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KEY WORDS Abstract  The “vicious cycle” established between tumor growth and osteolysis aggravates the process

of breast cancer bone metastasis, leading to life-threatening skeletal-related events that severely reduce

survival and quality of life. To effectively interrupt the “vicious cycle”, innovative therapeutic strategies

Oy that not only reduce osteolysis but also relieve tumor burden are urgently needed. Herein, a bone-seeking

Zoledronate; moiety, alendronate (ALN), functionalized coordination polymer nanoparticles (DZ@ ALN) co-delivering

Cisplatin cisplatin prodrug (DSP) and antiresorptive agent zoledronate (ZOL) via Zn>" crosslinking for combina-
tion therapy was reported. The versatile DZ@ALN with a diameter of about 40 nm can cross the fissure in
the bone marrow sinus capillaries, and possesses an excellent bone-seeking ability both in vitro and
in vivo. Additionally, DZ@ALN could synergistically inhibit the proliferation of cancer cells, suppress
the formation of osteoclast-like cells and induce the apoptosis of osteoclasts in vitro. Importantly, it could
preferentially accumulate in bone affected site, remarkably inhibit the proliferation of tumor cells,
relieving bone pain, and significantly inhibit the activation of osteoclasts, protecting the bone from
destruction in vivo, eventually leading to the breakdown of “vicious cycle” without inducing obvious sys-
temic toxicity. This innovative nanoagent combines chemotherapy and osteolysis inhibition, exhibiting an
inspiring strategy for effective treatment of bone metastasis.
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1. Introduction

The most popular cancer, breast cancer, that affects women
worldwide, has a great avidity for bone, and up to 65%—80%
stage IV breast cancer patients can develop bone metastasis' ~,
where about 85% of patients are associated with predominantly
osteolytic lesions®. Osteolytic bone metastases are often devas-
tating and usually incurable, which cause pathological fractures,
spinal cord compression, life-threatening hypercalcemia and se-
vere unbearable pain'~’, leading to significantly increased mor-
tality rate and seriously reduced quality of life.

Bone microenvironment provides a fertile soil for tumor cells
flourish. Once tumor cells metastasize to bone, it can overproduce
cytokines to activate osteoclasts bone absorption, destroying the
bone marrow microenvironment. In turn, osteolysis further stim-
ulates the proliferation of tumor cells, aggravating the bone
metastasis progress. In this way, a “vicious cycle” is established
between the tumor cells and osteoclasts, which correlates tumor
growth with osteolysis, leading to a poor prognosis of bone
metastasis®. Thus, inhibition of tumor growth and osteolysis
simultaneously in bone metastatic region is crucial to achieve
efficient therapy against bone metastasis.

Antiresorptive drugs, bisphosphonates (BPs), have been widely
employed to disrupt the “vicious cycle” by blocking the activity of
osteoclasts for the prevention and treatment of bone metastasis in
the past two decades, benefiting from their powerful osteoclasts
inhibition and bone-seeking ability’. Zoledronic acid (ZOL), a
representative third-generation BPs, has been reported to be the
most potent antiresorptive agent among other BPs. ZOL can be
rapidly distributed to bone with two phosphonate groups®, espe-
cially the bone lesion site, and can be ingested by osteoclasts to
effectively alleviate bone resorption by inhibiting its activity.
Treatment with BPs, particularly ZOL, could lead to a remarkable
decrease in the morbidity and the rate of bone loss involved with
bone metastasis’. What’s more, researches also showed that BPs,
notably ZOL, could inhibit the invasion and proliferation of tumor
cells in the marrow cavity, and the adhesion of tumor cells to the
bone matrix'’. Whereas, the use of ZOL alone does not effectively
kill tumor cells, and high dosage of BPs can induce osteonecrosis
in the jaw in clinic''. Thus it appears that though ZOL can slow
down the process of osteolysis to some extent, unilateral inhibition
of osteoclasts is not enough to entirely disturb the “vicious circle”,
failing to bring about healing.

Identically, despite that chemotherapy is the main approach to
efficaciously suppress tumor cells, due to the low permeability and
poor blood supply of bone tissue, high-dose and high-frequency
chemotherapeutic agents are required to achieve effective thera-
peutic concentrations in bone metastatic site, resulting in severe
side effects to healthy tissues. What’s more, the single chemo-
therapy mechanism cannot effectively break the “vicious circle”
as well, which can easily lead to drug resistance, tumor metastasis
and recurrence. Because of the complicated crosstalk between the
tumor cells and the bone microenvironment, combining two or
more therapeutic agents that have multiple mechanisms of action

to further interrupt the “vicious circle” on a multifaceted level is
highly desired. Thus, combining ZOL with chemotherapeutic
agents and concurrently deliver both agents to bone metastatic site
can be an emerging strategy that not only can effectively inhibit
both cancer cells and osteoclasts, but also can significantly lower
doses of poorly selective chemotherapeutic agents, thereby
reducing dose-related side effects.

Fortunately, platinum(Il)-based chemotherapeutic agents,
especially cisplatin (CDDP), have been widely used in the treat-
ment of solid tumors by interfering with transcription and deox-
yribonucleic acid (DNA)-mediated cellular functions'> .
However, due to their poor selectivity and severe side effects,
much attention has recently been paid to the development of
platinum(IV) prodrug-based nanoscale drug delivery systems.
Platinum(IV) complexes can undergo intracellular reduction to
produce active platinum(II) species and exhibit an increased sta-
bility and reduced side effects compared with platinum(II) com-
plex'>'°. Nanoparticles, including gold nanoparticles'’, MnO,
nanosheets'®, polymeric micelles'**°, Fe;0, nanocarriers®' and
coordination polymer nanoparticles (CPNP)?*~**, have been re-
ported to deliver CDDP prodrug cis,cis,trans-diamminedi-
chlorodisuccinato-platinum (DSP) for enhanced cancer therapy.
Among them, CPNP, a kind of emerging materials cross-linked by
metal ions or clusters and organic linkers, possesses a great many
of advantages, such as tunable sizes and compositions, high drug
loadings, pH responsive drug release and intrinsic biodegrad-
ability'®, making it the most promising carrier.

Therefore, in this work, a bone-seeking ultrasmall coordination
polymer nanoparticles (DZ@ALN) co-delivering chemothera-
peutics DSP and antiresorptive agent ZOL to achieve the syn-
chronous inhibition of tumor cells and osteoclasts was
constructed. Alendronate (ALN), a bone-seeking moiety, was
linked to fatty acid modified polyethylene glycols (PEG), to serve
as bone-seeking material which coated on the surface of CPNP for
preferential ~ bone-targeting. The core of nanoparticles
(DZ@DOPA) was prepared by crosslinking the carboxyl group of
DSP and the bisphosphonate group of ZOL with Zn*" using
reverse microemulsion method, then it was further modified with
outer lipid and the bone-seeking materials to form the final
DZ@ALN (Scheme 1). The as-designed DZ@ALN with diameter
about 40 nm could easily cross the fissure in the bone marrow
sinus capillaries which is about 80—100 nm> >’ It co-delivers
hydrophobic DSP and hydrophilic ZOL and releases platinum
drugs and ZOL in a synchronized mode for synergistic inhibition
of tumor cells and osteoclasts.

Moreover, the functionalization of bone-seeking materials can
improve pharmacokinetics and selective bone-targeting.
Compared with free drug combinations, DZ@ALN could
normalize the pharmacokinetics and selective distribution of the
co-delivered agents, thus endowing the ability to achieve optimal
therapeutic effects with minimal toxicity. Results showed that
DZ@ALN could precisely accumulate in the bone affected site,
where the low pH triggered the rapid release of platinum drugs
and ZOL in a synchronous mode, thereby synergistically
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(A) The preparation of ZOL and DSP loaded bone-targeting DZ@ALN nanoparticles. (B) Schematic illustration of bone-targeted

delivery of DZ@ALN for synchronous inhibition of cancer cells and osteoclasts, eventually breakdown the “vicious cycle”.

inhibiting the growth of tumor cells, and suppressing the activa-
tion and the function of osteoclasts simultaneously, destroying the
“seed and soil” between tumor cells and osteoclasts to reduce
tumor burden and osteolysis. This innovative nanoplatform that
suppresses tumor growth and bone resorption simultaneously
provides a new idea for the treatment of bone metastasis.

2. Materials and methods

2.1. Materials and cell lines

Cisplatin (CDDP, 99.99%), zoledronate (ZOL, >98%), 1,1’-dio-
ctadecyl-3,3,3',3-tetramethylindocarbocyanine perchlorate (Dil,
>98%) and 1,1’-dioctadecyl-3,3,3’,3'-tetramethyl indo-
tricarbocyanine lodide (DiR, >95%) were purchased from
Aladdin Industrial Co. (Shanghai, China). Hydroxyapatite (HA),
acid phosphatase, leukocyte (TRAP) kit, 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) and
penicillin—streptomycin were purchased from Sigma—Aldrich
(St. Louis, MO, USA). Fetal bovine serum (FBS), pancreatic en-
zymes and Dulbecco’s modified Eagle’s medium (DMEM) were
purchased from Gibco (Grand Island, NY, USA). Recombinant
murine SRANK ligand (RANKL) was purchased from PeproTech
(Rocky Hill, NIJ, USA). 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC), dioleoylphosphatidic acid (DOPA) and
cholesterol were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL, USA). Dialysis membrane (molecular weight
cutoff: 3500 Da, Sangon Biotech, Shanghai, China). Ultrapure
water (18.2 Q) was acquired from an Ultra Bio Mk2 ultrapure
system (Elga, High Wycombe, UK). Annexin V/PI Apoptosis
Detection Kit was obtained from MultiSciences (Hangzhou,

China). Chemicals and solvents were used directly without further
purification.

MDA-MB-231 cells, 4T1 cells and murine osteoclasts pre-
cursor RAW 264.7 cells were purchased from the Laboratory
Animal Center of Sun Yat-sen University, Guangzhou, China. The
three cells were cultured in DMEM supplemented with 10% FBS,
1% penicillin—streptomycin at 37 °C in a humidified incubator
containing 5% CO,.

2.2.  Synthesis and characterization of DZ@ALN nanoparticles

DSP, bone-targeting ASAc;s-PEGy-ALN and non-targeting
ASAc15-PEG, materials were synthesized according to our re-
ported method”**®. DOPA-coated nanoparticles, DZ@DOPA,
were obtained by the microemulsion method> ', Briefly, 0.2 mL
of a mixed sodium salt solution of DSP (15 mg/mL) and ZOL
(with molar ratio DSP/ZOL = 2:1, 1:1 and 1:2) was added into
5 mL oil phase (0.3 mol/L Triton X-100 and 1.5 mol/L 1-hexanol
in cyclohexane) with vigorously stirring for 10 min at room
temperature to form a water-in-oil (W/O) emulsion. Two hundred
microliters of ZnCl, (12.5 mg/mL) aqueous solution was added
into another 5 mL of the above oil phase and stirred in a similar
manner to form the other similar W/O emulsion. Twenty micro-
liters of 100 mg/mL DOPA (Avanti Polar Lipids, Inc.) solution
was added into the W/O emulsion containing Zn*" under stirring.
Then the W/O emulsion containing drug was slowly added into
the Zn>" solution and kept stirring for an additional 30 min. By
adding 10 mL ethanol, DZ(2:1)@DOPA, DZ(1:1)@DOPA and
DZ(1:2)@DOPA nanoparticles which carrying different drug ra-
tios of DSP and ZOL respectively were obtained, and then
centrifuged at 17,745xg (GL-20C, Anting, Shanghai, China) for
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15 min, washed twice with ethanol/THF (1:1) and once with
ethanol, then redispersed in CHCl; and stored at 4 °C for further
use. DSP@DOPA and ZOL@DOPA which carrying DSP or ZOL
for monotherapy were synthesized similar to that of DZ@DOPA
nanoparticles.

The final DZ@ALN was prepared by the addition of a CHCl;
solution of ASAc3-PEG,-ALN and DOPC/cholesterol
(2:1 molar ratio) (Avanti Polar Lipids, Inc.) to DZ@DOPA,
blending, then the CHCIl; was completely evaporated, followed by
re-dispersed in PBS with ultrasound, then centrifuged at high-
speed for purification, and further resuspended in PBS or
DMEM. Single drug loaded DSP@ALN and ZOL@ALN were
prepared by the similar method. In addition, DZ@PEG was pre-
pared by replacing ASAc;3-PEGo-ALN with ASAc;3-PEGox
using an identical method.

The hydrodynamic diameters and zeta potentials of nano-
particles were determined by dynamic light scattering (DLS) using
a Malvern Zetasizer Nano ZS 90 (Malvern Instruments, Malvern
Ltd., Worcestershire, UK). The morphology of the nanoparticles
was observed by transmission electron microscopy (TEM, JEM-
1400, JEOL, Tokyo, Japan). The nanoparticles were dried and
weighed for drug content measurement. To determine the plat-
inum drug loading, the samples were digested in aqua regia
overnight, dried and dissolved with 1% HNO;. The platinum (Pt)
content in the nanoparticles was calculated by comparing the
absorbance with a standard curve of K,PtCl, using Graphite
Furnace Atomic Absorption Spectrometer (GFAAS, AAnalyst
800, Perkin—Elmer, Norwalk, CT, USA). ZOL loading was
detected by UV—Vis spectroscopy (Techcomp, UV2600 spectro-
photometer, Shanghai, China). Briefly, the dried nanoparticles
were digested with 0.4 mol/L HCI overnight at room temperature.
The content of ZOL was obtained by comparing the absorbance at
215 nm with a standard curve of ZOL established in 0.4 mol/L
HCI*®. For the drug loading of DZ@ALN, using the platinum
loading from GFAAS and corresponding to the standard curve of
DSP, the absorbance of platinum was subtracted from the total
absorbance to calculate the drug loading of ZOL. The interactions
between drugs, Zn>" and DOPA were investigated using Fourier
transform infrared spectroscopy (FTIR, VERTEX 70, Bruker,
Germany). The atomic composition of DZ(1:1)@DOPA on the
surface was characterized by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250, Thermo Fisher Scientific, Asheville, NC,
USA).

2.3.  Invitro stability and drug release studies

The in vitro stability of DZ(1:1)@ALN was investigated by
monitoring the particle size changes in water, PBS, and DMEM
containing 10% FBS for one week using DLS (Malvern In-
struments Ltd., Worcestershire, UK) and TEM (JEM-1400).

In vitro drug release profiles were determined in 50 mL PBS
buffer at different pH values using dialysis method. A suspension
of 1 mL DZ(1:1)@ALN or ZOL@ALN with known platinum and
Zn*" amount were placed in a dialysis bag, and then immersed in
PBS buffer. The dialysis was kept in a shaker under stirring at
100 rpm (ZHWY-200D shaker, Zhicheng Co., Shanghai, China).
At specified time schedules, 10 mL sample was withdrawn from
the dissolve medium and fresh medium at an equal volume was
immediately replenished. The amount of released platinum and
Zn*" were detected by GFAAS (Perkin—Elmer) and Inductively
Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES,

Optima 8300, Perkin—Elmer, Waltham, MA, USA), respectively.
All the results were calculated using Eq. (1):

Csam e (n 50
Release (%) = % x 100
n—1
> [(Caampte (n-1) % 50) /(Cxp % 1)] x 10
i=1
1
+ =0 (1)

where Cgamplen) represents the platinum or Zn*" concentration in
the samples determined by GFAAS or ICP-AES at specified time
points. Cnp represents the initial platinum or Zn>" concentration
in the nanoparticles.

2.4.  Invitro bone affinity studies

The affinity to HA and bone fragments were investigated to
evaluate the in vitro bone targeting ability of DZ(1:1)@PEG and
DZ(1:1)@ALN. Briefly, Dil-labled DZ(1:1)@PEG and DZ(1:1)
@ALN were suspended in 3 mL PBS (pH 7.4) in centrifuge tubes
at an equivalent Dil (Aladdin Industrial Co.) concentration
(2.5 pmol/L). Then 50 mg HA (Aladdin Industrial Co.) power was
added and gently shaken at 50 rpm (ZHWY-200D shaker, Zhi-
cheng Co., Chengdu, China) for 30 min, 1, 2 and 4 h at room
temperature, respectively. In the meantime, the nanoparticles
without HA incubation were served as control. At predetermined
time intervals, the mixtures were centrifuged at 1400xg (L500,
Cence, Changsha, China) for 5 min and the concentrations (C) of
Dil in the supernatants were measured by fluorescence spec-
trometer (Fluoromax-4, HORIBA, Piscataway, NJ, USA;
Aex = 500 nm, A, = 560 nm). The HA binding (%) was
determined using Eq. (2):

HA binding (%) = [(Cuwithout 1a — Cwith t1a) / (Cuithout a )] X 100
@)

where Cyim ga and Cyimou na Tepresent the concentration of Dil
with or without HA incubation, respectively.

The affinity of Dil-labled DZ(1:1)@PEG and DZ(1:1)@ALN
to skull fragments which obtained from fetal rats were investi-
gated. Briefly, the periostea of the harvested skulls were removed
under a stereoscopic microscope’ before drying in an oven. Free
Dil, Dil-labled DZ(1:1)@PEG and DZ(1:1)@ALN were incu-
bated with the skull fragments for 30 min, 1, 2 and 4 h at 100 rpm
(ZHWY-200D shaker, Zhicheng Co.). After washing and drying
under dark, the binding capacity of different groups was evaluated
by imaging under an inverted fluorescent microscope (IX73,
Olympus, Tokyo, Japan).

2.5.  Cytotoxicity assays and synergistic effects of drug
combinations

In vitro cytotoxicity assays were performed on MDA-MB-231,
4T1 and RAW 264.7 cell lines. The cells were trypsinized and
counted, and then seeded into 96-well plate (4 x 10® cells/well),
followed by further incubating for 24 h. The culture media was
replaced by 100 pL of fresh medium containing different con-
centration of various drug formulations, and the cells were treated
for 72 h. Cell viability was measured using MTT method. The
optical density was measured using a microplate reader (ELX800,
Bio-Tek, Doraville, GA, USA) at a wavelength of 490 nm. The
combination index (CI) was calculated using Eq. (3) 34,35,
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where D, and D, are the doses of drug 1 and drug 2 in combi-
nation that produce a specific drug effect (e.g., 50% inhibitory
concentration), while D,; and D, are drug concentrations at
which the same drug effect achieved when dosed individually.
Usually, the CI values are plotted against drug effect levels (IC,
values), and CI values lower than, equal to, and greater than 1
denote synergism, additivity, and antagonism, respectively.

2.6. Invitro osteoclastogenesis

RAW 264.7 cells are a widely used pre-osteoclast model™, it can
differentiate into osteoclasts when stimulated with RANKL*® %,
Briefly, RAW 264.7 cells were seeded on glass coverslips in 24-
well plates (5 X 10? cells/well) and incubated for 24 h. The cul-
ture medium was replaced by fresh medium containing 50 ng/mL
RANKL (PeproTech). The media was replaced every 2 days. At
Day 4, The culture media was replaced by 500 pL fresh medium
containing 50 ng/mL RANKL and certain amount of free CDDP,
free ZOL, DSP@ALN, ZOL@ALN and DZ(1:1)@ALN, and cells
were treated for another 48 h. The cells not exposed to drug
treatment but treated with or without RANKL were served as
control. At Day 6, the cells were stained with TRAP Kit (Sigma-
—Aldrich) according to the manufacturer’s instructions to evaluate
the formation of osteoclasts (multinucleated cells >3 nuclei).

2.7.  Invitro cell apoptosis

Apoptosis analysis was performed with Annexin V/PI Apoptosis
Detection Kit (MultiSciences). Briefly, MDA-MB-231, RAW
264.7 cells and osteoclasts were seeded in 6-well plates
(2 x 10° cells), after 24 h incubation, the cells were treated with
different drug formulations for 48 h. Cells incubated with fresh
culture media were served as control. The floating and adherent
cells were harvested and doubly stained with Annexin V-FITC and
PI based on the manufacturer’s instructions, and then analyzed by
flow cytometer (FCM, Guava EasyCyte 6-2L, Merck Millpore,
Hayward, CA, USA).

2.8.  Animals and animal model of bone metastasis

Male Sprague—Dawley rats (SD, 180—200 g), female BALB/c-
nu/nu mice (20 £+ 2 g, 6 weeks old) and female Kunming mice
(20 % 2 g) were purchased from the Laboratory Animal Center of
Sun Yat-sen University, Guangzhou, China. All experimental
procedures were approved and supervised by the Institutional
Animal Care and Use Committee of Sun Yat-sen University. Intra-
tibia injection method was used to establish the BALB/c-nu/nu
mouse model of breast cancer bone metastasis. Typically, before
injection, the mouse was anesthetized, and the tibia of the right
hindlimb was carefully exposed. Then a needle (26-gauge) was
used for the intra-tibia injection of MDA-MB-231 cells
(6 x 10° cells) to prepare bone tumor models. The left tibia that
only injected with PBS was served as control.

2.9.  Invivo pharmacokinetics and biodistribution studies
2.9.1.  In vivo pharmacokinetics studies

Briefly, CDDP, DZ(1:1)@PEG and DZ(1:1)@ALN were intrave-
nously injected into SD rats (180 & 20 g, n = 3) at an equivalent

CDDP dose at 2 mg/kg. At different time schedules, blood sam-
ples were harvested and then centrifuged (1000xg, 10 min;
Centrifuge 5427R, Eppendorf, Hamburg, Germany) to obtain
plasma. The plasma (200 pL) was withdrawn and digested with
1 mL aqua regia overnight, then dried and the residue was
redissolved in 1% HNO; and then detected by GFAAS
(Perkin—Elmer).

2.9.2.  In vivo biodistribution by fluorescence imaging and
platinum detection

For fluorescence imaging studies, free DiR (Aladdin Industrial
Co.), DiR-labeled DZ(1:1)@PEG and DZ(1:1)@ALN were
intravenously injected into the mice bearing bone metastatic tu-
mors (0.25 mg/kg on DiR basis, n = 3). At selected time points of
2,4, 8, 12, and 24 h, mice were anesthetized and captured via a
small animal live imaging system (IVIS Lumina XRMS Series I11,
Perkin—Elmer, Waltham, MA, USA, excitation: 740 nm, emis-
sion: 790 nm). At 24 h post injection, mice were sacrificed and the
hearts, livers, spleens, lungs, kidneys, left hindlimbs (healthy
hindlimbs) and right hindlimbs (metastatic hindlimbs) were
excised and imaged.

To detect the drug concentration in tissues, platinum was
selected as a model drug to represent the distribution behavior of
nanoparticles. Briefly, free CDDP, DZ(1:1)@PEG and DZ(1:1)
@ALN were intravenously injected into the tumor-bearing mice
(2 mg/kg on CDDP basis, n = 3 at each time points). At pre-
determined time points, mice were sacrificed and the hearts, livers,
spleens, lungs, kidneys, left hindlimbs and right hindlimbs were
excised, weighed and then digested overnight with aqua regia,
dried and redissolved in 1% HNO; before detected by GFAAS
(Perkin—Elmer).

2.10. In vivo therapeutic effect

Tumor bearing BALB/c-nu/nu mice were randomly assigned into
seven groups (n = 6). Each group was intravenously injected with
one of the following formulations: PBS, free CDDP+ZOL,
DSP@ALN, ZOL@ALN, DZ(1:1)@PEG, DSP@ALN+
ZOL@ALN and DZ(1:1)@ALN at a dose of 0.25 mg/kg CDDP
and 1 mg/kg ZOL. Injections were given every six days for a total
of three injections. Animal body weight was recorded and tumor
size was measured via vernier calipers every other day. The tumor
volume (mm3) was calculated based on Eq. (4):

Volume (mm®) = (Tumor length) x (Tumor width)* /2 (4)

The pain-related behaviors were tested every other day as well.
After a 5-min acclimation period, the spontaneous lifting time and
the number of flinches were measured over a 4-min observation
period according to the reported paper’’.

At the end of experiment, mice were sacrificed, bone meta-
static hindlimbs were excised, fixed in 4% paraformaldedyde so-
Iution, and detected using a Biograph 3D micro-CT device
(ZKKS-MCT-Sharp-I, Caskaisheng, Guangzhou, China). After
scanning, the 3D images were reconstructed and morphometric
parameters, such as BV/TV [the ratio between bone volume (BV)
and tissue volume (TV)], trabecular numbers (Tb. N), and bone
surface/bone volume ratio (BS/TV) were determined automati-
cally using the ZKKS-MicroCT 4.1 analysis software. For histo-
pathological analyses, bone tissues were decalcified in 10% EDTA
for 3 weeks*’. Both tumors and bone tissues were embedded in
paraffin, cut to a thickness of 3 um, then the tumors were stained
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with hematoxylin and eosin (H&E) and Ki67, and the bone tissues
were stained with H&E and TRAP for tumor burden in the tibiae
and osteoclasts analysis, respectively.

2.11.  Safety evaluation

For blood biochemical analysis, two batch of mice were used, one
for single-dose toxicity and another for multiple-dose toxicity.
Briefly, Kunming mice were randomly divided into three groups
(n = 6), mice were injected with saline, free CDDP + ZOL and
DZ(1:1)@ALN (0.25 mg/kg of CDDP and 1 mg/kg ZOL) on Day 1
(single dose) and Days 1 and 6 (multiple dose). On Days 2 and 7,
blood samples were collected by enucleation manner without anti-
coagulant. The samples were centrifuged at 4 °C (1000x g, 15 min,
Eppendorf) and serum was collected. Aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were detected as in-
dicators of liver function. Creatinine (CREA) and blood urea ni-
trogen (BUN) were determined as indicators of nephrotoxicity. The
above blood biochemical indicators were detected by Automatic
Analyzer (3100, Hitachi, Shanghai, China) according to the man-
ufacture’s instruction. In addition, major organs, including hearts,
livers, spleens, lungs and kidneys, were harvested on Day 7 and fixed
in 4% paraformaldedyde for more than 48 h. The samples were
embedded into paraffin, sliced into approximately 3-pum thickness,
and then stained with H&E before observed under an optical mi-
croscope (DM5000B, Leica, Wetzlar, Germany).

2.12.  Statistical analysis

Results were presented as meanststandard deviation (SD). Mul-
tiple group comparisons of the means were performed by one-way
analysis of variance (ANOVA). Social Sciences version 13.0
(SPSS 13.0, SPSS Inc., Chicago, IL, USA) statistical software was
used to conduct all statistical analyses. The differences were
considered significant for *P < 0.05 and very significant for
**P < 0.01 or ***P < 0.001.

3. Results and discussions

3.1.  Synthesis and characterization of nanoparticles

DZ@ALN was prepared via a two-step method (Scheme 1). The
DOPA-capped nanoparticles (DZ@DOPA) were prepared by W/O
microemulsion method. The Zn*" ions crosslinking the carboxyl
group of DSP and the bisphosphonate group of ZOL to form the
core of nanoparticles via the formation of coordination bonds, and
DOPA was served as a surfactant to stabilize the resulting
DZ@DOPA via Zn-phosphate interactions simultaneously. By
adjusting the reaction molar ratio of DSP and ZOL from 2:1 to
1:2, DOPA coated nanoparticles with different drug combinations,
including DZ(2:1)@DOPA, DZ(1:1)@DOPA and DZ(1:2)
@DOPA, were successfully synthesized. DSP@DOPA and
ZOL@DOPA were similarly prepared by adding single drug DSP
or ZOL, respectively.

The coordination structure of DOPA-coated nanoparticles was
characterized by FTIR. The FTIR spectra of various nanoparticles
are shown in Fig. 1A and Supporting Information Figs. S1A and
S1B. For ZOL, peaks at 1546 and 1577 cm™', and bands at
1404 and 1453 cm ™' are attributed to the vibrations of CH=CH
and C—N bonds, the stretching vibrations of C—H bonds in

imidazole ring, respectively. DSP shows a characteristic —NHj;
stretching band at 3246 cm ™! and a very strong C=0 stretching
band at 1705 and 1663 cm™".

ZOL@DOPA displayed peaks at 1546 and 1577 cm ™', bands at
1404 and 1453 cmfl, which are attributed to the characteristic
peaks in imidazole ring. DOPA shows characteristic —CH,
stretching bands at 2922 and 2855 cm™'. Deprotonation of phos-
phate groups in ZOL and DOPA by Zn>™, resulting in the blue shifts
of P=0 and P—O—C peaks to 1078 and 992 cm ™', respectively’~.
DSP@DOPA and DSP-Zn show a blue shift of C=0 from 1663
and 1705 to 1558 cm ™', revealing that the carboxylate groups of
DSP were coordinated with Zn”>". Besides, a blue shift of the
characteristic peaks of DOPA from 1070 to 992 cm ! (P—0—C),
1178 to 1078 cm ™! (P=0) and 1740 to 1630 cm™ ! (C=O0) are
observed, respectively, indicating that a coordination interaction
between DOPA and Zn*" occurred to enable the functionalization
of DOPA on the surface. In a similar way, for DZ@DOPA, taking
DZ(1:1)@DOPA for example, characteristic stretching bands at
2922 and 2855 cm™' are ascribed to the —CH, group in DOPA.
Peaks at 1546 and 1577 cnf', bands at 1404 and 1453 cm ™" are the
characteristic peaks of imidazole ring. And characteristic P=0 and
P—O—C stretching bands at 1078 and 992 cm ™', respectively, are
attributed to the deprotonation of phosphate groups of DOPA and
ZOL by Zn*". Broad peaks from 1701 to 1534 cm™" may attribute
to the blue shift of C=0 peak of DSP and the characteristic peaks
of ZOL. Similar results are shown in DZ(2:1) @DOPA and DZ(1:2)
@DOPA. The FTIR results suggest that the DOPA coated nano-
particles were successfully synthesized.

Comparing the FTIR spectra of DSP-Zn, DZ(2:1,1:1,1:2)-Zn
and ZOL-Zn, with the reaction molar ratio of DSP/ZOL decreases
from 2:1, 1:1 to 1:2, the characteristic absorption peaks of nano-
particles at 1700—1400 cm ™" are getting closer to the single drug
ZOL-Zn nanoparticles, indicating that the ZOL content in the
nanoparticles increases with the increase of ZOL reaction content,
confirming the successful preparation of dual-drug nanoparticles
with different ratios of DSP and ZOL.

To further confirm the successful preparation of DOPA coated
nanoparticles, the atomic composition of the representative nano-
particles DZ(1:1)@DOPA on the surface was analyzed using XPS.
XPS results reveal that the surface of DZ(1:1)@DOPA contained
2.08% (mol/mol), 6.85% (mol/mol) and 0.24% (mol/mol) of N, P
and Pt atoms, respectively (Fig. 1B and C). The high surface P/N
molar ratio of 3.28 confirmed that nitrogen-free DOPA was coated
on the surface of nanoparticles. The strong N 1s band and P 2p band
could be ascribed to the N atom in imidazole and DSP, and P atoms
in ZOL and DOPA, respectively. And the strong Pt 4f band could be
attributed to the Pt atom in DSP. XPS results reveal that DSP and
ZOL have been constructed in the core of DZ(1:1)@DOPA suc-
cessfully. Field-Emission-SEM (Gemini500, Zeiss/Bruker, Karls-
ruhe, Germany) further confirms that DZ(1:1)@DOPA containing
Zn, P and Pt atoms, indicating the successful synthesis of DZ(1:1)
@DOPA (Fig. 1F).

The final ALN functionalized nanoparticles were obtained by
further coating DOPC, cholesterol and ASAc3-PEG,x-ALN on
the surface of DOPA-capped nanoparticles via hydrophobic/hy-
drophobic interactions. The drug loading content of the final bone-
seeking nanoparticles are shown in Supporting Information Table
S1, the molar ratio of Pt/ZOL of DZ(2:1)@ALN, DZ(1:1)@ALN
and DZ(1:1)@ALN are 1:2, 1:4 and 1:8, respectively, further
confirming the successful preparation of dual-drug nanoparticles.
TEM images of ALN-functionalized nanoparticles show well-
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Figure 1  (A) FTIR spectra recorded for DSP, ZOL, DZ(1:1)-Zn, DZ(1:1)@DOPA and DOPA. (B) XPS survey spectrum recorded for DZ(1:1)

@DOPA. (C) The Pt 4f, N 1s, P 2s and P 2p core-line spectrum recorded for the DZ(1:1)@DOPA. (D) TEM images of ZOL@ALN, DSP@ALN,
DZ(2:1)@ALN, DZ(1:1)@ALN and DZ(1:2)@ALN without negative stain, scale bar: 100 nm. (E) Number-average diameter distributions of
DZ(1:1)@DOPA and DZ(1:1)@ALN. (F) SEM image and SEM-EDS elemental mapping of DZ(1:1)@DOPA, scale bar: 100 nm.

Table 1  Average sizes and zeta potential of DOPA coated and final CPNP.
Reaction drug Core of CPNP Number-ave diameter (nm)  Final CPNP Number-ave diameter (nm)  Zeta potential (mV)
ZOL ZOL@DOPA 48.35 £ 2.71 ZOL@ALN 65.56 £ 1.92 —23.0 £0.93
DSP DSP@DOPA 48.98 £ 2.12 DSP@ALN 63.50 £+ 1.80 —23.7 £ 1.12
DSP&ZOL(2:1) DZ(2:1)@DOPA  46.34 &+ 1.92 DZ(2:1)@ALN  60.49 + 4.41 —21.7 £ 0.15
DSP&ZOL(1:1) DZ(1:1)@DOPA  47.87 + 1.56 DZ(1:1)@ALN  61.00 £+ 0.78 —23.5 £ 041
DSP&ZOL(1:2) DZ(1:2)@DOPA 453 £+ 1.10 DZ(1:2)@ALN  62.82 £ 4.52 —22.8 £ 0.65

Data were presented as mean = SD (n = 3).

dispersed, uniform spheres with similar diameter at about 40 nm
(Fig. 1D). The average size of the DOPA coated and the final
nanoparticles measured by DLS are around 45 and 60 nm (Fig. 1E
and Table 1), respectively. The relatively larger size of the ALN
functionalized nanoparticles than the DOPA coated by DLS
measurement might be ascribed to the coating of outer lipid. The

superior particle size of less than 80 nm laded a foundation for
excellent in vivo application.

The zeta potential (mV) of ASAc;s-PEG,kx coated nano-
particles is nearly neutral, while ASAc;3-PEG,x-ALN function-
alized nanoparticles display negative zeta potential at about —22
mV, possibly due to the polar diphosphate group of ALN, which
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indicated the successful functionalization of bone-seeking mate-
rials (Table 1 and Fig. S1C).

3.2.  Invitro stability and drug release studies

The long-term stability of DZ(1:1)@ALN was investigated in
water, PBS and DMEM containing 10% FBS for one week, and
particle size changes were monitored by DLS and TEM, respec-
tively. Negligible size changes were detected by DLS in the above
three medium after one week incubation (Supporting Information
Fig. S2A). Meanwhile, the particle size of DZ(1:1)@ALN main-
tained at around 40 nm, and the morphology was unchanged
(Fig. S2B). These results indicted the excellent colloidal stability
of DZ(1:1)@ALN.

The drug release profile of DZ(1:1)@ALN and ZOL@ALN
were investigated under the mimicked various physiological
conditions (pH 7.4, 6.5 and 5.0) at 37 °C. DZ(1:1)@ALN and
ZOL@ALN exhibited strong pH-responsive drug release behavior
(Fig. 2A, C and D). For ZOL@ALN, insignificant release
behavior was observed under physiological condition of pH 7.4,
with less than 10% was released within 8 h. However, the release
rate increased significantly as pH decreased to 5, with more than
75% was released within 12 h. This was attributed to the disso-
ciation of phosphate groups from Zn>" through the protonation
process of bisphosphonate group in ZOL (pK,; = 5.9)*' at acidic
environment, weakening the coordination between Zn>" and
bisphosphonate group of ZOL. Since ZOL@ALN was composed
by crosslinking Zn>* and ZOL, the protonation and dissociation
process could lead to the decomposition of the nanoparticles,
resulting in the synchronous release of Zn>" and ZOL. Thus the
cumulative release rate of Zn>" was detected.
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Figure 2

Similarly, for DZ(1:1)@ALN, the release of platinum and
Zn>" were determined simultaneously to investigate the drug
release behavior. Under physiological conditions, a little amount
of drugs was released within 24 h, with 18% and 13% for platinum
and Zn>" respectively. When pH decreased to 6.5 and 5.0, a
significant amount of drugs was released, with 56% and 63% at
pH 5.0 within 8 h for platinum and Zn>", respectively. The rapid
release of platinum at pH 5.0 from DZ(1:1)@ALN was possibly
caused by the fracture of coordination bond at low pH values, as
proved by many other research groups and our research
teams>+?%3%33 In the bone metastatic microenvironment, the
resorption of osteoclasts could lead to the secrete of hydrogen
ions, keeping the pH to as low as 4.5—4.7***3, Therefore, the
constructed nanoparticles could remain relatively stable in blood
circulation, but achieve rapid drug release once reaching the target
site to improve the therapeutic effect.

3.3. Invitro bone targeting studies

As is well known that HA is abundant in bone microenvironment,
especially in the bone metastatic site™*. ALN has a great avidity
for HA through the interaction between Ca®" and the diphosph-
onate group. DZ(1:1)@PEG displayed non-specific binding ca-
pacity to HA during different incubation times, with HA binding
(%) lower than 4% for up to 4 h incubation (Fig. 2B). In contrast,
DZ(1:1)@ALN exhibited immediate binding to HA, with HA
binding (%) reach up to 14.35% at 30 min, and with the incubation
time increased to 4 h, HA binding (%) increased to 43.33%,
suggesting the excellent binding ability than that of non-targeted
DZ(1:1) @PEG.
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(A) Zn release behavior of ZOL@ALN at under 37 °C. (B) HA binding (%) of DZ(1:1)@PEG and DZ(1:1)@ALN. (C) In vitro

platinum and (D) Zn release behaviors of DZ(1:1)@ALN at different pH conditions under 37 °C. Data are expressed as mean + SD (n = 3).
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Figure 3  (A) and (B) In vitro cell cytotoxicity of different drug formulations against MDA-MB-231 cells after 72 h incubation. Data were
expressed as mean + SD (n = 6). (C) Annexin V-FITC/PI assay for apoptosis detection of MDA-MB-231 cells after treated with different drug
formulations. (D) Western blot analysis of apoptosis-related protein BCL-2 in MDA-MB-231 cells.

To further verify the bone targeting ability of DZ(1:1)@ALN, indicates the capacity of binding affinity. Free Dil and DZ(1:1)
the periostea stripped mouse skull bones were incubated with free @PEG did not show any specific binding to bone fragments,
Dil and Dil-labeled nanoparticles, and the samples were imaged displaying similar fluorescence intensity as the PBS group (Sup-
using fluorescence microscopy. The intensity of fluorescence porting Information Fig. S3). However, DZ(1:1)@ALN showed
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superior bone fragments binding ability than DZ(1:1)@PEG due
to the ALN spreading on the surface, which was consistent with
the HA binding experiment. These results demonstrated that ALN
functionalization endowed DZ(1:1)@ALN with better bone af-
finity, indicating the superior in vivo bone-targeting ability to
promote the therapeutic effect.

3.4.  Invitro therapeutic effect

The cytotoxicity of various formulations against triple-negative
breast cancer cell lines of human MDA-MB-231 and murine 4T1
cells were evaluated for 72 h using MTT assay. All drug formu-
lations displayed enhanced cytotoxicity to both MDA-MB-231
and 4T1 cells with increasing incubation concentrations (Fig. 3A
and B, Supporting Information S4A and S4B). The ICs, values
calculated from the dose responsive curve were summarized in
Table 2. Monotherapeutic DSP@ALN showed comparable cyto-
toxicity as free CDDP, with ICsp, = 4.18 nmol/L against MDA-
MB-231 cells. ZOL@ALN showed increased cytotoxicity
compared with free ZOL, with ICs, value about 2-fold lower than
free ZOL, which may be due to the strong polarity of free ZOL
which hindered cellular uptake. DZ(2:1)@ALN, DZ(1:1)@ALN
and DZ(1:2)@ALN exhibited significantly enhanced anticancer
effect against MDA-MB-231 and 4T1 cells, their ICsy values of
the two drugs were significantly decreased, indicating the syner-
gistic cytotoxic effect.

To further study the synergistic effect of DZ@ALN to screen
an optimal drug formulation, the CI values of DZ(2:1)@ALN,
DZ(1:1)@ALN and DZ(1:2)@ALN were determined according to
the formula described in the method section, and were summa-
rized in Table 2. The CI value below 1 indicated the synergistic
effect between CDDP and ZOL in nanoparticles. DZ(1:1) @ ALN
had the smallest CI value than DZ(2:1)@ALN and DZ(1:2)
@ALN, indicating the strongest synergistic effect. Similarly, the
synergistic effect in 4T1 cells exhibited the same results. There-
fore, DZ(1:1)@ALN were chosen for the follow-up study, and the
cytotoxicity of DZ(1:1)@PEG and free drug combinations cor-
responding to the drug ratio in DZ(1:1)@ALN were investigated
in MDA-MB-231 and 4T1 cells. DZ(1:1)@PEG showed compa-
rable cytotoxicity with DZ(1:1)@ALN, with similar ICsy and CI
value, revealing that the bone-targeting or non-targeting material
modification had no influence on cytotoxicity under the treated
dose. Free drug combination also showed synergistic cytotoxicity
compared with free CDDP and ZOL alone.

The synergistic effect between CDDP and ZOL might be
caused by the control of cell proliferation. CDDP can inhibit cell

proliferation by interfering with DNA replication via forming
DNA adduct®. ZOL could inhibit a key enzyme, farnesyl pyro-
phosphate synthase (FPPS), in the mevalonate pathway, leading to
isopentenyl diphosphate (IPP) accumulation and the formation of
cytotoxic ATP analogue, eventually inducing cells apoptosis (i.e.,
cancer cells and osteoclasts)*®. ZOL has been reported to down-
regulate the expression of p-MAPK, MCL-1, p-mTOR. p-MAPK
is a part of mevalonate pathway, MCL-1 is involved in cell cycle
and proliferation and mTOR is critically participate in cell sur-
vival and proliferation*’ *°. Because the mTOR pathway is
responsive for the resistance of chemotherapeutic drugs, studies
found that inhibiting the mTOR pathway could overcome MDA-
MB-231 cells resistance to CDDP, since ZOL has the ability to
enhance mTOR inhibition, thereby overcoming resistance to
CDDP, realizing the synergistic inhibitory of cell proliferation in
MDA-MB-231 cells*’*'. Combining CDDP and ZOL in one
single nanoagent brings the benefits of single drugs together, and
the same cytotoxicity effect can be achieved with reduced doses of
both drugs, thus reducing systemic cytotoxicity.

To further confirm the synergistic effect of DZ(1:1)@ALN on
inducing apoptosis, FCM analysis was performed toward MDA-
MB-231 cells at an equivalent dose of CDDP (3.125 pmol/L) and
ZOL (12.5 umol/L) for 48 h treatment. DZ(1:1)@ALN showed
the highest ability to induce cell apoptosis, resulting in 42.7%
apoptotic cells, and DZ(1:1) @PEG showed comparable apoptotic
cells (Fig. 3C and Fig. S4C). Single drug DSP@ALN showed
comparable apoptotic cells with free CDDP, with 21.9% and
26.3% apoptotic cells, respectively. Single drug ZOL@ALN
showed more apoptotic cells than free ZOL, with 12.4% and
29.8%, respectively. Almost no apoptotic cells were observed in
PBS group. These results were in consistent with the cytotoxicity
assay and strongly indicated the remarkable cytotoxic effect of
DZ(1:1)@ALN than free drug or monotherapeutic nanoparticles.
Western blot analysis of the expression of BCL-2 (an antiapoptotic
protein) further confirmed that DZ(1:1)@ALN and DZ(1:1) @PEG
had the optimal capacity to trigger cell apoptosis, with the least
expression of BCL-2 compared with the free drug and mono-
therapeutic nanoparticles (Fig. 3D).

3.5.  In vitro osteoclasts inhibition

Previous studies reported that bone tumors could dysfunctional
bone marrow microenvironment, resulting in the recruitment of
osteoclast progenitors, which further activated into mature oste-
oclasts via osteoclastic activating factors secreted by tumor cells,
and osteoclast-mediated bone resorption leading to osteolysis3.

Table2 The IC5y and CI values of various drug formulations against MDA-MB-231, 4T1 and RAW 264.7 cells after incubation for 72 h.

Drug MDA-MB-231 (pumol/L) 4T1 (umol/L) RAW 264.7 (umol/L)

ICSO,P{ ICSO,ZOL CI ICSO,P{ ICSO,ZOL CI ICSO,P{ ICSO,ZOL CI
CDDP 3.30 = = 3.75 = = 1.28 = =
ZOL = 52.50 = = 3.80 = = 25.79 =
CDDP+ZOL 1.99 8.14 0.76 0.37 1.47 0.48 0.82 3.31 0.78
DSP@ALN 4.18 = = 7.64 = = 2.08 = =
ZOL@ALN = 24.30 = = 2.53 = = 2.23 =
DZ(2:1)@ALN 2.36 5.61 0.79 0.63 1.26 0.58 = = -
DZ(1:2)@ALN 0.97 7.78 0.55 0.21 1.69 0.69 = = =
DZ(1:1)@ALN 0.94 3.98 0.39 0.27 1.09 0.47 0.23 0.99 0.56
DZ(1:1)@PEG 0.77 2.79 0.30 0.26 1.03 0.44 0.25 0.92 0.52

— Not applicable. Data were presented as mean = SD (n = 6).
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The “vicious cycle” between tumor cells and osteoclasts lead to
both osteolysis and tumor growth, thus, in addition to inhibiting
tumor cells, inhibition of osteoclasts is equally important. As
osteoclasts were derived from osteoclast progenitors under the
stimulation of various cytokines in the bone metastatic environ-
ment, the inhibition of osteoclast progenitors RAW 264.7 cells by
DZ(1:1)@ALN was preliminarily investigated using MTT
method. Similar to cytotoxicity against tumor cells, all drug for-
mulations displayed enhanced effect with increasing dose
(Fig. 4A). The ICs, values were summarized in Table 2. DZ(1:1)
@ALN showed significantly enhanced effect, with ICsq
(ICs0.201) = 0.23 (0.99) umol/L, 9- and 2.2-fold lower than that of
monotherapeutic DSP@QALN and ZOL@ALN, respectively. In
addition, free CDDP and ZOL combination displayed synergistic
cytotoxic effect, and the CI values of free drug counterparts and
DZ(1:1)@ALN were 0.78 and 0.56, respectively.

To further confirm the synergistic effect of DZ(1:1)@ALN on
inducing apoptosis of RAW 264.7 cells, FCM analysis was per-
formed at an equivalent dose of CDDP (1.56 umol/L) and ZOL
(6.25 pmol/L) of free drugs or nanoparticles for 48 h treatment.
DZ(1:1)@ALN showed the highest ability to induce cell
apoptosis, resulting in 68.10% apoptotic cells, higher than the
single drug DSP@ALN and ZOL@ALN, with 34.5% and 57.3%
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apoptotic cells, respectively (Fig. 5A). These results indicated the
remarkable cytotoxic effect of DZ(1:1)@ALN than mono-
therapeutic nanoparticles toward osteoclast progenitors.

To assess the biological activity of DZ(1:1)@ALN on inhib-
iting osteoclasts differentiation, osteoclast progenitors RAW
264.7 cells were co-incubation with varying drug formulations
containing 50 ng/mL. RANKL. An equivalent dose of CDDP
(0.781 pmol/L) and ZOL (3.12 pmol/L) was adopted to study their
inhibition effect on osteoclasts differentiation. Fig. 4C and the
quantification of the multinucleated (n > 3) osteoclastic-like cell
per representative view stained by TRAP (Fig. 4B) exhibited that
DZ(1:1)@ALN had the most effective inhibitory effect on the
differentiation of osteoclasts compared with all other groups, and
DZ(1:1)@PEG showed comparable effect, indicating that the
bone-seeking material had no effect on osteoclasts differentiation
under the current dose.

Osteoclasts after treated with various drug formulations.

The effect of DZ(1:1)@ALN on inducing osteoclasts apoptosis
was further investigated by FCM. An equivalent dose of CDDP
(1.56 umol/L) and ZOL (6.25 pmol/L) was adopted to study os-
teoclasts apoptosis under 48 h incubation. DZ(1:1)@ALN showed
the strongest effect on inducing apoptosis of osteoclasts, resulting
in 64.20% apoptotic cells, higher than the single drug DSP@ALN
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Figure 4

(A) In vitro cell cytotoxicity of different drug formulations against RAW 264.7 cells after 72 h incubation. Values were expressed as

mean = SD (n = 6). (B) Quantitative analysis of average TRAP positive cells per representative view. ***P < 0.001. (C) Representative mi-
croscopy images of osteoclasts differentiation stimulated by RANKL (50 ng/mL) containing different drug formulations. Osteoclasts were stained

in purple. Scale bar: 50 pm.
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formulations.

and ZOL@ALN, with 46.60% and 55.00% apoptotic cells,
respectively (Fig. 5B), indicating the remarkable cytotoxic effect

of DZ(1:1)@ALN toward osteoclasts.

All of this results revealed that DZ(1:1)@ALN could not only

3.6.

synergistically inhibit tumor cells, but also inhibit the three steps

which osteoclasts play their roles, including inhibiting osteoclast
progenitors, osteoclasts differentiation and inducing osteoclasts

apoptosis, which was expected to breakdown the “vicious cycle”
for effective bone metastasis treatment.

In vivo pharmacokinetics and biodistribution study

The blood clearance of free CDDP, DZ(1:1)@PEG and DZ(1:1)
@ALN were investigated on SD rats by single intravenous
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injection, the platinum concentration in plasma were measured by
GFAAS. Free CDDP displayed rapid plasma clearance behavior
after intravenous injection (Fig. 6A). In contrast, DZ(1:1)@ALN
and DZ(1:1)@PEG showed a significant longer blood circulation
time than CDDP, suggesting that the nanoparticles may have the
ability to escape the reticuloendothelial system (RES) uptake and
facilitate the tumor accumulation by enhanced penetration and
retention effect.

To investigate the specific accumulation of DZ(1:1)@ALN in
bone metastatic lesions, fluorescence imaging was performed and
the drug concentrations in tissues were detected. For fluorescence
imaging studies, free DiR showed non-specific distribution during
the observation, with the fluorescence intensity highest in liver, and
only a small amount was detected in the bone tumor (Fig. 6E). By
contrast, evident fluorescence signals were observed in tumors as
early as 2 h in both DZ(1:1)@PEG and DZ(1:1)@ALN, which
maintained or increased over time, this may be due to the enhanced
penetration ability of nanoparticles due to their small particle sizes.
And it was notably that the fluorescence intensity in DZ(1:1) @ ALN

was significantly higher than DZ(1:1)@PEG at all determined
times, especially after 2 h injection, indicating that ALN function-
alization endowed the bone-seeking capacity of DZ(1:1)@ALN.

Ex vivo fluorescence imaging of major organs and right hin-
dlimbs (bone metastatic legs) at 24 h post injection also confirmed
the strongest targeting capability of DZ(1:1)@ALN than DZ(1:1)
@PEG and free DiR (Fig. 6B, F and 6G). Meanwhile, when
compared the quantitate fluorescence intensity of bone metastatic
hindlimb with their opposite left hindlimb (Fig. 6C), free DiR
showed no significant difference, while DZ(1:1)@ALN showed
4.6-fold higher, revealing that DZ(1:1)@ALN could selectively
localized to the bone metastatic site. Besides, the fluorescence
images of ex vivo tissues also exhibited dominant liver accumu-
lation, as reported by other studies®*>. Therefore, the quantifi-
cation fluorescence intensity of bone:liver was performed,
DZ(1:1)@ALN showed significantly higher bone:liver than
DZ(1:1)@PEG (Fig. 6D).

The drug content in organs and tissues was further detected by
GFAAS. Free CDDP was distributed rapidly to each tissue within
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Figure 8
different groups.

15 min, the platinum concentration in kidneys was the highest at
15 min post-injection, and it was eliminated from the body with
time increasing (Supporting Information Fig. S5A). The platinum
content of DZ(1:1)@PEG (Fig. S5B) in bone metastatic leg were
higher than CDDP and the contralateral healthy leg. This might be
due to the enhanced penetration and retention effect. However,
significantly increased platinum content of DZ(1:1)@ALN in
bone metastatic leg was observed (Fig. S5C), which was about
2.06-fold higher than that in the healthy leg, and 2.11-fold than
that of DZ(1:1)@PEG at 15 min post-injection, and the platinum
content was gradually accumulated with time went on. This was
ascribed to the natural bone-seeking ability of ALN and its pref-
erential distribution to bone metastatic lesions™”.

All of these results confirmed that DZ(1:1)@ALN could
preferentially accumulate in bone metastatic lesion, which would
lead to the improved in vivo efficacy and reduced systemic
toxicity.

3.7.  Invivo therapeutic effect

3.7.1.  Tumor growth inhibition

Intra-tibia injection of MDA-MB-231 cells was used to establish
the model of bone metastasis from breast cancer, which is valid for
investigating the interactions of cancer cells with the bone
microenvironment™. Compared with PBS group, all the other
treatment groups were showed a decrease in tumor growth (Figs.
7A and 8A). Mice treated with DZ(1:1)@ALN showed the most

DSP@ALN
CDDP+ZOL  DSP@ALN  ZOL@ALN DZ(1:1)@PEG @A DZ(1:1)@ALN
ZOL@ALN

14 15 16

Omexe x4 B3,

[
-

(A) Photograph of bone metastatic mice on Days 0, 9 and 18. (B) Ex vivo photos of the representative bone metastatic hindlimbs of

prominent cancer inhibition compared to the other treatment
groups, with average tumor size about 5.5-fold smaller than PBS
group at the end of experiment, likely due to the favorable phar-
macokinetics profiles, selective distribution to the metastatic bone
and the simultaneous release of the two drugs to realize the
optimal synergistic therapeutic effect. Free CDDP+ZOL group
displayed a poor therapeutic effect, possibly due to rapid clearance
in plasma after injection. Though free ZOL could selectively
distribute to bone, CDDP had no bone-seeking ability, resulting in
the out of sync distribution behavior of the two drugs, thereby
reducing the synergistic effect. ZOL@ALN group showed mod-
erate tumor inhibition effect, possibly due to that when ZOL
constructed into nanoparticles, it possessed comparatively excel-
lent pharmacokinetics profiles than free ZOL, under the guidance
of ALN, ZOL@ALN could selectively accumulated to bone
metastatic lesion, underwent pH triggered ZOL release, the
released ZOL could one part interfer the function of osteoclasts,
broke the “vicious circle” to some extent and the other part inhibit
the tumor cells. DZ(1:1)@PEG group showed a little better tumor
suppression effect than that of ZOL@ALN, possibly caused by the
synergistic effect of CDDP and ZOL co-delivered by the same
nanoagent, though DZ(1:1)@PEG only possessed passive target-
ing ability, it’s effect still better than the active targeted mono-
therapy nanoagent. DSP@ALN+ZOL@ALN group that co-
delivered CDDP and ZOL separately from two nanoagent
showed weaker tumor inhibition effect than DZ(1:1)@ALN group
that co-delivered CDDP and ZOL in the same system. This may be
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due to that co-deliver of two drugs in one nanoagent could
normalize pharmacokinetics, selective distribution behavior and
the controlled drug release in target site, thus realizing the optimal
synergistic therapeutic effect.

The representative ex vivo tumors of each groups were pho-
tographed, and the results were consistent with the caliper mea-
sures (Fig. 8B). In addition, no obvious body weight loss in all
treatment groups were observed (Fig. 7B), suggesting negligible
systemic toxicity during the current dosage and dosing schedules.
The antitumor efficacy was further verified by H&E and Ki67
staining of tumor tissues (Fig. 7E), the H&E staining result
showed that a large amount of cell necrosis with nuclear shrinkage
and nucleoplasm atrophy occurred in DZ(1:1)@ALN group than
the other groups, further indicating the strongest tumor suppres-
sion effect. Ki67 is a cellular proliferation marker, and the
decrease of Ki67 indicates the proliferation of tumor cell is

inhibited™®. DZ(1:1)@ALN group exhibited the lowest Ki67
staining cells, which was consistent with the H&E staining.

3.7.2.  Bone pain remission

Bone pain is a frequent symptom of patients with metastatic bone
disease”’. It was evaluated by recording spontaneous lifting time
and the number of flinches of the tumor bearing hindlimb over a 5-
min period. The spontaneous lifting time of all treatment group
gradually increased over time, obvious difference between
different treatment groups was first observed on Day 10, and
maximum difference was observed on Day 18 (Fig. 7C and D).
Though all the treatment groups could relieve bone pain compared
with PBS group, comparatively, DZ(1:1)@ALN group showed
spontaneous lifting behavior on Day 12 and the lifting time was
the shortest (1.75£0.86 s on Day 18) among other groups. The
number of flinches showed the similar results. Both of the results
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suggested that DZ(1:1)@ALN could effectively alleviate bone
pain, eventually improving the patients’ quality of life.

3.7.3.  Osteolysis inhibition

After the evaluation of the tumor inhibition effect, the inhibition
effect of DZ(1:1)@ALN on bone metastasis induced osteolysis
was further investigated by 3D micro-CT. The proximal tibias in
PBS, free CDDP+ZOL and DSP@ALN groups showed commi-
nuted fractures (Fig. 9A). While the tibias in mice treated with
monotherapy or dual therapy nanoparticles containing ZOL were
less destructed, and it is exciting that the osteolysis was signifi-
cantly relieved in DZ(1:1)@ALN group, with the morphology and
structure of the tibias similar to the normal tibia (without
implanted tumor cells). In addition, the bone parameters of the
tibias such as BV/TV, Tb. N and BS/TV were summarized in
Fig. 9B—D. BV/TV or Tb. N reflects the bone resorption extent,
with the lower the BV/TV or Tb. N value, the greater the bone
resorption extent. DZ(1:1)@ALN group showed the highest BV/
TV and Tb. N value which were comparable to the normal tibias.
The results of BS/TV values showed the similar trend. These re-
sults implied that DZ(1:1)@ALN could significantly inhibit
osteolysis in vivo.

The damage extent of metastatic tibias was further investigated
by H&E staining. The tibial cortical bone, cartilage and sclerotin
of knee joint, bone trabecular and bone marrow cavity in PBS, free
CDDP+ZOL and DSP@ALN groups were severely damaged, and
replaced by proliferating tumor cells (Fig. 9E). Compared with the
above three groups, ZOL@ALN, DZ(1:1)@PEG and
ZOL@ALN+DSP@ALN group showed relatively less extensive
osteolysis. However, the osteolysis in the DZ(1:1)@ALN group
seemed to be suppressed, and bone structure was better main-
tained compared with other groups. At the meanwhile, the
contralateral tibia of the same mice in DZ(1:1)@ALN group was
also compared (Supporting Information Fig. S6A), which
appeared almost the same as the normal tibia. The H&E staining
results uncovered that DZ(1:1)@ALN possessed the potent po-
tential for preventing osteolysis without inducing side effect in
uninfected bone tissues.

As TRAP is the biomarkers for osteoclasts that reflect the bone
resorption in viv058’59, to further confirm the relief of bone
destruction by DZ(1:1)@ALN was owing to the synergistic
inhibitory effect of osteoclasts activation, TRAP staining was
performed in bone metastatic tibias. Consistent with the severity
degree of osteolysis, PBS, CDDP+ZOL and DSP@ALN group
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showed a large amount of osteoclasts, the monotherapy
ZOL@ALN and DZ(1:1)@PEG showed moderate osteoclasts,
while DZ(1:1)@ALN showed significantly reduced TRAP posi-
tive osteoclasts, possibly due to the dual function of active tar-
geting and drug combination therapy (Fig. 9E). The TRAP
staining of the contralateral tibia (without tumor) of the same mice
in DZ(1:1)@ALN group was also compared (Fig. S6B), which
appeared almost the same as the normal tibia, suggesting
neglectable effect to healthy bone tissues.

All of these results in vivo reveled that DZ(1:1)@ALN could
not only synergistically inhibit the proliferation of tumor cells,
relieve the bone pain of bone metastatic mice, but also synergis-
tically inhibit the activation of osteoclasts, protect the bone from
damage. As cancer cells and osteoclasts supplement each other in
bone microenvironment, leading to a “vicious cycle” that exac-
erbate bone metastasis, the potent effect of DZ(1:1)@ALN to
inhibit tumor cells and osteoclasts could breakdown the “vicious
cycle” to some extent, eventually reducing tumor burden and
osteolysis. However, the detailed intracellular synergistic inhibi-
tion mechanism of CDDP and ZOL will be further elaborated in
the future studies.

3.8.  Safety evaluation

To evaluate the systemic toxicity, the liver biochemical param-
eters ALT and AST, kidney biochemical parameters BUN and
CREA were determined. Mice treated with PBS were used as
control. The above biochemical parameters of free
CDDP + ZOL and DZ(1:1)@ALN groups exhibited no signifi-
cant difference compared with PBS group no matter single or
multiple dose injection, suggesting no significant damage to the
liver and kidney under the current dosage (Fig. 10A—D). No
apparent histomorphological changes (Fig. 10E) were observed
in major organs of DZ(1:1)@ALN group compared with PBS
group. The preliminary data revealed that DZ(1:1) @ALN had no
noticeable toxicity at the given dose in vivo while maintaining
favorable therapeutic effect due to the synergistic effect of
CDDP and ZOL.

4. Conclusions

In summary, a bone-seeking nanoplatform which co-delivers
CDDP and ZOL for synergistic treatment of bone metastatic
breast cancer has been successfully constructed. DZ(1:1)@ALN
with reaction molar ratio DSP/ZOL = 1:1 was selected for its
strongest cytotoxicity against MDA-MB-231 cells. DZ(1:1)
@ALN has excellent colloidal stability under physiological con-
ditions and potent in vitro bone affinity. Furthermore, DZ(1:1)
@ALN could synergistically inhibit MDA-MB-231 and 4T1 cells,
synergistically suppress the activation and induce the apoptosis of
osteoclasts in vitro. DZ(1:1)@ALN could significantly prolong the
blood circulation time in vivo, and selectively accumulate in bone
affected site, then release platinum drug and ZOL rapidly in a
synchronous manner under the low pH microenvironment of bone
metastasis, achieving the most potent effect on inhibiting tumor
growth and bone resorption simultaneously. Finally, DZ(1:1)
@ALN showed no noticeable toxicity at the given dose and dosing
schedules. All of these results highlighted the great potential of
DZ(1:1)@ALN as bone-targeted nanoplatform for effective
treatment of bone metastatic breast cancer.
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