexes formed as a result of the addition of co-surfactants
(Figure 4).
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Effects of reaction time, reactant concentration, and reaction temperature on the
properties of Zol-Ca complexes synthesized

In following experiments, we investigated whether the physical properties of Zol-Ca
complexes synthesized are influenced by other conditions such as reaction time, the
concentration of reactants in RM, or the reaction temperature. For the spherical Zol-Ca
complexes, shown in Figure S2A are representative TEM micrographs of Zol-Ca complexes
prepared in RM after reaction for different time periods. Compared to an overnight reaction
(i.e. ~16 h of reaction, Figure 1A-3), the Zol-Ca complexes formed after 0.5 h of reaction are
smaller (Figure S2A-1), whereas the Zol-Ca complexes formed after 4 h and 44 h of reaction
are similar to those formed after ~16 h of reaction with respect to morphology, size and
aggregation statues (Figure S2A-2 and S2A-3). These results indicated that the reaction of
the formation of the spherical Zol-Ca complexes required at least 4 h to reach equilibrium.

Shown in Figure 5A are representative TEM micrographs of Zol-Ca complexes formed in
RM; with different concentrations of CaCl, or Zol. When the concentration ratio of
CaCly/Zol was fixed at 7.5/1, increasing their concentrations from 0.15 M/0.02 M (used for
the sample in Figure 1A-3) to 0.375 M/0.05 M and 0.6 M/0.08 M did not affect the physical
properties of Zol-Ca complexes formed (Figure 5A-1 and 5A-2). On the other hand, when
the concentration of CaCl, was fixed at 0.15 M, increasing the concentration of Zol from
0.02 M (used for sample in Figure 1A-3) to 0.05M and 0.08 M led to the formation of
slightly smaller Zol-Ca complexes (Figure 5A-3 and 5A-4).

Shown in Figure 5B are representative TEM micrographs of Zol-Ca complexes synthesized
at ~30 °C and ~10 °C. Compared to that formed under ~22 °C (see Figure 1A-3), it seemed
that the reaction temperature did not significantly affect the shape, size or aggregation status
of the Zol-Ca complexes synthesized.

Compared to the formation of spherical Zol-Ca complexes, insufficient reaction time (i.e. 0.5
h) could result in the formation of slightly thinner pearl-necklace-like Zol-Ca complexes,
and it appears that the reaction also required at least 4 h to reach equilibrium (Figure S2B).
Moreover, the physical properties of pearl-necklace-like Zol-Ca complexes are not
significantly influenced by the reactant concentration or reaction temperature (data not
shown). Based on these results, it is concluded that the reactant concentration and reaction
temperature are not the primary determinants of the physical properties of Zol-Ca complexes
synthesized.

Effect of DOPA on the properties of Zol-Ca complexes synthesized using the RM method

Next, we evaluated the effect of adding DOPA, an anionic phospholipid, into the RM on the
physical properties of resultant Zol-Ca complexes, because it was reported that DOPA can
help minimize the aggregation status and enhance relative monodispersity of nanoparticles
synthesized by RM method.3! We first investigated the effect of DOPA on the physical
properties of Zol-Ca complexes prepared in the RMq system. DOPA (with a final
concentration of 0.45 mM) was added into the RM before the initiation of reaction between
CaCl, and Zol. As shown in Figure 6A-1, when the Vy,0/Vnp.s ratio in the DOPA-
containing RM; was 1/13.3, the edge of the spherical Zol-Ca complexes formed and the
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space between these complexes can be readily observed, indicating an improved
monodispersity of such complexes, as compared to those prepared without DOPA (Figure
1A-3). When the V,0/Vnp-s ratio in the DOPA-containing RM; was increased from 1:13.3
to 1/3 or 1/1.5, the final products synthesized only contained abundant small irregular
particulates with good monodispersity and uniformity, but the pearl-necklace-like structures
disappeared (Figure 6A-3 or 6A-4, versus Figure 1D-3). This suggests that the presence of
DOPA in the RM prevents the formation of pearl-necklace-like structures.

We then studied whether changing the time point at which DOPA is added into the RM
influences the physical properties of Zol-Ca complexes synthesized. In this case, DOPA
(with a final concentration of 0.45 mM) was added into the RM; system 4 h after the
initiation of reaction between CaCl and Zol. As shown in Figure 6B-1, when the V,0/
VNp.5 ratio was 1/13.3, the shape, size, uniformity and monodispersity of resultant Zol-Ca
complexes were very similar to that shown in Figure 6A-1, indicating that changing the time
point at which DOPA is added does not significantly affect the physical properties of
spherical Zol-Ca complexes. In contrast, when the V,0/Vp.s ratio was 1/1.5, the final
complexes formed were short necklace-like (Figure 6B-2, white arrows); indicating that
adding DOPA into the RM after the initiation of the reaction in the RM system may weaken
its influence on the morphology of pear-necklace-like Zol-Ca complexes.

Considering that DOPA was capable of minimizing the aggregation of spherical Zol-Ca
complexes prepared in the RM4 system, we then investigated whether it has a similar effect
on spherical Zol-Ca complexes synthesized in the co-surfactant-containing RM, system. As
shown in Figure 6C-1 and 6C-2, when the VNp-5/VOEP-10 + hexanol fatio in RM»y with 0.45
mM DOPA were 75/25 and 50/50, respectively, the Zol-Ca complexes formed also showed
good monodispersity, although remained non-uniform. When the Vnp-5/VVoEp-10 + hexanol
ratio was decreased to 0/100 (i.e. without NP-5), there were more spherical Zol-Ca
complexes and much less irregular shape products, as compared to that prepared in the RM»
without DOPA (Figure 6C-4 versus Figure 3A-4), indicating that DOPA may facilitate the
formation of regular spherical shape in RM5 system.

The above results demonstrated that the presence of DOPA in the RM can significantly
improve the monodispersity of the resultant spherical or small irregular Zol-Ca complexes.
This is likely because the phosphate group in DOPA interacts with the calcium cations on
the surface of the Zol-Ca complexes, and thus leading to the formation of a protective layer
that helps to reduce the aggregation of the complexes.31 Additionally, it is noting that such
DOPA layer also changes the Zol-Ca complexes from hydrophilic to hydrophobic. The
aforementioned Zol-Ca complexes without DOPA-coating can be easily suspended in water
or polar solvent such as ethanol. However, the DOPA-coated Zol-Ca complexes are insoluble
in water and can only be suspended in non-polar solvent such as CHCIs. This change in
hydrophilicity/hydrophobicity further demonstrated the versatility of the RM-based
synthesis methodology in controlling the physical properties of (bis)phosphonate-metal
complexes.
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Proposed mechanisms of the formation of Zol-Ca complexes of various physical
properties in the RM

Data presented above clearly showed that the Zol-Ca complexes with various physical
properties (e.g. shape, size, uniformity, dispersity and hydrophilicity) can be controllably
synthesized by using the RM method. It is well known that the morphology of
nanoparticulate products synthesized by the RM method is tightly related to the shape of
inner water phase of the RM system.17-18 Usually, a typical RM that contains a small
amount of water has isolated spherical inner water phase (i.e. water droplets in oil phase)
(Figure 7A-1); when the amount of water is increased, the typical RM may undergo a
transition to become a bicontinuous RM (or oil-rich bicontinuous microemulsion), which
has a zig-zag channel-like water phase (Figure 7A-2).16: 18 For the NP-5-based RM system,
it has been reported that the channel-like water phase forms when the molar ratio of H,O/
NP-5 is over 10, equivalent to a Viy,0/Vnp-s ratio of 1/2.5.32-33

In RM with isolated spherical water droplets, it is mostly accepted that the reaction occurs
when the reactant-containing droplets collide with each other.17-18 In our study, such
collisions enable the exchange of reactants (i.e. CaCl, and Zol) in different RM droplets
(Figure 7B, the scheme with green arrows), thereby resulting in the formation of spherical
Zol-Ca complexes. After the reaction, the RM system was broken using ethanol and the
complexes obtained were collected by high speed centrifugation, washed, and then re-
suspended. Aggregation of these bare Zol-Ca complexes may occur during any of these
steps (e.g. Figure 1A). In contrast, when DOPA was included in the synthesis process
(Figure 7B, scheme with purple arrows), the aggregation of the Zol-Ca complexes was
minimized (e.g. Figure 6A-1), likely because DOPA molecules bound to the surface of Zol-
Ca complexes and formed a protective layer. Interestingly, when DOPA was added into the
RM system 4 h after the initiation of the reaction between CaCl, and Zol, the Zol-Ca
complexes obtained still possessed excellent monodispersity (Figure 6B-1). These findings
indicated that the aggregation of Zol-Ca complexes likely occurred after the breakage of RM
(by the addition of ethanol), because if Zol-Ca complexes already aggregated together
during the reaction step, it is not expected that the addition of DOPA after the initiation of
the reaction will be able to prevent such aggregation.

The size of spherical droplets in nonionic surfactant-containing RM usually relies on the
chain length of the hydrophilic moiety of the surfactant (e.g. the PEG chains in NP-5 and
OEP-10).34 Since the PEG chain of OEP-10 is about two-fold longer than that of NP-5, the
addition of OEP-10 into the RM with NP-5 can induce the formation of large droplets. In
addition, hexanol, a medium chain-length alcohol, is known to assist primary surfactants to
decrease the interfacial tension and allow the formation of large droplets.1” Therefore, it is
not surprising that the Zol-Ca complexes formed in RM, with the combined co-surfactant
system of OEP-10 and hexanol are larger than those formed in the same RM system without
the co-surfactants (i.e. RMq) (Figure 3A-1 versus 1A-3, or 6C-1 versus 6A-1).

Compared to the typical RM, the bicontinuous RM is more complicated and it remains
unknown about the details of the reactions occurring in such RM system. Nevertheless, since
the morphology of complexes formed mainly dependents on the structure of water phase in
the RM as mentioned above, the formation of the pearl-necklace-like Zol-Ca complexes may
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be related to the zig-zag channel-like water phase in the bicontinuous RM. As shown in
Figure 7C (the scheme with green arrows), although the manner by which the reactants
exchanged is unclear, small Zol-Ca complexes were still generated. These small complexes
may move freely to connect (or aggregate) with each other to form the pearl-necklace-like
complexes, due to the continuous nature of the inner zig-zag channel-like water phase in
RM. Compared to this, when DOPA was added into Zol-containing RM before the initiation
of reaction (Figure 7C, the scheme with purple arrows), the surface of Zol-Ca complexes
may have been occupied by DOPA molecules during the reaction step, which prevented
further connection (or aggregation) between those complexes. This explains the small size
and good monodispersity of the final irregular particulates shown in Figure 6A-4. Moreover,
when DOPA was added into the RM system 4 h after the initiation of the reaction, the final
products were short necklace-like (Figure 6B-2). This may be attributed to that the
connection (or aggregation) of Zol-Ca complexes has already occurred before the addition of
DOPA, thus indirectly verifying that the formation of pearl-necklace-like Zol-Ca complexes
is likely related to the connection (or aggregation) of the small irregular Zol-Ca complexes
formed in the bicontinuous RM. However, more experiments need to be carried out to fully
elucidate the mechanisms underlying the formation of pearl-necklace-like structures.

Evaluation of the potential application of the Zol-Ca complexes synthesized by the RM
method: enhancement of the distribution of Zol in tumor tissues in a mouse model with
orthotopic mammary tumor

It was reported that reformulating Zol to Zol-loaded liposomes or nanoparticles can help
increase the accumulation of Zol in extraskeletal tumors and improve the relevant
therapeutic effect.3>-43 The RM technique allows us to synthesize a variety of Zol-Ca
complexes with controlled physical properties. To preliminarily evaluate the potential
biomedical application of the as-synthesized Zol-Ca complexes, we sought to formulate one
of the many types of the Zol-Ca complexes synthesized into lipid-based nanoparticles and
tested the feasibility of using the resultant nanoparticle formulation for enhanced delivery of
Zol into extraskeletal tumors. Although there are reports that non-spherical nanomaterials
(e.g. filament-like,*4 rod-like, %> etc.) show unique characteristics in drug delivery, particulate
materials with regular spherical shape, uniform size around 20-200 nm and good
monodispersity are more commonly used.#6-47 Therefore, a hydrophobic DOPA-coated Zol-
Ca complexes with spherical shape, uniform size of ~15 nm and excellent monodispersity
(Figure 6A-1, denoted as Zol-Ca@DOPA) were chosen and combined with DSPE-PEG»k, a
PEGylated phospholipid, to form a lipid-based Zol-Ca@DOPA nanoparticle formulation
(i.e. Zol-Ca@bi-lipid NPs). It is assumed that the Zol-Ca complexes were wrapped by a
mixed lipid layer consisted of DOPA and DSPE-PEG,k (Figure S3A). After optimization
(data not shown), the Zol-Ca@bi-lipid NPs prepared with a weight ratio of 20 pug Zol to 1
mg DSPE-PEG,k (RE and DLE of 78.3 £ 1.2% and 2.4 £ 0.2%, respectively) was selected
for further characterization and in vivo studies. TEM showed that the Zol-Ca@bi-lipid NPs
were spherical, uniform and monodispersed (Figure S3B). Further negative staining verified
that such nanoparticles appear to have a ‘core-shell’ structure as mentioned above (Figure
8A, white arrows). The mean hydrodynamic diameter and zeta potential of Zol-Ca@bi-lipid
NPs in aqueous suspension were 23.6 + 1.8 nm and —32.2 £+ 3.5 mV, respectively. Under
physiological pH, 40-45% of Zol was released from the Zol-Ca@bi-lipid NPs after 48 h of
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incubation at 37 °C (Figure S4). Moreover, cell cytotoxicity study indicated that Zol-Ca@bi-
lipid NPs were more potent than free Zol in inhibiting the proliferation of murine J774A.1
macrophages (Figure 8B, ICsq value of ~4.6 UM versus ~26.8 uM).

In order to readily detect Zol in tumors, the Zol-Ca@bi-lipid NPs were prepared with Zol
that contained 2% (w/w) of AF647-labeled Zol (i.e. Zol-AF647). The fluorescently labeled
bisphosphonates such as Zol-AF647 have been used by other groups to study the
biodistribution of bisphosphonates in animal models.#8-50 As shown in Figure 8C, in a
mouse model with orthotopic M-Wnt mammary tumors, 24 h after i.v. injection, the content
of Zol in tumors in the group of mice injected with the Zol-Ca@bi-lipid NPs was about 9.3-
fold higher than that in the group of mice injected with free Zol (fluorescent images are
shown in Figure S5). Although the data obtained using the Zol-AF647 may not be exactly
the same as using unlabeled Zol, it is clear that the formulation of the Zol or Zol-AF647 into
the Zol-Ca@bi-lipid NPs increases its accumulation in tumors. In fact, such modification of
the distribution of the Zol by the Zol-Ca@bi-lipid NPs was also indirectly confirmed by the
improved effect of Zol-Ca@bi-lipid NPs, relative to the equivalent dose of free Zol, in
reducing the population of CD206™ TAMs in the mouse model with M-Wnt tumors (Figure
8D).

Recently, there is increasing interest in developing new bisphosphonate formulations to
better exploit their biomedical applications. Au et al. prepared spherical bisphosphonate-
metal particles based on the RM method and coated such particles with folic acid-modified
lipids for target delivery of Zol into tumors to kill tumor cells, but they did not
systematically study the effect of RM conditions on the physical properties of the resultant
bisphosphonate-metal material or the influence of their formulation on TAMSs in tumors.21
Besides the formulations (including our own) prepared with pre-synthesized
bisphosphonate-metal materials, others have reported the development of bisphosphonate-
loaded organic, inorganic or organic/inorganic hybrid nanoparticles for cancer treatments.
For instance, bisphosphonates (e.g. Zol or Clo) have been directly encapsulated into
liposomes to increase their concentrations in tumors.3%-37 Risedronic acid has been loaded
into metal cation-functionalized mesoporous silica nanoparticles to reduce its release rate
from the mesoporous silica, thus improving its inhibitory effect against tumor cells in
culture.®® Zol was also complexed with pre-formed calcium phosphate nanoparticles/
complexes and then encapsulated into liposomes and nanoparticles, and those formulations
were also found to enhance the accumulation of Zol in tumors.38-43 Moreover, a similar
fomulation has also been applied to co-deliver Zol and double-stranded RNA into tumors.>2

Finally, although the above preliminary studies only demonstrated that the biomedical
application of the hydrophobic, spherical Zol-Ca@DOPA composites of ~15 nm, other Zol-
Ca complexes synthesized by the RM method such as the ones with the pearl-necklace-like
structures (Figure 1D-3), the ones that are non-spherical but uniformly distributed (Figure
6A-4), the ones with spherical shapes and non-uniform large sizes (Figure 6C-1), or any Zol-
Ca complexes coated with another lipid other than DOPA, may also have other application
potentials, and we are currently evaluating them in our lab. Moreover, it is worth pointing
out that such RM-based synthesis approach is not limited to the preparation of Zol-Ca
complexes only. Other bisphosphonate-metal complexes, such as DOPA-coated alendronic
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acid-calcium (Ale-Ca), clodronic acid-calcium (Clo-Ca) and zoledronic acid-zinc (Zol-Zn)
(Figure S6), were also successfully prepared by the same method. In this regard, the robust
RM-based approach of synthesizing (bis)phosphonate-metal materials is expected to expand
and improve their industrial and biomedical applications. Furthermore, data from a
preliminary study showed that the molar ratios of Ca to Zol in the Zol-Ca complexes
synthesized are significantly different when the RM conditions are changed (e.9. V,0/
Veyclohexane atio, presence of DOPA) (Table S1), indicating that the chemical compositions
(or relative molecular structure, crystallinity, etc.) of different Zol-Ca complexes may also be
different. More experiments will need to be carried out to understand the relationship
between the RM condition parameters and the chemical compositions of resultant Zol-Ca
complexes.

Conclusion

In the present study, we comprehensively studied RM-based synthesis of (bis)phosphonate-
metal materials using Zol-Ca complexes as examples and explained the mechanism(s)
underlying the relationship between the physical properties of the Zol-Ca complexes
synthesized and various parameters of RM system, such as the composition ratio in RM, co-
surfactant, reactant concentrations, reaction temperature, and the presence of DOPA. The
main determinant of the morphology of Zol-Ca complexes (i.e. spherical or pearl-necklace-
like structures) is the component ratio of water/surfactant in the RM. The addition of co-
surfactants in the RM significantly increases the size, but reduces the uniformity of the
spherical Zol-Ca complexes, while having no significant effect on the pearl-necklace-like
structures. Reactant concentrations slightly affect the size of the spherical complexes,
whereas reaction temperature does not have any significant effect. The presence of DOPA in
the reaction improves the monodispersity of spherical Zol-Ca complexes, but breaks the
pearl-necklace-like structures. Finally, using one of the Zol-Ca complexes coated with
DOPA (i.e. Zol-Ca@DOPA), we provided evidence that formulating the Zol-Ca complexes
into lipid-based nanoparticles (~24 nm) can improve the delivery of Zol in tumors in a
mouse model. The controlled synthesis of (bis)phosphonate-metal complexes with desirable
physical properties is expected to expand their potential biomedical applications.
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Figure 1.

Effect of the component ratios in reverse microemulsions (RM) consisted of H,O, NP-5 (as
the surfactant) and cyclohexane (as the oil phase) on Zol-Ca complexes synthesized. Shown
are representative TEM micrographs of Zol-Ca complexes synthesized in RM system with
fixed Vy,0/Vnp-s ratios of 1/13.3 (A), 1/6 (B), 1/3 (C), or 1/1.5 (D) and different Vnp_s/
Veyclohexane ratios, including 9/91, 15/85, 30/70 or 35/65 (bars = 100 nm).
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Figure 2.
Ternary phase diagram illustrating the relationship between the physical properties of Zol-

Ca complexes synthesized and the volume ratios of H,O, NP-5, and cyclohexane in the RM.
Solid and dash lines represent the groups with fixed ratios of Vy,0/Vnp-s and Vp_s/
Veyclohexanes respectively (N.S. indicates no significant change).
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(A) Vhzo/Viotar surfactants = 1/13.3
Viotar surfactants/Veycionexane = 30/70

Vip-5/VoEp-10 + Hexanot = 75/25  Vp.s/Voep.10 + Hexanol = 50/50

(B) vH?O,V total surfactants — 11.5
V(onl lumcmml chclohaxane =30/70

Vip.5/Voep-10 + Hexanot = 75/25  Vyp.s/Vogp.10 + Hexanol = 50/50

Figure 3.
Effect of the inclusion of co-surfactants in the RM on the physical properties of Zol-Ca

complexes synthesized. Shown are representative TEM micrographs of Zol-Ca complexes
synthesized using RM with both surfactant (NP-5) and co-surfactants (i.e. OEP-10 and
Hexanol, 2:1, v/v). To describe the component ratio in the RM, the surfactant and co-
surfactants are expressed together as total surfactants. The Viotal surfactants/Veyclohexane ratio
was fixed 30/70 and the VH,0/Viotal surfactants ratio was set as 1/13.1 (A) or 1/1.5 (B). The
VNpP-5/VOEP-10 + Hexanol Fatio was changed from 75/25 to 0/100. In A-2 and A-3, products
with irregular shape are indicated by white arrows (bars = 100 nm).

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2018 April 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal.

Vtotal surfactants N cyclohexane — 30/70

Vizo/Viotal surfactants = 1/13.3 Vizo/Viotal surfactants = 1/1.5
+ +

H,O + Cyclohexane

100

Mixed
Pearl-necklace-like P -
. P i o 7 \i‘:‘.&“:\.
o AR Y e — - > BBV’
" DL < i Js ‘o
-
™

),'2.' - & 4 \
@ P z

Spherical S ‘ Mixed
v
50 Nonuniformly Spherical 50
NP-5 OEP-10 + Hexanol
(VIV fixed at 2/1)

Figure 4.

Page 21

Ternary phase diagram correlating the physical properties of Zol-Ca complexes synthesized
and the volume ratio of surfactant (NP-5)/co-surfactants (OEP-10 and hexanol, 2:1, v/v) in
RM. For simplicity, H,O and cyclohexane are treated as one component. Red and blue lines

indicate the groups with Vy,0/Viotal surfactants ratios of 1/13.3 and 1/1.5, respectively.
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Figure 5.
Effects of reactant concentrations and reaction temperature on the physical properties of Zol-

Ca complexes synthesized in RM. (A) Representative TEM micrographs of Zol-Ca
complexes synthesized in RM with a fixed concentration ratio of CaCl,/Zol at 7.5/1, but
different concentrations of CaCl, and Zol (i.e. 0.375 M/0.05 M (A-1) or 0.6 M/0.08 M
(A-2)); or with a fixed CaCl, concentration of 0.15 M, but different concentrations of Zol
(i.e. 0.05M (A-3) or 0.08M (A-4)). (B) Representative TEM micrographs of Zol-Ca
complexes synthesized in RM with a reaction temperature of ~30 °C or ~10 °C (bars = 100
nm).
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(A) Vyp.s NVeyetonexane = 30/70, 0.45 mM DOPA
(DOPA added before the initiation of reaction)

Vizo/Vips = 1113.3 Vizo/Vip.s = 116

VizolVip.s = 1/1.5

(B) (DOPA added 4 h after the initiation of reaction)
Vio/Vips = 1/13.3 Vio/Vps = 1/1.5

(C)  VieoNViotal surtactants = 1/113.3 , 0.45 mM DOPA
vlolal suﬂucunuN cyclohexane =30/70

VNP OEP-10 + Hexanol = 75125 Vyps/Vo =50/50

Figure 6.
Effect of phospholipid DOPA on the properties of Zol-Ca complexes synthesized in RM

with different component ratios. (A-B) Representative TEM micrographs of Zol-Ca
complexes synthesized in H,O/NP-5/Cyclohexane RM; systems with 0.45 mM DOPA. (A)
The RM has a fixed V\p-5/Veyclohexane ratio of 30/70, but different Viy,0/Vnp.s5 ratios,
ranging from 1/13.3 to 1/1.5; DOPA was added into the RM before the initiation of reaction.
(B) The RM has a fixed VNp.s/Veyclohexane ratio of 30/70, but different Vy,0/Vp-s ratios of
1/13.3 (B-1) or 1/1.5 (B-2); DOPA was added into RM 4 h after the initiation of reaction.
(C) Representative TEM micrographs of Zol-Ca complexes synthesized in the RM, system
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that contains co-surfactants (OEP-10 and hexanol, 2/1, v/v), with Vy,0/Viotal surfactants and
Vtota' Surfactants/chclohexane ratiOS fiXing a.t 1/13.1 and 30/70, respeCtIVEly, the VNP_S/
V OEP-10 + Hexanol Fatio was changed from 75/25 to 0/100 (bars = 100 nm).
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Figure 7.

Proposed mechanism of the formation of Zol-Ca complexes with different physical

Page 25

properties in RM. (A) Schematic diagrams of the typical RM with isolated sphere-like water
phase (i.e. spherical droplets) (A-1), or the bicontinuous RM with zig-zag channel-like water
phase (A-2). (B-C) Proposed formation process of Zol-Ca complexes within typical RM
with isolated sphere-like water phase (B) or within bicontinuous RM with zig-zag channel-
like water phase (C) in the presence (purple arrow) or absence (green arrow) of DOPA.
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Figure 8.
Characterization and in vivo distribution of a new nanoparticle formulation of Zol (i.e. Zol-

Ca@bi-lipid NPs). (A) A representative TEM micrograph of the Zol-Ca@bi-lipid NPs after
negative staining. The bar represents 200 nm, and Zol-Ca@bi-lipid NPs with clear “core-
shell” structure are indicated by white arrows. Shown in inset is the enlarged TEM image of
one Zol-Ca@bi-lipid NP (bar = 50 nm) and the mixed lipid layer surrounded on the surface
of Zol-Ca complex is indicated by yellow arrows. (B) In vitro cytotoxicity of Zol-Ca@bi-
lipid NPs to J774A.1 murine macrophages after 48 h of incubation. Data are mean + S.D. (n
=6, ***p < 0.001). (C) Mean fluorescent intensity of AF647-labeled Zol in M-Wnt tumors
normalized by tumor weight. M-Wnt tumors were collected 24 h after mice were injected
(i.v.) with Zol-Ca@bi-lipid NPs, free Zol, or PBS (2% of Zol was labeled with AF647). Data
are mean £ S.D. (n =4, ** p < 0.01, *** p <0.001). (D) Effects of Zol-Ca@bi-lipid NPs on
TAM population in orthotopic M-Wnt mammary tumors. Mice were i.v. injected with Zol-
Ca@bi-lipid NPs 36 and 38 days after tumor cell inoculation. As controls, mice were
injected with free Zol, PBS, or DOPA liposomes. Forty-eight hours after the second
injection, mice were euthanized to collect tumors and the percent of CD206* cells in tumors
was measured using flow cytometry. Data are mean + S.D. (n = 3,* p < 0.05, as compared to
the groups of PBS and DOPA liposomes).
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