Pharm Res (2015) 32:1794-1803
DOI 10.1007/s11095-014-1576-z

RESEARCH PAPER

Osteotropic Polypeptide Nanoparticles with Dual hydroxyapatite
Binding Properties and Controlled Cisplatin Delivery

Laura de Miguel « luliana Popa « Magali Noiray « Eric Caudron « Ludovica Arpinati « Didier Desmaele » Gerardo Cebrian-Torrején «

Antonio Doménech-Carbé « Gilles Ponchel

Received: 30 May 2014 / Accepted: 11 November 2014 / Published online: 12 December 2014

© Springer Science+Business Media New York 2014

ABSTRACT

Purpose Nanoparticles with prolonged residence time in bone
constitute a valuable strategy for bone disease treatments. The
aim of this work was to synthesise a simple nanoparticulate system
exhibiting both anticancer and hydroxyapatite binding properties
for potential bone cancer applications.

Methods The amphiphilic copolymer poly(y-benzyl-glutamate)-
block-poly(glutamic acid) (PBLG-b-PGlu) was synthetised by ring
opening polymerization and nanoparticles were obtained by a
simple nanoprecipitation method. Nanoparticles were character-
ized in terms of cisplatin interaction, association, and release as
well as interaction with hydroxyapatite and their cytoxicity was
studied in three prostate cancer cell lines.

Results PBLG-b-PGlu nanoparticles of ~50 nm in size were
successfully prepared. They could display for the first time dual
hydroxyapatite binding and anticancer properties mediated by the
PGlu moiety. They could complex cisplatin at a drug loading
content of 6.2% (wiw). Cisplatin release was triggered by physi-
ological concentrations of chloride ions according to an almost
zero order kinetics during 14 days. Simultaneously, these nano-
particles showed in vitro hydroxyapatite binding. Finally, they were
shown to exert a cytotoxic effect in three prostate cancer cell lines
that potentially metastasize to bone.

Electronic supplementary material The online version of this article
(doi: 10.1007/511095-014-1576-z) contains supplementary material, which is
available to authorized users.

Conclusions These properties suggest the potential utility of
cisplatin-loaded PBLG-b-PGlu nanoparticles as carrier systems
for the treatment of bone metastases.
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PBLG-b-PGIu  Poly(y-benzyl-glutamate)-block-poly
(glutamic acid)

PBS Phosphate buffer saline

ROP Ring opening polymerization

SEC Size exclusion chromatography

TEM Transmission Electron Microscopy

TFA Trifluoroacetic acid

INTRODUCTION

The skeleton is a common metastatic site for many cancers,
including prostate cancer, which constitutes the second lead-
ing cause of cancer death in men (1). Metastatic bone disease
results in metabolic complications and it is associated with a
bad prognosis of the disease (2). Conventional chemotherapy
is generally poorly efficient because of inadequate
biodistribution in the body and lack of specificity of available
drugs. Therapeutic alternatives, including surgical removal of
metastasis, can only be foreseen in specific situations,
prompting the development of efficiently targeted drug deliv-
ery systems.

The design of bone targeted drug delivery systems could
constitute a valuable strategy in view of enhancing the distri-
bution of anticancer drugs to bone tissues. Different bone
targeted drug carriers have been designed, such as drug
conjugates, polymeric drug conjugates and nanoparticles
(3,4). Nanoparticles have revealed therapeutically interesting
for some cancer treatments. Self-assembly of amphiphilic
copolymers into nanoparticles has shown to lead to a precise
engineering of such delivery systems through the introduction
of the different requested functionalities.

Hydroxyapatite (HAP) interaction and binding has been
widely used as a mean to confer osteotropicity to targeted
delivery systems (), including polymeric drug conjugates.
Acidic oligopeptides have shown hydroxyapatite binding
properties (6) and have been used to provide drugs with
osteotropicity (7).

Cisplatin is currently used in combined chemotherapy for
advanced prostate cancer and has been shown to efficiently
coordinate to PGlu (8). However, its biodistribution properties
should be improved since it has a very short half life in the
bloodstream due to glomerular excretion (9) and its use is
limited due to several side effects (9,10). Therefore, much
research has been focused on the development of polymeric
cisplatin delivery systems (11).

The objective of this work was to prepare multifunctional
nanoparticles with dual anticancer and hydroxyapatite bind-
ing properties. These nanoparticles are intended to attach to
the bone surface so as to constitute drug reservoirs for local
release. For this purpose, a PBLG-5-PGlu copolymer was
synthesised. The use of a single copolymer which could display

dual properties was privileged against other more complex
approaches due to its simplicity from a pharmacotechnical
point of view, which enables an easy scale-up. The experi-
mental conditions leading to an efficient self-assembly of a
PBLG-b-PGlu copolymer by a simple nanoprecipitation
method were investigated, as well as the possibility to use the
hydrophilic PGlu block to impart simultaneously cisplatin
complexing properties and hydroxyapatite binding properties
to preformed PBLG-5-PGlu nanoparticles. Finally, cytotoxic-
ity studies on three prostate cancer cell lines with a high
potential of bone metastases (12) were performed.

MATERIALS AND METHODS
Materials

Dimethylformamide (DMF) (99.8%) Extradry Acroseal and
cisplatin (CDDP) were purchased from Acros, y-benzyl-L-
glutamate-N-carboxylic anhydride (BLG-NCA) was provided
by IsoChem and used as received. Hexylamine (puriss
299.5%), trifluoroacetic acid (TFA) (99%), palladium on car-
bon, deuterated chloroform (CDCls), blue trypan and double
stranded deoxyribonucleic acid sodium salt from salmon testes
(ds-DNA) were provided by Sigma Aldrich. Dialysis mem-
branes were purchased from Carlroth, (Spectra Por). One
mL microdialyzers used for i vitro drug release experiments
were bought from Orange Scientific. PGlusggg and PGlusgooo
were purchased from Alamanda Polymers. PC-3 were kindly
provided by the Institut Cuurie (Paris, France) and LNCaP and
DU-145 were obtained from American Type Culture Collec-
tion. CellTiter 96® aqueous one solution cell ([3-(4,5-dimeth-
ylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4 sulfophenyl)-
2H-tetrazolium, inner salt) (MTS) proliferation assay was
purchased from Promega.

Synthesis of PBLG-b-PGlu Copolymer

A poly(y-benzyl-L-glutamate)-block-poly(glutamic acid)
(PBLG-6-PGlu) copolymer was synthesized by a modified
method previously described (detailed in Supplementary ma-
terial (SM)) (13). Briefly, the synthetic approach consisted of
preparing a hydrophilic PGlu derivate, which was further
used as a macroinitiator for the synthesis of the hydrophobic
PBLG block by ring opening polymerization (ROP). Briefly,
1.8 g of BLG-NCA mg were dissolved in anhydrous DMF at a
concentration of 0.5 M. The solution was stirred for 10 min
and the mnitiator, a DMF solution of hexyl-PGlu at a concen-
tration of 3.1 M, was added with an argon-purged syringe.
The solution was stirred at 30°C during 7 days. Then, the
mixture was poured into a large excess of cold diethyl ether
and the precipitate filtered and dried over vacuum. A second
purification step, involving dissolution in tetrahydrofuran/
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methanol 75/25 and reprecipitation into cold diethyl ether,
filtration and drying over vacuum was made. The evolution of
the reaction was controlled by infrared analysis, by checking
the disappearance of BLG-NCA bands and the appearance of
the PBLG ones. This polymer was analyzed by proton nuclear
magnetic resonance ("H NMR) in CDClz+ 15% TFA and its
molar mass was determined by size exclusion chromatography

(SEC).
Synthesis of Other PBLG Derivates

PBLG-bnz and PBLG-dansyl were synthesized by ROP of
BLG-NCA in the conditions described above using
benzylamine and dansylcadaverine respectively as initiators.
For the PBLG-dansyl, purification also included a washing
step with methanol.

Characterization of PBLG Copolymers
Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of the polymers were performed on a Fourier
Transform Perkin-Elmer 1750 spectrometer using the atten-
uated total reflection system to confirm the absence of NCA
auto-polymerization, to follow the evolution of the polymeri-
zation reactions and to study the secondary structure of the

polymers.

Proton Nuclear Magnetic Resonance ( 'H NMR)

"H NMR spectra of polymers were recorded on a Bruker AC
300 MHz spectrometer in CDCl3+15% TFA for PBLG
polymers and in deuterated dymethylsufoxide (DMSO
dg). The role of the TFA is to disrupt a-helix that
PBLG polymers adopt in chloroform, rendering them
in a random coil conformation (14).

Size Exclusion Chromatography (SEC)

SEC was used to determine the molar mass of PBLG-b-PGlu.
The SEC system was equipped with two PLgel 5 pm
MIXED-D (7,5 mm ID % 30,0 cm L) and a PLgel 5 um guard
column (guard column 7,5 mm IDX5,0 cm L), a refractive
index detector (Jasco 1530-RI) and a UV detector (Jasco 875-
UV). DMF with 1 g/L of lithium bromide (LiBr) was used as a
diluent at a flow of 0.8 ml/min at 80°C and linear polystyrene
samples were used as calibration standards.

Nanoparticle Preparation
PBLG-6-PGlu nanoparticles were prepared following a novel

nanoprecipitation method. Briefly, 7.5 mg of the PBLG-4-PGlu
copolymer were dissolved in 2.5 mL of tetrahydrofuran/
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methanol 75/25 at 40°C at a concentration of 0.1 nM without
magnetic stirring. Once dissolved, they were added by dripping
to a 5 mL of aqueous solution containing two equivalents of
sodium hydroxide (NaOH) per equivalent of COOH and
stirred for 10 min. Solvents were eliminated under vacuum in
the rotavapor at 40°C. Nanoparticles size and { potential were
determined by dynamic light scattering (DLS) at 25°C
(Zetasizer 4, Malvern Instruments) after dialysis with a
SpectraPor membrane (molecular weight cut off 3000 Da)
during 24 h to eliminate the NaOH. PBLG-6-PGlu nanopar-
ticle size and { potential were measured before and after
asplatin association. Nanoparticles were observed by means
of a Transmission Electron Microscopy (TEM) at 120 KV
(TEM JEOL 1400) with phosphotungstic acid as a negative
coloration agent. Measurements of the longitudinal and axial
radius of 100 nanoparticles were made on TEM photos using
Image J.

PBLG-b-PGlu Nanoparticle Interaction With Cisplatin
by Isothermal Titration Calorimetry (ITC)

Interaction of PBLG-5-PGlu nanoparticles with cisplatin was
studied by I'TC (Microcal. Inc. USA). The cell was loaded
with PBLG-4-PGlu nanoparticles at a molar concentration of
polymer of 0.042 mM and a molar concentration of COO
groups of 0.68 mM. The nanoparticle suspension was placed
in the measurement cell (approx. 1.3 mL) and stirred at
112 rpm by the syringe, which was filled with an aqueous
solution of cisplatin at a concentration of 0.8 mM. The titra-
tion of PBLG-b-PGlu nanoparticles involved a first injection of
5 pLfollowed by 27 injections of 10 uL. during 20 s each 300 s.
Experiments were carried out at 37°C. PBLG-bnz nanopar-
ticles, not containing COO"™ groups, were used as a negative
control.

Cisplatin Analytical Determination

The content of platinum was measured by atomic absorption
spectroscopy (AAS) (Varian® SpectrAA 2207) as detailed in
SM.

Cisplatin Association to PBLG Nanoparticles

Cisplatin was dissolved in water at a concentration of 1 mg/
mL and reacted with silver nitrate (AgNOs) in a 1/1 [Ag-
NO3/CDDP] molar ratio to form the aqueous complex. The
solution was kept in dark overnight at room temperature
under gentle stirring. The presence of AgCl precipitates con-
firmed the reaction (8,15,16). Next, centrifugation of the
reaction mixture at 10,000 rpm for 10 min and supernatant
filtration over 0.22 pm filters was made in order to eliminate
AgCl precipitates.
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A first attempt consisting of encapsulating the aqueous
soluble poly(glutamic acid)-cisplatin complex (PGlu-CDDP)
in PBLG-bnz nanoparticles was tested (SM). A second ap-
proach consisting of complexing aqueous cisplatin to the
carboxylate groups of the preformed PBLG-b-PGlu nanopar-
ticles was investigated. The kinetics of the reaction of cisplatin
with PBLG-6-PGlu nanoparticles at a [CDDP/COQO | ratio
of 1.25 was studied. A purification step by dialysis with a
SpectraPor membrane (molecular weight cut off 3000 Da)
was performed during 24 h. Secondly, PBLG-5-PGlu nano-
particles at a [COO™] of 0.86 mM were incubated under
gentle stirring with the cisplatin aqueous complex solution at
different [CDDP/ COO ] feed ratios ranging from 0 to 1.56
and reacted for 60 h in dark to form the complex between the
hydrophilic chains of PGlu and CDDP and purification as
described above. Drug loading content (mg of loaded
cisplatin/mg of nanoparticles * 100) and association efficiency
(mg of loaded cisplatin/mg of initial cisplatin * 100) were
expressed in percentage.

In Vitro Cisplatin Release Kinetics

In vitro cisplatin release from the cisplatin-loaded PBLG-b-
PGlu nanoparticles was studied by the dialysis method in a
0.01 M phosphate buffer saline (PBS pH 7.4) containing
0.138 M of NaCl and in distilled MilliQ) water at 37°C.
Briefly, 0.950 mL of a PBLG-4-PGlu nanoparticle suspension
at a concentration of 0.75 mg/mL and containing 0.1% of
poloxamer (Pluronic® F68, BASF) were introduced in the
1 mL microdialyzers and dialyzed against 15 mL of medium
using dialysis membranes with a molecular weight cut off of
3500 Da. The solution outside the microdialyzers was sam-
pled at defined periods and replaced with fresh medium.
Experiments were carried out by triplicate. Coontrol release
experiments with a cisplatin solution in the conditions de-
scribed above were also carried out.

In Vitro Hydroxyapatite (HAP) Binding Assay

Multifunctional nanoparticles containing the fluorescent
PBLG-dansyl polymer and the osteotropic PBLG-5-PGlu co-
polymer, loaded with cisplatin at a ratio [CDDP]/[COO | =
1.25 and containing 0.1% of poloxamer were incubated in a
HAP suspension in PBS (0.4 g/mL) at pH 7.4 at 25°C during
24 h. The suspensions were centrifuged at 5000 rpm for
5 min, washed three times with poloxamer 1% in PBS 7.4
and observed under UV light at 365 nm. Supernatants were
quantified by a Perkin Elmer Luminescence spectrometer LS
50B at room temperature (A exGiagon= 340 NM. A ¢mision=
472 nm) so as to determine the amount of nanoparticles not
bound to HAP.

Interaction of Cisplatin Released from PBLG-b-PGlu
Nanoparticles With DNA

Two mL of a cisplatin loaded PBLG-6-PGlu nanoparticle
suspension at a concentration of 1.5 mg/mL were incubated
in PBS (pH 7.4) during 1 week in the presence of an excess of
double stranded DNA (dsDNA). A positive control was per-
formed with a 0.2 mM cisplatin solution. Electrochemical
experiments were performed at 298+ 1 K in a thermostated
cell with a CH 1660 equipment. A BAS MF2012 glassy
carbon working electrode (GCE) (geometrical area
0.071 cm?), a platinum wire auxiliary electrode and an Ag/
AgCl (3 M NaCl) reference electrode were used in a conven-
tional three-electrode arrangement. 0.10 M potassium phos-
phate buffer (pH 7.0) and PBS (pH 7.4), deaerated by argon
bubbling during 15 min, were used as supporting electrolytes.

In Vitro Cytotoxicity Studies

The cytotoxic effect of free cisplatin, PBLG-b-PGlu nanopar-
ticles and cisplatin-loaded PBLG-5-PGlu nanoparticles was
studied in three different prostate cancer cell lines: PC-3,
DU-145 and LNCaP by the MTS cell viability assay 48 and
72 h after exposure. PC-3, DU-145 and LNCaP were grown
in RPMI 1640 (BE 12-702 F, Lonza) supplemented with 10%
(v/v) heat-inactivated fetal bovine serum (Lonza), penicillin
(100 UI/mL), and streptomycin (100 pg/mL). Cells were
maintained in a 95% humidified atmosphere of 5% COq at
37°C. Cells were seeded in 96-well plates (5.5 10° cells per
well) and were pre-incubated during 48 h. Then, cisplatin,
PBLG-6-PGlu nanoparticles and cisplatin-loaded PBLG--
PGlu nanoparticles at different concentrations were added
and after 48 or 72 h 20 pLL of MTS solution per well were
added. Viable cells were quantified by recording the UV
absorbance at 492 nm using a plate reader multi-well scan-
ning spectrophotometer (Labsystems Multiskan MS). Cyto-
toxicity was also followed by the blue trypan exclusion assay.
Briefly, fresh media was replaced by trypsin 0.25% EDTA
and once cells were in suspension trypan blue was added. Cells
were counted through a hemocytometer (Kova slides).

RESULTS

Synthesis and Characterization of PBLG-b-PGlu
Copolymer

A two step procedure has been successfully used to prepare a
PBLG-4-PGlu copolymer. First, a PGlu block has been pre-
pared, which in turn has been used as a macroinitiator for the
synthesis of the hydrophobic PBLG block. Hexylamine was
used to initiate the ROP of BLG-NCA for the synthesis of
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hexyl-PBLG polymer. Characteristic 'H NMR peaks were
identified and its degree of polymerization (DP,) was found
to be 16 (see SM). Next, debenzylation reaction was driven to
completion as confirmed by the absence of the benzyl and
aromatic protons peaks in the "H NMR spectrum of the PGlu
polymer (see SM). "H NMR spectrum of the PBLG-4-PGlu
copolymer showed characteristics peaks for this copolymer
and its molecular weight was determined by SEC (Table I).

Infrared study revealed that the major conformation of
PGlu polymer was o-helices, with a minor existence of f-
sheets, evidenced by a shoulder at 1628 cm™' (SM) in coher-
ence with the reported secondary structures for PBLG poly-
mers with a DP, <18 (17) and for PGlu oligomers (18).
Carboxylic acids from PGlu were in the protonated state as
evidenced by the band at 1710 cm™'. PBLG-b-PGlu copoly-
mer presented an o-helix structure, as shown by the amide I
amide II and amide III bands at ~1655 cmfl, ~1550 cm™ !
and ~1260 cm ™', respectively and the ester C=0O band at
~1735 em™ ! (see SM) (19-21).

PBLG-b-PGlu Nanoparticles: Preparation and Cisplatin
Association

Novel PBLG-6-PGlu nanoparticles (a schematic illustration is
shown in Fig. 1), were prepared by a new nanoprecipitation
method, modified from a previous one (19). The use of NaOH
was essential for nanoparticle preparation since ionization of
the carboxylate groups in the hydrophilic PGlu block was
necessary to avoid nanoparticle aggregation (SM, figure S7).
As shown in Table II, DLS measurements suggested that
nanoparticles had a hydrodynamic diameter in the range of
50 nm and a very negative { potential. Accurate size measure-
ments from TEM images revealed that they had an ellipsoidal
shape with an aspect ratio of 1.3 and an actual size of 37+
7 nmX 2716 nm, with no significant changes in the morphol-
ogy and size after cisplatin coordination.

As shown in Fig. 2a, the incorporated ratio increased
almost linearly when the [CDDP]/[COO ]| feed ratio in-
creased from 0.6 to 1.6, suggesting that no saturation occurred
in this range of concentration ratios. The incorporated ratio of
0.27, where free ionized COO  groups not coordinated to
cisplatin remained, was considered to be a good balance
between cisplatin loading and nanoparticle stability (up to
several months without aggregation or precipitation behav-
1our). Therefore, a [CDDP]/[COO ] feed ratio of 1.25 was
chosen for further experiments. At this feed ratio, drug

Table I Experimental

Molecular Weights of the PBLG polymers M, (g/mol) Pl

PBLG Polymers Deter-

mined by SEC PBLG-b-PGlu 24436 |.7
PBLG-bnz 31727 I.1
PBLG-dansyl 25944 I.1

@ Springer

loading content was found to be 6.2+£0.23% (w/w) with a
drug association eflicacy of 16+0.58% (w/w). As shown in
Fig. 2b, the kinetics of the reaction of the carboxylates on the
outer shell of the PBLG-5-PGlu nanoparticles and aqueous
cisplatin was almost completed in 3 h, consistently with previ-
ous works (22).

PBLG-b-PGlu Nanoparticle Interaction with Cisplatin
by ITC

ITC experiments were conducted to study the interaction
between PBLG-5-PGlu nanoparticles and cisplatin. An inter-
action was found that did not exist for the negative control
PBLG-bnz nanoparticles (Fig. 3), considered as the core of the
PBLG-6-PGlu nanoparticles. The effect of 2 equivalents of
NaOH used during nanoparticle preparation on the cisplatin
association was found to be negligible.

Heats measured in ITC experiments are the sum of differ-
ent processes implied during cisplatin association to nanopar-
ticles, including the PGlu block conformation changes (23).
Cisplatin contains two chloride ligands that can be replaced
by the carboxylate groups belonging to the PBLG-4-PGlu
nanoparticle shells. At low [CDDP]/[COOQO ] ratios, as in
the conditions of the experiment, a stoichiometry of two
COO  per CDDP was favoured. Carboxylate-metal com-
plexes could occur between cisplatin and carboxylate groups
belonging to the same or an adjacent PGlu chain, inducing
conformational changes that could induce heat variations.
Therefore, the heat measured included both cisplatin binding
to the carboxylate groups and possible conformation changes
of the PGlu chains induced by it.

In Vitro Cisplatin Release Kinetics

As shown in Fig. 4, in presence of chloride ions, cisplatin-
loaded PBLG-6-PGlu nanoparticles released cisplatin in a
sustained manner with a remarkable absence of any initial
burst under physiological conditions. The absence of a burst
effect suggests that cisplatin was mainly associated to nano-
particles through complexation to the carboxylate groups and
not physically entrapped. An almost linear release profile was
obtained suggesting an almost zero order kinetics in the whole
range. Cisplatin release from nanoparticles in PBS was slow;
less than 10 and 50% of cisplatin was released after 24 h and
7 days, respectively. Remarkably, cisplatin was completely
released from the PBLG-6-PGlu nanoparticles, more than
90% was released after 14 days. Release of cisplatin in distilled
water medium did take place, contrarily to previous works
with cisplatin-carboxylate complexes (8,15,16) and micelles
(22,24), although it was considerably reduced, since less than
2% and only 20% of the initial dose was released after 48 h
and 14 days respectively. It cannot be excluded that the
release in water could be due to the slightly mild acid pH of
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RV VoV PGlu blocks
COO" groups
e CDDP-COO" complexes
5’\‘3@0 Hydroxyapatite (HAP) surfaces

Fig. | Schematic illustration of PBLG-b-PGIlu nanoparticles showing their simultaneous dual functionality. Nanoparticles show core-shell structure where the
hydrophobic core (in pink) is formed by the self-assembly of the rigid PBLG blocks where as the hydrophilic shell is formed by the PGlu blocks. The carboxylate
groups (COO ™) belonging to the hydrophilic blocks PGlu provide nanoparticles with both hydroxyapatite targeting and anticancer properties provided by cisplatin

binding and release.

distilled water (pH around 6.8), in coherence with previous
works (25).

In Vitro HAP Binding Assay

The wn vitro HAP binding kinetics assay showed a total binding
for fluorescently labelled blank and cisplatin-loaded PBLG--
PGlu nanoparticles (33% of PBLG-dansyl and 66% of PBLG-
b-PGlu) (Fig. 5a) in contrast to the absence of binding for
100% PBLG-dansyl nanoparticles. It also revealed a slightly
fastened binding for the cisplatin-loaded PBLG-4-PGlu nano-
particles compared to the blank ones. The HAP desorption
assay at acidic pH revealed a differential binding for these two
types of PBLG-4-PGlu nanoparticles (cisplatin loaded and the
corresponding blank ones). For both types of nanoparticles, no
desorption occurred at pH 5.5 and pH 4.5. For blank PBLG-
b-PGlu nanoparticles desorption was total at pH 3.5 whereas
for the cisplatin-loaded ones the percentage of desorbed nano-
particles was of 40%.

Interaction of Cisplatin Released from PBLG-b-PGlu
Nanoparticles With DNA

An electrochemical technique has been used to assess the
capability of platinum species to interact with DNA after
being progressively released from cisplatin-loaded PBLG-6-

PGlu nanoparticles. Indeed, electrochemical detection tech-
niques can be conveniently used to monitor cisplatin interac-
tions with DNA (26). Voltammograms for cisplatin-loaded
PBLG-4-PGlu nanoparticles incubated with PBS in presence
or absence of a DNA solution were different (Fig. 6). The
response of free cisplatin with DNA in phosphate buffer was
considered as a positive control. The voltammograms showed
intense peaks at —1.10 V, corresponding to the interaction of
free cisplatin with DNA. The peak observed at —0.45 V in the
case of free cisplatin (Fig. 6a and b) could be attributed to the
adsorption of cisplatin to the electrode surface. Further
voltamogramms in Fig. 6¢ and d suggested that the cisplatin
released from the cisplatin-loaded PBLG-b-PGlu nanoparti-
cles during PBS incubation was able to interact with the DNA
strands similarly to free cisplatin.

In Vitro Cytotoxicity Assay

The MTS assay revealed that PBLG-4-PGlu nanoparticles
exhibited no or very low toxicity for PC-3 and DU 145 cell
lines whereas for LNCaP cell line they were not toxic under
25 uM (SM). It showed a dose-dependent response on all
three cell lines (Table III). IC5, values for cisplatin-loaded
PBLG-6-PGlu nanoparticles were 6—15 times higher than
for free cisplatin evidencing a lower cytotoxicity for nanopar-
ticles, which was also confirmed by the blue trypan assay (SM).

Table Il Size and ¢ Potential Determined by DLS of PBLG-Derivate and PBLG-b-PGlu Nanoparticles Prepared at Different [CDDP][COO-] Ratios
Nanoparticles Size (nm)+=SD * Polydispersity Index = SD ?  Potential (meV)=SD ® Drug loading content ® (wiv96)
PBLG-bnz 57=1.1 0.17+0.073 —37£25 0
PBLG-dansy! 58091 0.12+0.0077 —45+1.5 0
PBLG-b-PGlu 53=0.11 0.13x0.010 —37x24 0
After CDDP loading at [CDDP}/[COQO ] ratio of:

0.3 52+0.6l 0.22+0.075 —36*25 0.36

0.5 49+ 1.1 0.15+0.049 —34+03 0.62

0.8 49x0.12 0.17+0.0071 —34=08l1 23

1.0 51+0.53 0.12+0.0089 —32%22 53

1.2 50+0.31 0.12+0.0077 —35x0.74 59

1.6 51+0.33 0.15+0.0084 -33%13 8.3

?(n=3); " CDDP content determined by AAS expressed as mass of associated CDDP per mass of nanoparticles (% w/w)
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Fig. 2 Cisplatin association to PBLG-PGIlu nanoparticles. (a) [CDDP)/
[COO ] incorporated ratio to the PBLG-b-PGlu nanoparticles at different
[CDDPJ[COO ] feed ratios (b) Kinetics of the reaction of PBLG-b-PGlu
nanoparticles with aqueous cisplatin at a [CDDP)Y[COQO ] ratio of |.25.

This might be related to the fact that cisplatin is coordinated
to PBLG-4-PGlu nanoparticles and is slowly released. Cyto-
toxicity of cisplatin-loaded PBLG-4-PGlu nanoparticles ap-
peared to be enhanced with time as suggested by the 48 and

o 100 |
w a" - ] - ™~
G L]
% 80 |
[} n ¢
= 60
@ ] ®
=]
g 40| P = CDDP solution in PBS
3 * CDDP PBLG-5-PGlu Np in PBS
% 20 o 4 CDDP PBLG-/-PGlu Np in water
a ® 4 4 * " K
o 0# il
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Fig. 4 In vitro cisplatin release from a cisplatin solution (black square), from
cisplatin-loaded PBLG-b-PGlu nanoparticles in 0.0 M PBS (pH 7.4) contain-
ing 0.138 M of NaCl (red circle) and in water (blue triangle).

72 h IG5 values. This suggests the need for an elapsed time
for nanoparticles to be cytotoxic either through metastatic cell
internalisation or cisplatin release in their vicinity.

DISCUSSION

Nanoparticles with enhanced residence time within the bone
could constitute a valuable strategy for the treatment of bone
cancers. In this view, PBLG-5-PGlu, which was synthesised by
a living polymerization, was shown to easily assemble into
nanoparticles. These nanoparticles showed for the first time
dual hydroxyapatite binding and anticancer properties medi-
ated by the PGlu moiety. The use of the single copolymer
PBLG--PGlu to provide both functionalities enables a simple

Fig. 3 Typical ITC raw data and a Time (min) Time (min)
integrated heat data profiles 0 60 120 180 0 60 120 180
obtained from the interaction of 04 I..._ e ' e ' o I . 0.0 L o I .
cisplatin at 0.8 mM with PBLG-b- it fl '
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Fig. 5 (a) Binding kinetics expressed in percentage of nanoparticles bound to
HAP (n=3). Nanoparticles at a concentration of 1.5 mg/mL in 0.1%
poloxamer were incubated with 0.4 g of HAP suspension in PBS. (b)
Desorption of the different HAP-bound nanoparticles at the following con-
secutive pH: 5.5, 4.5and 3.5 (n=3)

pharmacotechnical nanoparticle preparation in view of an
easy scale-up. Nanoparticles presented an oblate form with a
longitudinal diameter smaller than 40 nm. They might exhibit
a core-shell structure, where the inner hydrophobic core is
formed by the stacking of rigid a-helices of the PBLG blocks

Table Il ICs Values for Free Cisplatin and Cisplatin-Loaded PBLG-b-
PGlu Nanoparticles After 48 and 72 h After Exposure Determined by the
MTS Assay

Cell line ICso (UM)48 h IC 5o (UM) 72 h
PC-3 Cisplatin 8.7 7.8
Cisplatin -PBLG-b-PGlunp 25 13
DU-145  Cisplatin 5.8 2.6
Cisplatin-PBLG-b-PGlunp ~ >35 26
LNCaP  Cisplatin 23 |7
Cisplatin -PBLG-b-PGlunp 24 4.8

and the outer shell by the hydrophilic PGlu chains. PGlu
chain conformation is known to be dependent on pH. At
acidic pH (<4.3—4.9) the PGlu chains are protonated (27)
and can adopt an a-helix conformation whereas when side
chains are electrically charged (pH>5), electrostatic repulsion
between them induces a random coil conformation (28-30).
At the pH of nanoparticle suspensions (7.9), carboxylate
groups were ionized and thus PGlu might adopt a random
coil conformation forming an outer hydrophilic flexible shell.

Once PBLG-6-PGlu colloidal suspensions were obtained,
cisplatin was associated to the preformed PBLG-5-PGlu nano-
particles through incubation with an aqueous cisplatin solution,
which 1s most appropriate for complex formation due to better
leaving group properties of hydroxide/water molecules com-
pared to chloride ions. Association of cisplatin to nanoparticles
might have an impact on the nanoparticle structure, as evidenced
by ITC experiments. Cisplatin coordination to some of the
carboxylic groups belonging to the PGlu block could decrease
PGlu hydrophilicity, consistently with previous works (22). This

Fig. 6 Square wave voltammetry 10
(SWVs) for (a) cisplatin solution in a
phosphate buffer (pH 7.0); (b)

cisplatin-loaded PBLG-b-PGlu i
nanoparticles in phosphate buffer; Forgy
(c) free cisplatin diluted in PBS e
(pH 7.4) and incubated with DNA

for 24 h (d) cisplatin loaded PBLG-

b-PGlu nanoparticles previously

incubated in PBS for 5 days and with 0

DNA for 24 hours. Potential scan 10 .
initiated at +0.4 V in the negative c
direction; potential step increment

4 mV; square wave amplitude

25 mV, frequency 5 Hz. Arrows ‘5_
indicate the DNA-bound cisplatin ~
signal =

N\
N\

0.4 00 -04

-04 -08 -1.2

E/V vs. Ag/AgCl

08 04 00
E /V vs. Ag/AgCI
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could hypothetically result in the formation of hydrophobic
microdomains that would fold onto the hydrophobic nanoparti-
cle core surface while some hydrophilic domains of the PGlu
chains would expand out of the surface.

In order to provide nanoparticles with anticancer properties,
asplatin was selected since it is clinically used for metastatic
prostate cancer. Several approaches were tested in order to
obtain adequate cisplatin content and controlled release kinet-
ics compatible with the potential application of prolonged time
of residence within the bone. Since cisplatin is a water soluble
and hydrophilic molecule, direct cisplatin encapsulation into
the PBLG nanoparticles was not considered. Cisplatin-PGlu
encapsulation into PBLG-bnz nanoparticles was found to be
negligible in spite of the structural similarity between PGlu and
PBLG-bnz (SM). The approach consisting of complexing cis-
platin to the carboxylate groups of preformed PBLG-4-PGlu
nanoparticles allowed higher drug loading contents and an
almost zero controlled kinetics during 14 days, triggered by
physiological concentrations of chloride ions.

Cisplatin has two chloride groups that can be replaced by a
variety of groups, such as carboxylates in low chloride concen-
tration medium. The good leaving property of carboxylates
makes the metal complex reversible, such property being used
for the design of drug carrier systems (8,16,22,24,31). In coher-
ence with previous works, the presence of chloride ions is essential
for cisplatin release due to a ligand exchange reaction where
chloride ions would substitute the Glu residues from the PBLG-b-
PGlu nanoparticle (22). Other ions such as acetates or phosphates
can also play a minor role in the release of cisplatin. An enhanced
cisplatin release from carboxylate complex at mild acidic pH has
also been reported (25). The mitial ratio [CDDP/COQO | was
adjusted to 1.25 to have an optimal balance between stability and
cisplatin association. Kinetics of association was found to be very
rapid (~3 h) in contrast to the controlled cisplatin release
(~14 days). These differences can be attributed to the fact that
cisplatin association to PGlu and cisplatin release in presence of
chloride ions are two distinct chemical reactions.

In order to study HAP binding properties, nanoparticles
were provided with fluorescent properties (PBLG-dansyl)
thanks to the versatile nanoprecipitation method, which
allowed the preparation of nanoparticles from mixtures of
PBLG polymers (32). Cisplatin PBLG-4-PGlu nanoparticles
were shown to bind effectively to HAP. Indeed, oligomers of
glutamic acid have been shown to have both i vitro and in vivo
affinity to bone matrix and HAP, respectively (6) and they
have been used to provide drugs with osteotropic properties
(33). Interestingly, the complexation of cisplatin to PBLG-b-
PGlu nanoparticles at a [CDDP]/[COO ] ratio of 1.25 did
not alter their degree of HAP binding. Both the i vitro HAP
binding kinetics and desorption at acidic pH suggested that
not only the remaining free carboxylate groups but also the
cisplatin itself were involved in the binding to HAP, in coher-
ence with previously works (34).

@ Springer

Adduct formation between DNA and platinum derivates is
one of the mechanisms responsible for their cytotoxicity. Inter-
estingly, an electrochemical method allowed to confirm the
interaction of cisplatin released from PBLG-b-PGlu nanoparti-
cles with the dsDNA. Consistently, cisplatin-loaded PBLG-b-
PGlu nanoparticles were shown to be cytotoxic in three differ-
ent prostate cancer cell lines that have the potential to metas-
tasize to bone [14]. Their cytotoxicity was lower than that of
free cisplatin, as already reported for other cisplatin carboxylate
coordination complexes within a wide range of cancer cell lines,
where it did not compromise the antitumour activity [11, 28].
Once distributed to bone and thanks to their bone binding
properties PBLG-5-PGlu nanoparticles could remain for a
prolonged time in the bone tumour vicinity, and thus they
could constitute drug reservoirs for sustained cisplatin release
in view of the treatment of skeletal malignancies.

CONCLUSION

We report the simple preparation of novel PBLG-6-PGlu
nanoparticles with the dual functionality of hydroxyapatite
binding and efficient cisplatin loading and controlled release.
PBLG--PGlu nanoparticles could complex cisplatin at a pay-
loads of 6.2% (w/w) and released it in a very sustained way,
triggered by chloride ions, in order to produce cytotoxic
effects in three different prostate cancer cell lines that could
potentially metastasize to bone.

Simultaneously, cisplatin-loaded PBLG-b-PGlu nanoparti-
cles showed very efficient i wvitro hydroxyapatite binding.
Favourably, chloride triggered sustained cisplatin release from
these nanoparticles may help to prolong cytotoxic effects,
making them promising carriers for the treatment of bone
metastases.
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