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Abstract

This report describes the development of functionalized polymeric micelles encapsulating a
chemotherapeutic agent. The results indicate the ability to achieve selective uptake into different cell
populations in metastatic prostate cancer in vitro by appropriate selection of the targeting ligand. This
paves the way for administering single or multiple therapeutic agents into bone metastases. These
particles are functionalized to display the pVTK peptide of bisphosphonate (BP) as two different
targeting ligands to assess their ability to trigger selective binding and internalization into prostate
cancer cells, osteoblasts, osteoclasts, and macrophages in vitro. These bone-targeting particles (60-90
nm) bind to hydroxyapatite/bone powder with high affinity. Uptake of pVTK- and BP-conjugated
particles into prostate cancer cells (PC-3 and C4-2B), MC3T3, RAW264.7 bone macrophages, and
RANKL-activated RAW264.7 cells cultured on a regular tissue culture plate and bone-like surface
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was investigated. Results show that increasing the number of BP-targeting ligands displayed on particle
surface shows 60-fold higher affinity to RAW 264.7 macrophages seeded on conventional tissue culture
plates than non-conjugated particles. In addition, the uptake study results show that pVTK-
functionalized particles were selectively internalized by C4-2B and MC3T3 osteoblast cells cultured on
BLS, whereas BP-functionalized particles are selectively internalized by PC-3 and RAW264.7
macrophage cells cultured on BLS. Therefore, efficient and selective bone-conjugated therapies are
needed to kill cancer cells and inhibit the crosstalk with other cells in the metastatic lesion, resulting in

osteoblastic, osteolytic, or a mixed phenotype.
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Rationale and Purpose:

Reports have shown that selective delivery of cytotoxic agents to metastatic prostate cancer is critical
for enhanced efficacy and safety. Therefore, we focus on identification and in vitro characterization of
targeting ligands that can mediate cell-specific internalization into different cell types in metastatic

cancer lesions.
Introduction

In the US, nearly 1 out of every 7 men is
diagnosed with prostate cancer resulting in 1
out of 39 men dying [1]. Tremendous advances
in the detection and treatment of primary
prostate cancer, especially widespread use of
prostate-specific antigen screening over the
past four decades, have led to a significant
increase in the 5-year survival rate for local
prostate cancer, which is now almost 100% [1].
However, despite the impressive survival rate
for patients diagnosed with prostate cancer
localized to the gland, only 27 % of patients
diagnosed with metastatic disease survive for
more than 5 years [2]. Autopsy of patients
dying of prostate cancer shows that 90% of the
cases ha metastatic disease, and bone is the
primary site of metastases [3, 4].

The bone microenvironment provides a shield
against chemotherapeutic agents and is a fertile
ground for cancer cells to proliferate in a
process named the "Seed and Soil” mechanism
[5, 6]. Metastasizing cancer cells establish
crosstalk with osteoblasts (bone-forming cells)
and osteoclasts (bone degrading cells) which
controls bone turnover in these lesions and the
phenotype of the disease (i.e., osteoblastic vs.
osteolytic) [7]. In metastatic prostate cancer
lesions in bone, osteoclasts activity causes
localized degradation of the bone matrix
resulting in a sharp drop in the
microenvironment pH down to 4.5 [8] and a
localized increase in Ca’" concentration plus
multiple growth factors including transforming
growth factor-B (TGF-B) and insulin-like
growth factor (IGF), which promote the growth
and proliferation of prostate cancer cells [9].
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The high local concentration of TGF-B and
IGF, directly and indirectly, activate osteoblasts
to deposit new matrix at the resorption sites
forming a crystallized woven bone that is
mechanically inferior to natural bone [10, 11].
The activity of osteoclasts and osteoblasts in
metastatic cancer lesions in bone establishes a
vicious cycle that challenges current treatment
strategies and controls whether cancer lesions
will exhibit an osteolytic, osteoblastic, or mixed
phenotype [12].

Degradation of the bone surface by
osteoclasts activity and deposition of woven
bone by osteoblasts results in exposure of the
bone's hydroxyapatite surface and presentation
of Ca®" ions that imparts a high positive charge
density to bone surface in metastatic cancer
lesions in bone [13, 14]. Given the limited
ability of chemotherapeutic agents to achieve
an effective cytotoxic concentration in the
metastatic lesions in bone, we aim to utilize a
combination of the tumor's leaky vasculature
and the unique bone surface properties to target
cancer lesions using micelles as conjugated
nanoparticles and deliver chemotherapeutic
agent/s. Specifically, we utilize an amphiphilic
triblock copolymer composed of a hydrophobic
poly(methyl methacrylate) (PMMA), a central
poly(acrylic acid) (PAA) block, and a
hydrophilic poly(ethylene glycol) (PEG) block
to self-assemble, forming polymeric micelles
[15]. The core of these micelles encapsulates a
chemotherapeutic agent (Cabazitaxel, CTX)
and is stabilized by an acid-sensitive cross-
linker that reacts with the central PAA block
and "stitch" the polymer chains together to
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prevent the non-specific release of the loaded
cargo [15, 16].

One clinically preferred therapeutic for
metastatic bone cancer is bisphosphonates
(BPs). pamidronate, risedronate, alendronate,
and zoledronate are common BPs in the market
containing nitrogen atom/s in their structures.
The specific orientation and location of the
nitrogen atom/s in their structural backbone
makes these BPs extremely potent and
constitute a "pharmacophore" [17, 18].
Zoledronate is the most potent of all BPs
because of the contribution of nitrogen content
and hydrophobic binding pocket of imidazole
[19, 20]. The literature shows that, at the
molecular level, BPs inhibits the enzyme
farnesyl pyrophosphate synthase (FPPS),
leading to knockdown of prenylation of small
GTPases like Rac, Ras, or Rab, which have a
role in cholesterol synthesis, cytoskeletal
organization, bone resorption, and cell
morphology [21]. Inhibition of prenylation
reduces osteoclast activity and triggers
apoptosis  [22, 23]. Because of these
pharmacological effects, BPs reduce the
resorptive capability of osteoclasts. In addition
to the role of antiresorptive BPs, they have
direct functions such as antitumor [24],
antiangiogenic [25], and anti-migratory [26]
effects. Further, BPs are co-administered with
doxorubicin, docetaxel, and paclitaxel [27-31]
as cocktail therapies to treat bone metastasis.
BPs are FDA-approved against osteoporosis, P
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Paget's disease, pediatric bone diseases [32],
multiple myeloma, breast cancer metastasis, or
prostate cancer to bone [33] as an adjuvant
therapy to prevent metastatic bone pain. BPs
also lower the risk of broken bones because
they have potent inhibitor functions on
osteoclast-mediated bone resorption via
binding to the bone mineral and then are taken
up by osteoclasts through fluid-phase
endocytosis from the acidified bone surface
during osteolytic resorption [34].

Neither cancer chemotherapy nor BP-based
cancer therapies demonstrate the desired level
of therapeutic activity in regressing tumor
progression or increasing the lifespan of bone
metastasized patients [35]. These therapies
have limitations such as environment-mediated
drug resistance in bone metastasis in the
presence of various cytokines and growth
factors [36] and not being able to achieve the
desired drug concentration in the bone because
of the lack of bone targetability. Due to drug
resistance and inefficient chemotherapy
concentration in metastasized bone, a higher
concentration of chemotherapy is employed,
leading to non-specific systemic side effects
[37]. These limitations may be addressed by
targeted delivery to cancer lesions and specific
cells in the metastatic bone [38-40]. For
example, PC-3 prostate cancer is a known
osteolytic character [41, 42], whereas C4-2B
prostate cancer is in a mixed form of osteolytic
and osteoblastic [43, 44].
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Figure 1. The hypothesized M-pVTK and M-BP nanomedicine-based therapies to modulate cancer cells in the bone
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Experimental design

To achieve preferential homing of these can recognize and bind to the rough and
particles into prostate cancer lesions in bone cationic bone surface, a bisphosphonate (BP)
and trigger selective uptake into prostate cancer and a 12-membered peptide.
cells, we evaluated two different ligands that
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Figure 24. A schematic drawing showing i) scheme for synthesis of PMMA-b-PtBA-Ns copolymer, ii) PMMA-b-PAA-b-
PEG, and iii) PMMA-b-PAA-b-PEG-pVTK
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another end of the PEG (Figure 2). The first
ligand is based on ZA, a potent bisphosphonate

(BP) that has been shown to efficiently
distribute to the bone and suppress osteoclasts'

Figure 2B. A schematic drawing showing a scheme for the synthesis of (iv) PMMA-b-PAA-b-PEG-BP and of (v) PMMA-b-

PAA-b-PEG-FITC.
We synthesized a zoledronic acid (ZA) analog

that allows covalent coupling to primary amine

at one end of the PEG block without sterically
interfering with the phosphonate groups at
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activity. The second ligand is a 12-membered
peptide (VTKHLNQISQSY) phosphorylated at
the serine residue and named pVTK. This
pVTK peptide is conjugated via a peptide bond
to PEG brush displayed on the surface of the
micelle to utilize its ability to strongly bind to
hydroxyapatite surfaces and achieve selective
binding to actively mineralizing the bone
surface in metastatic cancer lesions in bone[45-
48]

We synthesized a ZA analog that allows
covalent coupling to primary amine at one end
of the PEG block without sterically interfering
with the phosphonate groups at another end of
the PEG (Figure 2).

Detailed synthesis protocols and spectral data
can be found in the supplementary file. The
phosphonate groups have been shown to
mediate binding to exposed osteolytic bone pits
in cancer lesions via electrostatic interaction
resulting in selective uptake by osteoclasts via
fluid-phase endocytosis osteolytic resorption
[34, 49]. We investigated the ability of both BP-
and pVTK-conjugated particles to bind to bone-
like surfaces as a function of ligand density.
Further, we evaluated the binding and
internalization of BP- and pVTK-conjugated
particles into PC-3 and C4-2B prostate cancer
cells, MC3T3 pre-osteoblasts, RAW 264.7
macrophages, and activated RAW 264.7
osteoclast cells in comparison to non-

M“)w N

PMMA-b-PAA-b-PEG
+

conjugated particles. The main aim of this study
is to investigate the internalization of bone-
conjugated particles into the various tumor and
bone cells through BLS and whether different
cells in the metastatic lesions can discriminate
between different targeting ligands, which will
enable cell-specific uptake of therapeutic
agents.

Materials and methods

Formulation and characterization of
FITC-labeled pVTK- and BP-conjugated
micelles

We prepared different micelles that display a
combination of FITC, pVTK, and BP on the
free ends of the PEG brush at different molar
ratios following our previously published
methods[15]. These micelles were crosslinked
using a pH-sensitive linker (2,2'-(Propane-2,2-
diylbis(oxy))-diethanamine), which undergoes
fragmentation and intracellular release of
loaded cargo upon internalization into the
endosomes. Briefly, non-conjugated PMMA-b-
PAA-b-PEG polymer was used as the main
component of the micelles composition while
varying the molar ratio of PMMA-b-PAA-b-
PEG-FITC, PMMA-b-PAA-b-PEG-pVTK, and
PMMA-bH-PAA-b-PEG-BP to prepare FITC-
labeled and/or pVTK- and BP-conjugated
micelles, respectively (Figure 3).

0o a0 > L P L ey
PMMA-6-PAA-H-PEG-FITC - V/\/(:><)\/\N“

- 2 2
M“’W 2,2'-(propanc-2,2-diylbis(oxy))bis(ethan-1-aminc)
PMMA-5-PAA-b-PEG- >

or
o o0 > e o Stirring at room temperature for 6 h to

PMMA-6-PAA-H-PEG- I \5\: o complete cross-link reaction
o ”0” 4 »
goo a)  Sonication for 5 min CTX-loaded
+° Tri-block b)  Stirring at room Shell-cross-linked
ri-bloc
Cabazitaxel (CTX) ) copolymers, temperature for 1h Micelles
%% Wi ?
(10% wiw) mdCTXInTHF ) Delf.
\) ‘j Dialysis
—{ AV )
gy B
TN
pVTK-Micelle BP-Micelle

FITC-pVIK-Micelle

OR

FITC-BP-Micelle

Figure 3. A schematic drawing of the formulation of PMMA-b-PAA-b-PEG tri-block copolymer into micelles i) M-pVTK
or FITC tagged FITC-pVTK-Micelle and ii) M-BP or FITC-BP-Micelle.
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We prepared pVTK-conjugated micelles with
5% (M-pVTKsy), 10% (M-pVTK o%), and 20%
(M-pVTK2%) pVTK targeting ligands by
varying the amount of the PMMA-b-PAA-b-
PEG-pVTK polymer incorporated in micelles
composition. Similarly, we prepared BP-
conjugated micelles with 5% (M-BPsy), 10%
(M-BPig%), and 20% (M-BP2») BP targeting
ligands by varying the amount of the PMMA-
b-PAA-b-PEG-BP polymer incorporated in
micelles composition.

Encapsulation of cabazitaxel into different
micelles was carried out by following our
previously published protocol[15, 16] to
prepare CTX-loaded micelles. CTX content in
different formulations was determined by
dissolving 1 mg of the lyophilized product in 10
mL of THF, extracting the encapsulated CTX,
and determining its concentration. A CTX
calibration curve (0-300 pM) was used (RP-
HPLC) to calculate CTX encapsulation
efficiency and loading content following our
published protocol[15]. The size and zeta
potential of all micelle formulations were
measured using a 90Plus particle size analyzer
with  ZetaPALS capability (Brookhaven
Instruments Corporation, Holtsville, NY) at
25°C following established protocols[50].
Results are presented as the mean of three
replicates + standard error of the mean (SEM).

Binding of pVTK- and BP-conjugated
micelles to bone/HA powder

We measured the binding ability of pVTK-
and BP-conjugated micelles to granulated rat
bone/HA powder and compared it to non-
conjugated micelles. Rat bone powder was
prepared following a published protocol [51].
Fore and hind limbs were dissected free from
soft tissue followed by flushing the bone
marrow, bone defatting (i.e., incubation in
CHCl3/MeOH for 4 h then 100% EtOH for 1 h),
bone drying overnight at 37°C, homogenization
using a cryomill at —150 °C, and sieving to
separate bone granules with an average
diameter between 42 pum and 295 pm. We
incorporated a 4% molar ratio of PMMA-b-
PAA-b-PEG-FITC in conjugated and non-
conjugated micelles to allow quantitative
assessment of micelles binding to different
surfaces based on the intensity of the bound
fluorescence signal. Briefly, FITC-labeled
micelles were dissolved in Trizma buffer (50
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mM) at a concentration of 1 mg/mL before
incubating 100 pL of the micelle solution with
50 pL of bone powder solution (10 mg/mL) for
3 h followed by filtration of this mixture
through a 0.65 um hydrophilic, low protein
binding 96-well filter plate (MultiScreen®,
Millipore) by centrifugation at 2,095 g for 10
min. The initial fluorescence intensity and that
of the filtrate solutions were measured at Aex
490 nm and Aem 520 nm using a Fluoroskan
plate reader to determine the fraction of the
particles bound to the bone surface. The
volume-adjusted fluorescence difference for
each micelle formulation before and after
mixing with the bone powder was normalized
to the initial fluorescence intensity of the
micelle solution in the absence of bone/HA
powder to calculate binding rates. The ability of
free pVTK peptide and pVTK- and BP-
conjugated micelles binding to HA and bone
powders was quantified following our
previously published methods [46, 52, 53].
Results are presented as the mean of three
replicates +SEM.

Cell Culture

PC-3 and C4-2B cells were cultured following
published protocols[54]. Briefly, PC-3 and C4-
2B cells were cultured in RPMI-1640. Culture
media for both cell lines was supplemented
with 10% fetal bovine serum (Gibco, Carlsbad,
CA) and 1% antibiotic-antimycotic solution
(Gibco, Carlsbad, CA). MC3T3 and RAW
264.7 cell lines were also cultured following a
published protocol [53]. Briefly, to differentiate
RAW 264.7 cells to osteoclast, mouse
recombinant RANKL (Sigma R0525, St. Louis)
was added to the culture medium for 4-5 days
at a final concentration of 50 ng/mL following
published protocols [55]. All cell lines were
incubated at 37°C and 5% CO, while changing
the culture medium every other day and
passaging the cells using 0.05% Trypsin-EDTA
solution after reaching 80% confluence except
RAW 264.7 cells, which required a cell stripper
to detach the cells from the plate surface.

Cellular uptake studies

Uptake of different micelle formulations into
PC-3, C4-2B, MC3T3, and RAW 264.7 cells
was investigated after culturing on
conventional tissue culture plates and bone-like
surfaces (BLS). For uptake studies in standard
cell culture plates, PC-3, C4-2B, MC3T3, and
RAW 264.7 cells were seeded in 24-well plates
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at a seeding density of 2 x 10° cells/well and
allowed to adhere for 24 h before incubating
with FITC-labeled M-pVTK.o%, M-BPow, s,
10%, and 20%) ligands, and non-conjugated micelles
at 40 pg/mL for 3 h. The treated cells were
washed twice with phosphate-buffered saline
(PBS) (500 pL) before being trypsinized with
0.05% trypsin-EDTA solution, except for RAW
264.7 cells were detached from the plate surface
using a cotton swab. This was followed by
centrifugation at 1,000 rpm for 5 min to collect
the cell pellets, suspended in PBS (1 mL), and
analyzed using flow cytometry CyAn™ ADP
Analyzer (Beckman Coulter, Brea, CA) for
FITC fluorescence signal.

PC-3, C4-2B, MC3T3, and RAW 264.7 cells
were seeded on BLS at a seeding density of 2
x 10’ cells/well and allowed to adhere for 24 h.
RAW 264.7 cells were treated with RANKL
(50 ng/mL) for 4 days by changing the
medium/RANKL every 2 days before initiating
the uptake study. RAW 264.7 cells were
continuously treated with RANKL during the
uptake study. FITC-labeled pVTK- and BP-
conjugated and non-conjugated micelles in
OPTI-MEM medium were added to different
cells 24 h after their seeding and incubated for
3 h. Cell harvesting and assessment of FITC
fluorescence signal using flow cytometry were
analyzed following the same method described
earlier. Results are presented as the mean of
three replicates £SEM.

Cytotoxic activity of CTX-loaded micelles

We investigated the cytotoxic activity of
CTX-loaded micelles against PC-3, C4-2B,
MC3T3, RAW 264.7, and activated RAW
264.7 cell lines cultured on BLS and compared
to equal concentrations of free CTX. Briefly,
PC-3, C4-2B, MC3T3, RAW 264.7, and
activated RAW 264.7 cells were seeded on BLS
discus placed in 24-well plates at a seeding
density of 60,000 cells/well and allowed to
adhere for 24 h. Free CTX and CTX-loaded M-
pVTKio%, M-BPxy%, and mnon-conjugated
micelles were added to cultured cells at 0.1, 1,
and 10 nM equivalent CTX concentrations at a
final volume of 500 pL of the culture medium
followed by incubation for 48 h. At the end of
the incubation period, the culture medium was
aspirated, cultured cells were washed with PBS,
followed by incubation with 500 pL of
Resazurin Dye at a dilution of 1/13 in the OPTI-
MEM medium for 3-4 h before measuring
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solution fluorescence (Aex= 570 nm, Aem= 590
nm) using the Fluoroskan Ascent FL plate
reader. Fluorescence values were normalized to
the value observed with similar culturing of
different cell lines in a regular culture medium
(control group) to calculate the percentage of
viable cells remaining after incubating different
micelles. Results are presented as the mean of
three replicates £SEM.

Results and Discussion

Micelle formulation and characterization

The development of micelle formulation with
well-defined characteristics is contingent upon
the successful synthesis of the polymeric
building  blocks. = The  Supplementary
Information provides detailed spectral analysis
of the synthesized PMMA-b-PAA-b-PEG,
PMMA-b-PAA-b-PEG-pVTK, PMMA-b-
PAA-b-PEG-BP, PMMA-b-PAA-b-PEG-FITC
polymers confirming their successful synthesis
and exact composition. These polymers were
used to formulate FITC-labeled pVTK- and
BP-conjugated and non-conjugated micelles.

Results show that non-conjugated micelles (0
mole% of targeting ligands) exhibited similar
sizes ranging between 73 and 86 nm.
Presentation of pVTK and BP on micelles
surface did not significantly change in micelles
size as it ranged between 59 and 80 nm and
74and 89 nm for pVTK- and BP-conjugated
micelles, respectively (Figure 4A). Results also
show that the average zeta potential for non-
conjugated micelles ranged between -42 and
—54mV. Both pVTK- and BP-conjugated
micelles displayed a similar negative surface
charge indicated by zeta potential of —14 to —60
mV and —31 to —38 mV, respectively (Figure
4B). Given that the size of the sinusoidal gap in
normal vasculature supplying the bone is <
80nm [56], pVTK- and BP-conjugated micelles
are poised to utilize the leaky tumor vasculature
with an average pore size of 200—600 nm to
diffuse and preferentially accumulate in the
tumor tissue [57]. Based on established reports
[50, 58, 59], the dense packing of the PEG
brush and the presentation of negatively
charged targeting ligands will minimize
micelles interaction with blood proteins,
platelets, and RBCs, which will increase their
hemocompatibility —and minimize their
clearance by the reticular endothelial system in
vivo.
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Binding of pVTK- and BP-conjugated
micelles to bone-like surfaces

Differential and extended binding of
conjugated micelles to actively mineralizing
bone surface in metastatic prostate cancer
lesions is a critical motivation for selecting
pVTK and BP as targeting ligands. Therefore,
we investigated the binding of pVTK- and BP-
conjugated micelles to hydroxyapatite (HA),
bone powder, and bone chips at different
densities of the targeting ligands per micelle the
ideal molar ratio needed for effective binding.
Earlier reports show that free pVTK peptide
utilizes phosphorylated groups to tightly bind to
HA surfaces[45, 46, 53]. Therefore, we
investigated whether covalent attachment of
pVTK peptide to the PEG end of the PMMA-b-
PAA-b-PEG polymer will negatively impact its
binding to HA surface by comparing the
binding of FITC-labeled free pVTK to that of
FITC-labeled PMMA-b-PAA-b-PEG-pVTK
polymer. Results show that 64% of free pVTK-
FITC peptide binds to HA surface upon
incubation for 3 h at 37°C, similar to the 63%
binding observed with observed PMMA-b-
PAA-b-PEG-pVTK-FITC (Figure 5A).
Further, the binding isotherms of free pVTK-
FITC peptide and PMMA-H-PAA-b-PEG-
pVTK-FITC polymer were calculated and
found 27.16 and 26.40 uM, respectively. These
results indicate that the pVTK peptide
presented on the surface of the micelle is as
efficient as free pVTK in binding to the HA
surface without any significant statistical
differences.
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We compared the binding of pVTK- and BP-
conjugated micelles to rat bone powder at 5%,
10%, and 20% (mole % of targeting ligand) at
different ligands concentrations. Results show
that pVTK-conjugated micelles exhibit similar
binding to rat bone powder regardless of the
mole% of the pVTK targeting ligand in the
concentration range of 0.1-10 nM (Figure 5B).
In addition, we investigated the binding of
pVTK-conjugated micelles to HA discs, which
have dramatically lower surface area compared
to rat bone powder, to determine whether the
lack of discrimination between different
micelles is based on the pVTK content is a
result of the binding surface area. Results show
that all pVTK-conjugated micelles exhibited
similar binding (63%) to the HA disc despite
the apparent self-quenching of the FITC signal
observed with micelles containing 20% pVTK
ligands due to steric packing (Figure 5C). We
utilized pVTK-conjugated micelles with 10%
pVTK ligands based on these findings in all
subsequent studies. In comparison, BP-
conjugated micelles showed that micelles with
10% and 20% BP targeting ligands exhibit
statistically higher binding to rat bone powder
compared to micelles incorporated with only
5% of the targeting ligand (Figure 5D).

Cellular uptake of pVTK- and BP-
conjugated micelles

We investigated the uptake of conjugated
micelles by the metastatic PC-3 and C4-2B
prostate cancer cells, representing osteolytic
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bone conjugated particle formulation.

and mixed osteolytic /  osteoblastic
characteristics. We also investigated the ability
of conjugated particles to discriminate between
cancer and bone cells by evaluating their uptake
into pre-osteoblast MC3T3, pre-osteoclast
RAW 264.7, and RANKL activated RAW
264.7 cells. Cancer and bone cells were
cultured in conventional tissue culture plates
and on BLS to assess whether the interaction
with the supporting environment will affect the
cellular uptake processes.

Results show that pVTK-conjugated and non-
conjugated micelles exhibit higher uptake into
PC-3 than their uptake into C4-2B cells when
cultured on conventional tissue culture plates,
but there was no difference in the uptake of both

(A)
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cell lines when cultured on BLS (Figure 6A). In
comparison, M-pVTK,e,, micelles exhibited
statistically higher (p<0.5) wuptake (95%
labeling) into MC3T3 cells cultured on tissue
culture plates compared to non-conjugated
micelles, which stained only 86% of the cell
population. The same trend was observed upon
culturing MC3T3 cells on BLS, where M-
pVTK.o% micelles exhibited statistically higher
(p<0.01) than non-conjugated micelles.
Similarly, =~ M-pVTKie»  micelles  were
internalized by a statistically higher fraction of
RAW 264.7 and RANKL-activated RAW
264.7 cells compared to non-conjugated
micelles (Figure 6A).

(B)
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Further, normalizing the intensity of
intracellular fluorescence in different cell lines
to that of untreated cells allowed quantitative
comparison of intracellular concentration of
different micelles. Results show that M-
pVTK.o% micelles exhibited statistically higher
(p<0.01) internalization into C4-2B cells
cultured on BLSs compared to non-conjugated
micelles (Figure 6B). In addition, M-pVTK o
micelles statistically higher intracellular
concentration in MC3T3 cells (p<0.01) and
RANKL-activated RAW 264.7 cells (p<0.01)
cells compared to non-conjugated micelles. The
ability of M-pVTK.¢v micelles to preferentially
bind and internalize into C4-2B, MC3T3, and
activated RAW 264.7 cells, especially when in
contact with BLS, indicates that the pVTK-
conjugated micelles will interact with both
prostate cancer and bone cells and may be used
for conjugated drug delivery to the epithelial
and stromal compartments in metastatic
prostate cancer lesions in bone.

In the second part of bone-conjugated particle
uptake of prostate cancer cells and bone cells,
we evaluated the effect of BP targeting ligand
on the internalization of FITC-labeled BP
particles as a function of BP density (5, 10, and
20% BP particles) both in regular cell culture
plate and BLS. We then compared them to non-
conjugated particles following the same
procedure of pVTK particles. The results show
that 91%, 88%, 89%, and 88% of PC-3 cells;
75%, 71%, 75%, and 73% of C4-2B cells; 96%,
89%, 94%, and 90% of MC3T3; and 97%, 98%,
99%, and 99% of RAW 264.7 cells were
labeled by the FITC tagged non-conjugated, M-
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BPsy,, M-BPig,, and M-BPagy particles,
respectively (Figure 7A). Moreover, for all
particles, the mnormalized relative FITC
fluorescence values for PC-3, C4-2B, and
MC3T3 were around 6, 5, and 9-fold,
respectively. There was no statistical difference
between non-conjugated particles and the BP
targeting particles in these cell lines. However,
increasing the BP density 5%, 10%, and 20% of
bone-conjugated particles in RAW 264.7
macrophage cells increased the normalized
relative FITC fluorescence values 17- (p<0.05),
23- (p<0.001), and 57-fold (p<0.001) compared
to 14-fold increase of non-conjugated particles,
respectively as seen in (Figure 7B). This higher
relative internalization by macrophage trend is
supported by earlier reports that showed that
negatively charged particles and BPs or BP-
decorated particles could target scavenger
receptors on the cell membrane of macrophages
cells.[60, 61]. This result indicates BP-
decorated bone-conjugated particles can target
macrophages. Since the highest relative
fluorescence was measured with the 20% BP
particle formulation, we preferred to use this
particle in further cellular experiments.

Finally, we designed a second BLS
experiment to explore the M-BPa particles
uptake by seeding prostate cancer cells (PC-3
or C4-2B cells), or bone cells (MC3T3 or
RANKL activated RAW 264.7 cells), on BLS
and incubated for 24 h and followed the same
pVTK-conjugated particle cellular uptake
procedures. FITC-labeled PC-3 cells were 94%
and 91% after incubating with non-conjugated
and M-BP» particles, respectively. A similar
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trend was observed for C4-2B cells.
Specifically, 97% and 94% of these cells were
labeled with non-conjugated and M-BP20%
particles. Moreover, 86% and 86% of MC3T3,
and 43% and 30% (p<0.01) of RAW 264.7 cells
were labeled by the non-conjugated and M-
BP»oy, particles, respectively (Figure 7C).
Furthermore, the relative fluorescence intensity
of FITC-labeled cells results shows that 7 and
6-fold increased fluorescence intensity in PC-3
cells; 14- and a 12-fold increase in C4-2B cells;
5- and 5-fold increase in MC3T3; and 5-, and 4-
fold increase in RAW 264.7 cells by the FITC-
tagged non-conjugated, and M-BP2ge, particles,
respectively (Figure 7D).

When Figures 6 and 7 are compared in general
cellular labeling or fluorescence intensity fold
increase, it is clear that bone-conjugated
particle internalization through cancer and bone
cells act differently because of the presence of
BLS. For instance, PC-3 cells can be labeled
about 90% when the cells are attached to the
surface in the absence of BLS. In another
prostate cancer cell line, C4-2B, a mixed form
(osteoblastic and osteolytic character) of bone
metastasis cells, particles will internalize less
when compared with PC-3 on a regular tissue
culture plate. These particle internalization
rates are similar to our previous published
study.[15] However, under the same
experimental conditions with BLS (Figure 6),
the particle internalization rates increase to
more than 90%, and pVTK bone-conjugated
particles can label 100% with a maximum of
36-folds relative fluorescence intensity
increase. The higher pVTK bone-conjugated
particle uptake profile of the C4-2B cell line
could be its osteoblast-like phenotype capable
of mineralization with the production of bone
surface alkaline phosphatase osteocalcin,
osteonectin, bone sialoprotein, and
osteoprotegerin [62, 63]. Most importantly, the
C4-2B cells produced hydroxyapatite mineral
in vitro. This in vitro hydroxyapatite mineral
production could raise up the pVTK-bone
conjugated particle affinity [64].

The MC3T3 cell line is a mouse osteoblast
cell. Therefore, we also tested the pVTK and
BP bone-conjugated particles in MC3T3 cells
using a methodology similar to the tumor cells.
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The initial tests with particles in medium
incubated in tissue culture plates show that both
bone-conjugated particles have a high cellular
internalization rate (~90%). However, pVTK-
particles achieve the highest statistically
different cellular labeling with 95% and 28-
folds relative intracellular fluorescence
increase, as seen in Figure 6. However, in the
case of cells on BLS and particles added
afterward in medium, we observe higher
internalization  rates for all  particle
formulations. pVTK bone-conjugated particles
have the highest MC3T3 cellular labeling with
96% and an increase in intracellular normalized
fluorescence intensity by 6-folds (Figure 6).
These results clearly show that pVTK particles
can be internalized by osteoblasts. Further,
pVTK is a well-characterized peptide
formulation that can adsorb to the apatite
surface and inhibits the mineralization in pre-
osteoblastic cells with a dose-dependent
response [47]. Because of the direct interaction
of pVTK with mineralized surface or cells,
pVTK particles are preferentially internalized
by MC3T3 and C4-2B cells

Lastly, we investigated the bone-conjugated
particles uptake interactions in RAW 264.7
macrophage cells on a regular tissue culture
plate and RANKL-activated RAW 264.7 cells
to osteoclasts on the BLS. Macrophage cells are
capable of phagocytosis, which means they
inherently internalize more particles than other
cell lines. In the literature, negatively-charged
particles and BP-conjugated particles are
recognized by macrophages and tumor-
activated macrophages (TAMs), which form
approximately half of the tumor mass [65].
Many studies denote that TAMs contribute to
drug resistance [66], and an elevated number of
TAMs are correlated with therapy failure and
poor diagnosis [67, 68]. Therefore, direct
effects on these cells in the tumor
microenvironment could contribute to the
treatment of bone metastasis [69]. Our results
confirm the high affinity between
macrophages, and both bone-conjugated
particles can label RAW 264.7 cells almost
100% (Figure 7A).
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two-tailed student's-test where ** denotes P < 0.01.

Furthermore, increasing the number of BP
targeting ligands displayed on the particles, the
relative fluorescence intensity increases up to
57-folds (Figure 7B). Therefore, by increasing
the number of BP on the particle, these particle
formulations can be used to deliver specific
agents to macrophages or TAMs. Interestingly,
when RAW 264.7 cells are differentiated with
RANKL on the BLS, we do not see higher
internalization of BP-conjugated particles
compared to other particle formulations. Also,
it is important that ruffled bordered
macrophages are indicative of osteoclasts
activation and subsequent bone resorption with
acidic enzymes. The lack of inability to form
ruffled borders might affect the BP-particle
uptake profile. This might be a mandatory
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effect in Figure 7 that the cells are first seeded
and followed by particle incubation with the
cells. Because of unable to form a ruffled
border in osteoclasts treated with BP targeting
particles, the labeled cells are the lowest with
30% between all particles. Furthermore,
inhibition of ruffled border formations by BP-
targeting particles as well as loading with an
anticancer agent might have a synergistic effect
in the treatment of bone metastasis. Whereas, as
seen in Figure 6, pVTK-conjugated particles
have the highest osteoclast uptake with the
percentage of 85% and 12-fold normalized
relative fluorescence increase.

Taking these cellular uptake results together,
we can conclude that if bone metastasized cells
are in osteolytic form (like PC-3 cells), BP-
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based targeting ligands are the ideal strategy to
target cancer cells and TAMs. On the other
hand, if the metastasized bone tumor is in a
mixed format of both osteoblastic and
osteolytic characteristics (like C4-2B cells),
pVTK-targeting ligands are the preferred
strategy for drug delivery.

Cytotoxicity of CTX-loaded micelles

To test the therapeutic effect of the bone-
conjugated particles, we loaded CTX as a
model anticancer agent in the core of the parti-
cles using our established drug encapsulation
protocol [15]. The CTX loading content was
measured in non-conjugated M-pVTK,¢y and
M-BP2gy, particles by HPLC. The loading effi-
ciency was calculated based on a concentration
versus CTX absorbance calibration curve. Re-
sults show that encapsulation efficiencies of
CTX in non-conjugated particles, M-pVTK o,
and M-BP,gy, particles were 30.03 = 1.31%,
32.33 £ 4.87%, and 32.23 + 4.75%, respec-
tively. Our reference study determined the CTX
ICs values of free and CTX-loaded particles in
PC-3 and C4-2B cells between 0.6 and 5.0 nM.
Based on the established previous study and
bone conjugated-particles cellular uptake
experiments, we examined the therapeutic
activity of these CTX-loaded particles at 0.1,
1.0, and 10 nM CTX concentrations compared
to equal concentrations of free CTX for 48 h
using resazurin cytotoxicity assay. We
expected ~ CTX-loaded  bone-conjugated
particles to exhibit a higher therapeutic effect
since they can bind to the bone surface and
higher particle internalization by cancer cells
based on the type of targeting ligands. Results
show the percentage of surviving all cell types
decreases with an increase in the concentration
of CTX incubated with all cell lines (Figure 8).

CTX-loaded  non-conjugated  particles
exhibited the highest survival percentage
between all concentrations and all cell lines on
BLS compared with free CTX and pVTK- and
BP- conjugated particles. This higher survival
rate is because all cell lines can internalize free
CTX wvia diffusion mechanism, bone-
conjugated particles can be adsorbed on BLS,
leading to likely increased particles contact to
the cells and more particle internalization with
bone-targeting ligands. Once each cell line is
evaluated with the highest treated CTX
concentration with details, PC-3 cell survival
was 60%, 83% (p<0.001), 78% (p<0.001), and
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66% (p<0.05) with the treatment of free CTX,
CTX-M, CTX-M-pVTKios, and CTX-M-
BP»oy, respectively (Figure 8A). BP bone-
conjugated particles display the lowest survival
rate compared to CTX-loaded particle
formulations. The higher therapeutic effect
could be due to BP-conjugated particles having
higher PC-3 cell uptake, and BP has an
anticancer effect. C4-2B cell viability
percentages treated with free CTX, CTX-M,
CTX-M-pVTKi¢%, and CTX-M-BPyyy, are
41%, 70 (p<0.001), 42%, and 54% (p<0.001),
respectively (Figure 8B). CTX-loaded M-
pVTKio% shows an overall similar cytotoxicity
percentage to free CTX. This enhanced
therapeutic effect could result from the pVTK
targeting motive, which gains specific
internalization of M-pVTK particles by C4-2B.
The survival rates of MC3T3 cells after treating
with free CTX, CTX-M, CTX-M-pVTKiow%,
and CTX-M-BP:g, are 80%, 90 % (p<0.001),
79%, and 85% (p<0.05), respectively (Figure
8C). MC3T3 has higher survival rates with all
CTX concentrations compared with all other
cell lines because the model drug, CTX, can
target epithelial cell lines such as prostate
cancer cells but has no direct effect on
osteoblasts. Because of the affinity of pVTK-
conjugated particles towards MC3T3 cells, the
lowest viability rate is obtained by CTX-M-
pVTKio%. The treatment of RAW 264.7
macrophage cells with free CTX, CTX-M,
CTX-M-pVTKioy%, and CTX-M-BP»gv, exhibit
52%, 93 % (p<0.001), 66% (p<0.001), and 56%
survival rates, respectively (Figure 8D). We
found that M-BP2ge, particles have the highest
total fluorescence in RAW 264.7 cells,
indicating a higher BP bone-conjugated particle
uptake profile than other particle formulations.
Because of higher particle internalization,
CTX-loaded M-BPyy shows a higher
therapeutic effect than other formulations.
Lastly, RANKL activated RAW 264.7 cells
were treated with the same therapeutics -free
CTX, CTX-M, CTX-M-pVTKo%, and CTX-
M-BP2gy- showing 72%, 82%, 73%, and 67%
cell viability without statistical difference
compared to free CTX (Figure 8E). However,
the lowest viability is acquired with the
treatment of CTX-loaded M-BP,g, particles,
which is statistically different compared to
CTX-loaded non-conjugated particles (p<
0.01).
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Figure 8. Therapeutic activity of CTX and CTX-loaded particles in prostate and bone cells on BLS. (4) PC-3, (B) C4-2B,
(C) MC3T3, (D) RAW 264.7, and (E) RANKL activated RAW 264.7. The resazurin viability assay results of treated cells that
normalized with untreated cells. Results are the average of triplicate experiments + SEM. Percentage of cell viability was
compared to untreated cells using a two-tailed Student’s t-test where * denotes P < 0.05, ** denotes P < 0.01, and ***

denotes P < 0.001.

In summary, we have shown that it is possible
to efficiently deliver CTX-loaded bone-
conjugated particles to the bone. Although CTX
is only a model anticancer drug, other
therapeutics could also be chosen from various
options such as antibodies, cytokines, proteins,
or other anticancer agents with the proper bone-
conjugated strategy to inhibit a specific cell line

and, at the same time, the crosstalk between
bone and cancer cells. By findings from this in-
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vitro study will determine to pursue in vivo
studies in progress such as based on the type of
metastatic cancer cells, the most effective
targeted nanomedicine tools will be decided.
Both bone-bound particles might be used with
in-vivo imaging modalities as a molecular
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probe to understand the type of the metastatic more efficient and higher therapeutic effect on
lesion. These targeting strategies will open new bone metastasis.
ways in combination therapy, which provides a

Conclusions

We have successfully synthesized two different bone-conjugated pVTK-peptide and BP-decorated
triblock amphiphilic copolymers via atom transfer radical polymerization (ATRP) and "click" reactions.
These copolymers self-assemble in an aqueous environment and form 60-90 nm size micelles with pH-
sensitive crosslinking shells as a function of bone-conjugated block densities. The results show that
pVTK and BP decorated particles could bind to bone HA surface. pVTK bone-conjugated particles
exhibited preferential uptake into C4-2B prostate cancer cells and osteoblasts on the BLS. Furthermore,
whereas BP bone-conjugated particles were internalized preferentially by RAW 264.7 macrophage cells
in regular tissue culture plates, PC-3 cells internalized these particles higher than other cell lines on
BLS. This cellular uptake difference on BLS reveals insights into personalized medicine for treating
bone metastasis based on the metastasis type, either osteoblastic, osteolytic, or mixed form.

Further, these bone conjugated particles could encapsulate Cabazitaxel, an anticancer agent, in the
core with more than 30% drug-loading, enhancing the solubility and efficiency of a water-insoluble
drug. Moreover, CTX-loaded bone conjugated particles showed a higher therapeutic effect in prostate
cancer cells on the BLS than free CTX and CTX-loaded non-conjugated particle formulations. These
results collectively indicate that pVTK and BP bone-targeting particles can potentially achieve selective
delivery of anticancer agents into metastasized prostate cancer lesions in the bone. We will investigate
these particles in vivo to assess the efficacy of targeting ligands to metastatic prostate cancer in bone.
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