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ABSTRACT: In this study, poly(y-benzyl-l-glutamate) (PBLG) polypeptide derivatives were
synthesized by ring-opening polymerization of amino acid N-carboxyanhydride using selected
amine-terminated initiators. Alendronate, a targeting moiety that has a strong affinity for bone,
was conjugated to PBLG. Monomethoxy polyethylene glycol (PEG) was used for a hydrophilic
layer on the surface of the nanoparticles (NPs) to avoid reticuloendothelial system uptake. NPs
were prepared by nanoprecipitation technique not only for PBLG or PBLG-PEG but also for
composite polymers with different ratios. Fluorescein isothiocyanate would be attached to the
NPs as a labeling agent. The size and morphology of NPs were evaluated by dynamic laser
light scattering and transmission electron microscopy, and were found to be in a useful range
(less than 80nm) for bone-targeted drug delivery. In addition, the PEGylation of NPs was
supported by isothermal titration calorimetry analysis. The bone-targeting potential of NPs
was evaluated in vitro by calcium binding and hydroxyapatite affinity assays, and in vivo by
fluorescent imaging experiments on rats. The targeted NPs showed bright fluorescent labeling
in femur tissue. These results demonstrated the possibility of optimized NPs prepared with new
PBLG derivatives to accumulate in bone successfully. © 2011 Wiley-Liss, Inc. and the American
Pharmacists Association J Pharm Sci 100:4877-4887, 2011
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INTRODUCTION

Targeted drug delivery is the most promising way
to reduce side effects of a specific drug. In terms of
“active targeting,” to deliver nanoparticles (NPs) to
a desired site, site specificity is based on the affini-
ties between targeting moiety and desired organ. The
attachment of a specific moiety onto the surfaces
of NPs can improve the targeting efficiency.! Many
researchers have shown specific and efficient cellu-
lar uptake of particles that had been modified with
a functional ligand with a high affinity for target
cells.?3

For a successful bone targeting, the selection of tar-
geting moieties with affinity to bone plays a key role.
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When NPs reach the bone tissues, they should release
the loaded drug without altering osteoblasts. The ad-
vantages of a bone-targeted drug delivery system for
the treatment of bone-related diseases are obvious.
Such a system could easily impart osteotropicity to a
variety of bone drugs and improve their therapeutic
efficacy. It is expected that the system not only in-
creases patient comfort and compliance but also mini-
mizes side effects of drug, especially for cancer agents.
Skeletally targeted therapies have significant oppor-
tunity in the areas of osteoporosis prevention, car-
tilage repair, cancer treatment, fracture repair, and
tissue engineering.*%

Bisphosphonates (BPs) are widely used to treat
diseases characterized by osteolysis and have an
exceptional affinity to hydroxyapatite (HA), the min-
eral phase of bone which is not present in other tis-
sues, their rapid binding at sites of osteoclastic activ-
ity, and their ability to inhibit bone resorption.” BPs
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display a common backbone structure of P—-C-P,
where C is carbon and each P is a phosphonate group.
The two-phosphonate groups are essential both for
binding to HA and for the biochemical mechanism of
action. This peculiarity of BPs led to explore their util-
ity as carriers of pharmacological agents for targeting
bone tissues.® Among the BPs, the most important
one is alendronate (ALD), which is well documented
bone-targeting compound with strong bone affinity
and has a primary amine useful for conjugation with
our polymer.?-10

Polypeptides or poly(amino acid)s are very versa-
tile synthetic materials that fulfil many important
roles in natural systems. Poly(y-benzyl-l-glutamate)
(PBLG), a synthetic polypeptide, has attracted at-
tention for biomedical applications because of the
presence of a degradable amide bond in the poly-
mer backbone and various chemical moieties can be
quite easily introduced in the structure of PBLG to
form various copolymers. The functional side group
of -COOH in glutamic acid units can be modified by
chemical reactions to form new molecular structures
of the polypeptide copolymers. Nevertheless, the pep-
tide bonds are actually biodegraded in vivo by pepti-
dases. Consequently, due to their low immunogenicity,
good biocompatibility, adjustable biodegradability,
and excellent mechanical properties, polypeptide-
derived copolymers have drawn tremendous atten-
tion for their potential biomedical applications (car-
riers of drug delivery, surgical sutures, implants for
bone fixation, temporary matrices, or scaffolds in tis-
sue engineering).!!

Parenteral drug delivery systems based on poly-
meric NPs have been intensively investigated during
the last decades covering a wide variety of drugs. NPs
could modify the distribution of an active substance
in vivo and increase its concentration in the target
tissue, thereby improve its efficacy and reduce the
toxicity.!2

Nanoparticles are very rapidly opsonized in the
bloodstream by phagocytic cells, following intra-
venous (i.v.) administration. To avoid the reticu-
loendothelial system (RES) uptake, there are two
most often-mentioned criteria: the formation of a
hydrophilic surface using polyethylene glycol (PEG)
and obtaining particle size under 100 nm.!? PEGy-
lation simply refers to the decoration of a particle
surface by the covalent grafting, entrapping, or ad-
sorbing of PEG, which is widely used for the prepara-
tion of diblock and triblock polypeptide-based copoly-
mers as biomedical materials for its good solubility
in aqueous solution, lack of toxicity, immunogenicity,
and ease of excretion from living organisms.'* PEGy-
lated nanoparticulate drug carriers made of polylac-
tide homopolymers or poly(lactide-co-glycolide) het-
eropolymers copolymer with long-circulating proper-
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ties present great potential for drug targeting and
enhanced circulation times.!®

The primary objective of our study was to syn-
thesize novel PBLG derivatives to prepare surface-
modified NPs with ALD and PEG for providing a
bone-targeting drug delivery system. This study is
the first report on the bone-targeting capacity of NPs
prepared with these PBLG derivatives. Fluorescein
isothiocyanate (FITC) was attached to the NPs as a
model drug and it was confirmed visually by confo-
cal laser scanning microscopy (CLSM). The presence
of PEG onto NP surface was confirmed by isother-
mal titration calorimetry (ITC) experiments. The tar-
geting capacity of NPs was also evaluated using an
in vitro (calcium binding and HA affinity assays) and
an in vivo (excised rat femur) approach.

MATERIALS AND METHODS
Materials

N,N-Dimethylformamide (DMF; Acros, 99%, Geel,
Belgium) and benzylamine (Janssen Chimica,
Beerse, Belgium) were distilled under reduced pres-
sure over barium oxide and potassium hydroxide
(KOH), respectively, and stored under argon atmo-
sphere. y-Benzyl-l-glutamate—N-carboxyanhydride
(BLG-NCA) monomer, from ISOCHEM-SNPE (Paris,
France), was used as received. Methoxy PEG amine
(mPEG-NH,;), molecular weight (MW) = 5000 g/mol
from Shearwater Corporation (USA) was dried
separately under vacuum over P3;O5 at 30°C for
24 h. FITC, HA, and commercially available PBLG
(PBLG-com), MW = 37,000 g/mol~! as determined
by viscosity, were purchased from Sigma —Aldrich
(Schnelldorf, Germany). ALD was supplied from
CHEMOS GmbH (Regenstauf, Germany). o,w-Di-
succinimidyl ester PEG (Su-OOC-PEG-COO-Su),
MWpgg = 6000 Da, was obtained from IRIS Biotech
(Marktredwitz, Germany). Purified water by reverse
osmosis was used (MilliQ®; Millipore, USA). All other
solvents and chemicals were of analytical grade.

Synthesis and Characterization of PBLG Derivatives

Poly(y-benzyl-l-glutamate) derivatives (PBLG-Bnz,
PBLG-PEG, and PBLG-FITC) were obtained by an-
ionic ring-opening polymerization of BLG-NCA initi-
ated by Bnz, mPEG-NHy, or terminated by addition
of FITC, respectively, in DMF, using a slightly modi-
fied method described in the literatures.'6-17

All initiator solutions were prepared under ar-
gon atmosphere and used immediately. (Bnz solu-
tion: A 0.1 mol/L solution was prepared by diluting
freshly distilled benzylamine in freshly distilled DMF.
mPEG-NH, solution: Dried mPEG-NH,; was dis-
solved, at 30°C, into freshly distilled DMF to prepare
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Figure 1. Structural formula of linker agent (Su-OOC-PEG-COO-Su) used for incorporation

of ALD to polymer backbone.

a 0.025 mol/L solution. FITC solution: A 0.03 mol/L
solution was prepared by dissolving FITC in freshly
distilled DMF.)

Briefly, 32.2 mM of BLG-NCA was weighed in
three-necked round-bottomed flask and dissolved in
approximately 4 mL. DMF (volume was adjusted to
obtain a 1mol/L solution of NCA, taking into ac-
count the volume of initiator solution needed to ob-
tain the final initiator concentration) under mechan-
ical stirring and argon flux at room temperature.
Flask was equipped with thermometer, using refrig-
erant with a silica gel guard and a bubble detec-
tor. After about 10 min, the argon flux was stopped,
the initiator solution (0.2 mL for Bnz solution, 0.5 mL
for mPEG-NH2 solution) was added, and COy emis-
sion was observed. The reactions were conducted un-
der argon atmosphere and mixtures were stirred at
30°C until the characteristic Fourier transform in-
frared (FTIR) NCA bands disappeared from spectrum
(PerkinElmer 1750, USA). Furthermore, the mixture
was precipitated in an excess of cold diethyl ether.
The precipitates were filtered, washed with diethyl
ether, and finally dried under vacuum at 35°C for at
least 12h.

For the PBLG-FITC polymers, close to the end of
the PBLG—Bnz reaction, a solution containing three
times more moles of FITC than initiator (Bnz) was
added and after 24 h the precipitation step, described
before, was made.!”

First time in this study, synthesis of
PBLG-PEG-ALD, which is a new PBLG deriva-
tive was described. Su-OOC-PEG-COO-Su (Fig. 1)
was utilized as a linker agent to incorporate neu-
tralized ALD to polymer. For this purpose, the agent
was dissolved in 5 mL dimethyl sulfoxide (DMSO) at
2.94mM concentration and ALD was dispersed in
DMSO at 5mM concentration. The resulting ALD
mixture was slowly added to the linker agent solution
drop by drop under stirring (100rpm) during 1h
at room temperature. The mixture was allowed to
react for 24h under nitrogen atmosphere at room
temperature with occasional stirring. The resulting
PEG-ALD mixture was precipitated in an excess
of cold diethyl ether and dried under vacuum. The
synthesized PEG-ALD (15mg) in the first step
was dissolved in DMF (2mL) and added into the
finished PBLG-Bnz polymerization process after
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the disappearance of NCA bands was confirmed
by an FTIR spectrum. The resulting solution was
kept under stirring for 24h. Subsequently, same
precipitation and drying procedures were followed as
with the other PBLG derivatives. The spectroscopic
characterization (H 3'P NMR) was in line with the
proposed structure.

To determine the average polymer molecular
weights using the Mark—Houwink equation ([] = 1.58
x 10"°MW13%) intrinsic viscosity (1) was measured
at 25°C using an Ubbelohde viscometer. '"H NMR and
3P NMR spectras were recorded with a Bruker Ad-
vance 400 and 200 apparatus, respectively.
Preparation of NPs

Nanoparticles were prepared from synthesized PBLG
derivatives and PBLG-com by a modified nanoprecip-
itation method.!® Briefly, 15 mg of polymer or poly-
mer mixture was dissolved in 5 mL of tetrahydrofuran
(THF) at 30°C. This solution was added by dripping
to 10 mL of MilliQ® (Millipore) water under magnetic
stirring. The mixture was left under magnetic stir-
ring for 15 min and transferred into a recipient vessel
with a Teflon® surface. The solvent was evaporated,
at 30°C, under a light air flow. NPs were washed with
5mL of MilliQ® (Millipore) water and evaporation
was carried out to yield 10mL of NP suspension.
Table 1 shows the codes and contents of the NP
formulations.

Physicochemical Characterization of NPs

The mean diameter and morphology of NPs
were determined by dynamic laser light scattering

Table 1. Contents of NP Formulations

Formulation

Code Polymers

F1 PBLG-Bnz

F2 PBLG-PEG

F3 PBLG-FITC

F4 PBLG-PEG-ALD

F5 PBLG-com

F6 PBLG-Bnz/PBLG-PEG (2:1)

F7 PBLG-PEG-ALD/PBLG-PEG (2:1)

F8 PBLG-Bnz/PBLG-FITC (4:1)

F9 PBLG-PEG-ALD/PBLG-FITC (4:1)

F10 PBLG-Bnz/PBLG-PEG/PBLG-FITC (2:2:1)
F11 PBLG-PEG-ALD/PBLG-PEG/PBLG-FITC (2:2:1)
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(Nanosizer Coulter N4 Plus®, UK) and transmis-
sion electron microscopy (TEM-Philips EM 208, the
Netherlands). Zeta potential measurements were car-
ried out using a Zetasizer 4, Malvern Instrument. The
samples were prepared by diluting the NPs suspen-
sion with MilliQ® (Millipore) water. The mean value
was calculated from the average of six measurements.
All measurements were repeated after formulations
and were kept at +4°C for 4 months to optimize stor-
age stability conditions of the formulations.

FITC Labeling Characterization of NPs

Fluorescein isothiocyanate is a commonly used label-
ing agent for the in vitro and in vivo studies of mi-
cro/NP formulations.!8 Jiayin and Jianmin!® reported
that FITC was attached to the chitosan NPs to enable
fluorescent imaging studies to be carried out. Simi-
larly, it was thought that NPs could be prepared using
FITC-labeled polymers and their targeting capacity to
bone could be detected after i.v. injection in rats based
on FITC fluorescence obtained at the bone tissue.

In this study, the fluorescent properties of NPs
were investigated spectrophotometrically and micro-
scopically. Emission spectrum was recorded with flu-
orescence/luminescence spectrophotometer (LS 50B;
PerkinElmer, Beaconsfield, UK) at excitation 485 nm.
The fluorescent image of FITC-labeled NPs was ob-
served by CLSM (CLSM 510; ZEISS, Jena, Germany).

ITC Experiments

An isothermal calorimeter (MicroCal Inc.) with a cell
volume of 1.44 mL has been used to evaluate the in-
teractions of bovine serum albumin (BSA), a model
globular protein, with PEGylated (F6 and F7) and
non-PEGylated NPs (F1). The ITC instrument was
periodically calibrated either electrically using an in-
ternal electric heater or chemically by measuring the
dilution enthalpy of methanol in water. This stan-
dard reaction was in excellent agreement (1%—2%)
with MicroCal constructor data.?’ In a typical exper-
iment, aliquots of 10 pL of BSA solution (5.4 x 1072
mM) filled into 283 pL syringe were used to titrate
a suspension of NPs (PEGylated or non-PEGylated)
(500 ug) (2.7 x 1072 mM) into the calorimetric cell ac-
curately thermostated at 37°C (310 K). Intervals be-
tween injections were 300s and agitation speed was
270rpm. A control experiment was also performed,
which consisted of successive injections of a BSA so-
lution in the measuring cell filled with Milli-Q water.
The corresponding heat flow was recorded as a func-
tion of time to account for dilution effects.

Evaluation of the Calcium-Binding Capacity
and HA Affinity of Targeted NPs

The method used for the evaluation of the calcium-
binding capacity was performed as described by
Yalman et al.?! Ten microliters of standard cal-
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cium solution (0.05mEq Cat?/mL) was incubated
with 10mL of NPs suspension. After incubation
for 3h under gentle magnetic stirring at 100 rpm,
samples were centrifugated (MR 1812; Jouan Cen-
trifugeurs, France) for 15min at 3000g. Then, 1N
KOH was added to supernatant to adjust the pH
to 10.0. The so-prepared sample (10 mL) was mixed
with ethylenediaminetetraacetic acid (EDTA) (Ca?*-
complexing agent—0.025M, 1mlL) and three drops
of calcein solution (indicator). At this condition, sam-
ples became colored in orange-brown. The sample was
then back titrated to a yellow-green end point with a
standard calcium solution. The presence of magne-
sium improves the sharpness of the end point. With
this objective, 1mL of magnesium—EDTA complex
(1:1) was added along with the titration mixture. This
addition has no effect on the final determination.??
The amount of calcium bound was calculated form
the difference between the initial amount of calcium
added and the amount of free calcium determined in
the supernatant by back titration. ALD in MilliQ®
(Millipore) water was used as control experiment and
each experiment was made in triplicate.

The HA adsorption assay was performed to evalu-
ate the affinity of the ALD surface-modified NPs to
bone.?3-2¢ HA was suspended in phosphate-buffered
saline (PBS) at a concentration of 10 mg-mL~!. Each
NP dispersion (2 mL) was mixed with HA suspension
and then gently shaked for 3h at room temperature.
The sample was centrifuged at 3000g for 15 min and
the supernatant solution was collected. The relative
amount of NPs linked to the HA was estimated by
the decrease in fluorescence intensity of these super-
natant samples, in respect to the fluorescence inten-
sity of NPs shaked with PBS and treated under the
same conditions. Three replicates of each experiment
were performed.

In Vivo Studies

The bone-targeting capacity of the NPs was evalu-
ated in vivo using Wistar Albino rats by a protocol
approved by the Ege University, Faculty of Pharmacy
Animal Ethics Committee (protocol no. 2008/6-1). The
animals were separated into six groups, as one saline
control (Group 1) and the trial groups (Groups 2-5).
Although saline solution was injected to Group 1,
F8-F11-coded NPs were injected to Groups 2-5, re-
spectively. For each experiment, six animals per group
were used. NP formulations were injected to rats into
the tail vein; after the injection, all animals had free
access to food and water. After 24 h, animals were
sacrificed by decapitation. Their femurs were isolated
and processed.

Bone samples were fixed with formalin, dehydrated
with acetone, embedded in poly(methyl methacry-
late), and sliced with a low speed diamond saw to

DOI 10.1002/jps



the thickness of 100 pm and mounted onto a plastic
cover slide for observation under a fluorescence micro-
scope (Olympus IX71; Olympus America Corporation,
Mellville, New York).

Statistical Analysis

The statistical analysis of the data was performed
via analysis of variance, followed by Tukey’s multi-
ple comparisons test. A p value of less than 0.05 was
considered as an evidence of a significant difference.?’

RESULTS AND DISCUSSION
Synthesis and Characterizations of the PBLG Derivatives

Ring-opening polymerization of a-amino acid anhy-
dride monomers via surface attached initiator groups
is the most popular and economic process for the
preparation of long polypeptides. The accessibility of
monomer to surface-reactive groups in this method is
greater than through coupling of preformed «-helical
PBLG to solid surfaces. In the coupling method,
due to the strong interaction between polyglutamate
molecules and many surfaces, the grafted polypep-
tide molecules tend to lie parallel to the surface, thus
blocking other surface-binding sites and hindering
subsequent chemisorption. Experimentally, in the lit-
eratures, high-molecular-weight polymers can be pre-
pared in both good yields and large quantities by us-
ing NCA as monomer.2% Similarly, the polymerization
of BLG-NCA was conducted using different initiators
(Bnz, mPEG-NH,, and FITC) at 30°C under nitrogen
atmosphere in our study. The results are summarized
in Table 2.

Polymerizations were followed by FTIR spec-
troscopy. Disappearance of absorption bands at 1843,
1786, and 923 cm™~! corresponding to the cyclic five-
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Table 2. Molecular Weights of Synthesized Polymers

Weight Average (g/mol)

Polymer Theoretical® Observed
PBLG-Bnz 50,000 46,3006
PBLG-PEG 60,000 55,000¢
PBLG-PEG-ALD 60,000 70,000¢
PBLG-FITC 60,000 43,3000

aCalculated by considering the constitutional repeating units according
to the initial ratio.

bCalculated from viscosity measurements.

¢Calculated from 'H NMR spectra.

ring anhydrides indicated the end of the polymer-
ization reaction. The analysis by 'H and 3P NMR
(Figure 2a and 2b) confirmed the structure of the
expected PBLG-PEG-ALD polymer (molar ratios of
ALD/PBLG-PEG-ALD and PEG/PBLG-PEG-ALD
0.05:12 and 1:12, respectively) (CH3PEG, 3.65;
CHrom,7.26; CH,, 5.05; CH,, 2.56; CH, 1.74-1.85; CH,
3.74); ALD (4.94, OH; 2.51, CHy).

The signals at 3.65 and 7.26 ppm were attributed
to the PEG backbone and aromatic methylene pro-
tons of polymer in the 'H NMR spectra, respectively.
The peak at 20.42 ppm corresponds to the phosphate
group of polymer in 3P NMR spectra.?’ It was con-
firmed that the PBLG-PEG-ALD derivatives were
successfully synthesized.

Physicochemical Characterization of NPs

The homogeneous and uniform-sized NPs could be
easily prepared from PBLG derivatives by modi-
fied nanoprecipitation method. Many authors showed
that the nanoprecipitation technique is capable of
producing stable nanoparticulate dispersions without
surfactant addition.!6-28

{a)

(b)

Figure 2. Spectrums of synthesized PBLG-PEG-ALD polymer: 'H NMR (a) and 3P NMR (b).
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Table 3. Physicochemical Characteristics of NPs Prepared
with PBLG Derivatives

Formulation Polydispersity  Zeta Potential
Code Size (nm) Index (mV)

F1 66 + 11 0.119 + 0.01 —30.7 +£ 0.35
F2 44 + 20 0.158 + 0.02 —20.8 +£0.31
F3 64 + 15 0.122 + 0.03 —29.8 + 0.66
F4 71+ 14 0.128 + 0.02 —28.5+0.80
F5 58 + 15 0.118 + 0.02 —29.2 4+ 0.88
Fe 60 + 18 0.144 +0.03 —25.5 £ 0.68
F7 55 + 14 0.137 +0.03 —24.8 +£0.77
F8 65 + 14 0.116 + 0.03 —29.7 +£1.33
F9 68 + 16 0.138 + 0.01 —28.6 + 1.17
F10 46 + 13 0.125 £ 0.01 —25.8 +£1.26
F11 49 + 15 0.118 + 0.05 —26.5 + 0.81

In this study, NPs prepared with PBLG derivatives
were characterized in terms of size and size distri-
bution (polydispersity index). It is evident, from the
experimental data in Table 3, that the small NPs (less
than 100 nm) were obtained, depending on the differ-
ent polymer type and ratios of polymer mixture.

Different ratios of composite polymers were used
for preliminary studies to obtain optimized NPs. And
then, effective ratios were selected for NPs in terms of
ideal particle size for bone-targeting applications (less
than 80 nm). In the present work, we investigated the
possibility to modify NP surfaces by introducing an
optimal amount of a PEGylated copolymer of PBLG
within the structure of NPs. Furthermore, it has been
shown in a previous study that 40wt % copolymer
ratio was efficient for decreasing the activation of the
complement in the plasma and avoidance from RES
uptake.??

The highest particle size was observed with F4-
coded formulation. F1-coded NPs showed similar par-
ticle size with F3 (66 4+ 11 and 64 + 15 nm, respec-
tively). Polymer molecular weight is one of the factors,
which influence the particle size.3? So, this result can
be explained by the similarity in the molecular weight
of the polymers used in corresponded formulations. At
constant PBLG chain length, the particle size tends

to increase with increasing the chain length of PEG
block, possibly due to an increase in the viscosity of
the organic phase during particle preparation and to
an increase of the extending PEG “brush” on the fi-
nal particles. But, in our study, only one molecular
weight of mPEG (5000 g/mol) was used. Therefore,
differences could not be observed between NP sizes
related to length of PEG. NPs were prepared from
PBL—PBLG-PEG blends, their size decreased with
increasing PEG content wt % [F2(100%) < F10,F11
(33.3%) < F6,F7 (40%)], possibly because of the am-
phiphilic nature of these copolymers (in comparison
with non-PEGylated NPs), reducing the interfacial
tension between the aqueous and the organic phases.
Cheng et al.?! reported that the NP sizes increased
from 69.0 to 165.0 nm in DMF as the polymer con-
centration increased 10 times from 5 to 50 mg/mL.
They also showed that the miscibility of the organic
solvent (used to solubilize the polymer) with water
could impact NP size. Our NPs prepared in THF, the
most water-miscible solvent, resulted in the small-
est particles, which is presumably due to more effi-
cient solvent diffusion and polymer dispersion into
water.

It is known that the dimension of vasculature pores
in bone is approximately 80 nm. The hydrodynamic
sizes of NPs should be less than at least 80 nm to
extravasate and be localized in bone after i.v. admin-
istration. Particles larger than the local bone vascula-
ture pores are retained in the marrow, which cause po-
tential toxicity.?:32:33 The sizes of prepared NPs (F10
and F11) have a particle diameter less than 50 nm
(confirmed by TEM), which is assumed to be feasible
for bone-targeted drug delivery based on particles.

The calculated polydispersity index of all NP dis-
persions was below 0.2, indicating a narrow size vol-
ume distribution. In analogly with these results, the
TEM photographs of F10- and F11-coded NPs re-
vealed nearly ellipsoidal geometries in size around
50nm and the NPs formed a single population
(Fig. 3).

100 nm

Figure 3. TEM micrographs of FITC-labeled targeted F10 (a) and nontargeted F11 (b) coded

NPs.
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The zeta potential is another important index for
the characterization of the NPs. Moreover, the mag-
nitude of the zeta potential gives an indication of the
potential physical stability of a colloidal system. In
general, if all the particles have a large negative or
positive zeta potential, they repel each other and dis-
persion is considered to be stable.?* In this study, all
NPs have negative zeta potential because of the ad-
sorption of anions from the aqueous polymerization
medium. The zeta potential of F2-coded NPs was mea-
sured as —20.8 + 0.31. Non-PEGylated NPs exhibited
more negative zeta potential value in comparison to
PEGylated NPs. This is in agreement with other stud-
ies describing significant reductions in the zeta poten-
tial of pegylated NPs.35-36 However, no significant dif-
ference in zeta potential was detected between F10-
and F11-coded NPs characterized by zeta potentials
of —25.8 £ 1.26 and —26.5 £ 0.81 mV, respectively.

A major drawback of NP dispersions is their
thermodynamic-driven tendency to lower their inter-
facial surface area with the environment and thus
to aggregate. Because of a steric stabilization mecha-
nism, PEGylated NPs have an increased in vitro sta-
bility as compared with their non-PEGylated coun-
terparts. This mechanism can explain the ability of
certain additives to inhibit coagulation of NP suspen-
sions. These additives include certain water-loving
polymers and surfactants with water-loving chains.36
The presence of a hydrophilic PEG steric barrier
shifts on the surface of NPs, resulting in a reduced
zeta potential. In this case, F2-coded formulation pre-
pared with PBLG-PEG polymer showed the lowest
zeta potential as expected. The similar zeta poten-
tial values were observed for F6, F7, F10, and F11-
coded formulations. The approximately similar ratios
(33.3% and 40%) were used for these formulations.
Further increase in the ratio of the PBLG—Bnz block
(4:1 to 2:1) produced NPs with larger negative zeta
potentials (F8-29.7; F6-25.5). This is attributed to the
presence of PBLG-Bnz homopolymer in these sam-
ples.

In this study, NPs remained dispersed in a stable
way in glass-capped vials at +4°C during 4 months
of storage. They showed good stability of the colloidal
suspension without evidence of aggregation or precip-
itation. This result was also confirmed by the obser-
vation of no significant changes in the particle size
and zeta potential values of formulations during the
course of stability study (p > 0.05).

Characterization of FITC-Labeled NPs

Fluorescein isothiocyanate-labeled NPs were inves-
tigated by CLSM and the particles emit green light
after it was excitated using a 488 nm.!8 Overall, the
maximal excitation and emission wavelength of for-
mulations was found as 486 and 515 nm, respectively,
by luminescence spectrophotometer. It was almost the
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same as the free FITC.3” The same wavelenghts were
found after storage of formulations during 4 months
at +4°C.

ITC Experiments

Isothermal titration calorimetry was used to evalu-
ate the interactions of BSA, a model globular pro-
tein, with PEGylated and non-PEGylated NPs.?8 As
shown in Figure 4, enthalpogram obtained with non-
PEGylated NPs (F1) is different in comparison with
PEGylated ones (F6 and F7). In the titration of non-
PEGylated NPs, initially a series of endothermic
peaks were observed subsequent to every injection.
After 10 injections, a noticeable decrease in the in-
tensity of peaks was observed and the heat flow ver-
sus time remained fairly constant. When the BSA so-
lution was injected into a suspension of PEGylated
NPs, weaker enthalpy changes were observed. These
enthalpy changes were lower in the case of F7 in-
jected.

Characterization by ITC of non-PEGylated and PE-
Gylated NPs with BSA, a model globular protein, per-
mitted to confirm the difference in the surface prop-
erties of two kinds of NPs. Theoretically, PEG chains
grafted on NPs should avoid or, at least, reduce pro-
tein adsorption on NP surface, as a result of steric
repulsions and hydrophilization. In the case of NPs
composed of PBLG-PEG-ALD and PBLG-PEG, sig-
nals after each BSA injection were lower than sig-
nals observed for PBLG-Bnz and PBLG-PEG NPs.
This could be explained by the presence of PEG in
PBLG-PEG-ALD polymer.

Evaluation of the Calcium-Binding Capacity and HA
Affinity of Targeted NPs

The calcium-binding capacity and HA affinity assay
studies were determined by the titration method and
fluorescence intesity measurements, respectively. In
Figure 5, the amount of bound calcium was plotted
against of NP formulations in the incubation medium.
Binding studies were also performed with ALD in
MilliQ® (Millipore) water.

As can be observed in Figure 5, although non-
targeted PBLG NPs showed a negligible adsorption
pattern, targeted PBLG NPs were able to bind cal-
cium ions in different degrees. F11-coded formula-
tion showed a significantly higher amount of calcium-
binding capacity (p < 0.05) compared the F10-coded
formulation. This phenomenon intimately related
with the presence of ALD on the NP surface.

In the literature, NP formulations were screened
in vitro for their bone-targeting capacity using HA
powder as a model bone surface.?® It was reported
that the binding mechanism of BP to HA was simple
adsorption.??-3? In our study, the relative fluorescent
intensity was decreased in supernatant when bone-
targeted F9- and F11l-coded NPs were shaked with
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Figure 4. Typical ITC data corresponding to the titration of non-PEGylated NPs (F1) and
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Figure 5. Amount of calcium bound onto the surface of NP
formulations given in Table 1 (mean +SD; n = 3) *Statistical
significance of targeted formulations (F7, F9, F11) com-
pared with the calcium amount for their nontargeted coun-
terparts (F6, F8, F10) is indicated. *Significantly different
from nontargeted counterparts (p < 0.05).

HA suspension in PBS, as can be seen in Figure 6.
This result was considered to be due to the presence
of ALD, which was the specific binding side of NPs
to HA. On the contrary, no interaction was found be-
tween HA and F3-, F8-, F10-coded formulations as ex-
pected (see also fluorescence intensity in PBS). These
results were found compatible with calcium-binding
results.

In Vivo Studies

According to the previous work, the effective FITC
concentration for in vivo imaging studies of NPs in
tissues was found as 20 wt %.4° The in vivo binding
of the prepared NP formulations at this ratio to bone
was shown in Figure 7. No autofluorescence was ob-
served from the saline-injected animals (Fig. 7a). In
those injected with nontargeted formulations (F8 and
F10) (Figure 7b and 7c), negligible fluorescence label-
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Figure 6. The fluorescence intensity of labeling formula-
tions (F3, F8-F11) in the PBS (dark bars) and HA suspen-
sion (light bars) (mean +SD; n = 3). *Statistical significance
of the fluorescence intensity of F11 formulation in PBS com-
pared with HA suspension.

ing was observed when compared with targeted for-
mulations (F9 and F11) (Figure 7d-T7i). It is also note-
worthy that the vasculature in bone is usually porous.
Because of the small particle size (under 80 nm) of
our NPs, a low accumulation could be obtained in
bone tissues without a targeting moiety. In contrast, a
bright fluorescence could be detected from the bones of
all animals injected with FITC-labeled bone-targeting
NPs (Figure 7d-7i). Moreover, F9-coded targeted NPs
showed less bright fluorescence than F11-coded tar-
geted NPs. It may be attributed to presence of the
similar block length of mPEG chains on the surface
of the F11-coded NPs, which can easily avoid from
RES and highly reach to the bone. The presence of
even an incomplete steric barrier may be sufficient
to prevent interaction between PBLG-PEG NPs and
phagocytic cells. This phenomenon was supported by
the results of in vivo distribution studies on the series
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Figure 7. Histological sections of femurs: Saline injection (a). Nontargeted formulations; F8
(b) and F10 (c). Targeted formulations; F9 (d—f) (secondary spongiosa, endosteum, and perios-
teum of diaphyseal shaft labeled) and F11 (g—i) (epiphysis, primary and metaphyseal spongiosa,

and cortex labeled).

of PBLG-PEG NPs. This is a remarkable result for
the enhancement of the targeting properties of NPs.

Choi et al.?? reported that the amount of NPs ad-
sorbed onto HA tended to be less when the large block
length of mPEG. This result was due to the much
longer block length of the mPEG that interfered with
the potency of ALD binding to HA. The long chain
length of PEG is practically helpful in the reduction
of an RES response. However, its length should be
optimized so as not to weaken the potency of the tar-
geting moiety.?? In this study, one type mPEG (MW =
5000 g/mol) was used to obtain the hydrophilic PEG
segment of polymers. This MW represents probably
a good compromise for ensuring simultaneously op-
timal protein repulsion and renal excretion of the
PEG segment, which is nondegradable. Furthermore,
it has been shown in a more in-depth study that this
copolymer was efficient for decreasing the activation
of the complement in the plasma.?®

In our study, both the endosteum and periosteum
of the diaphyseal shaft were labeled with FITC after
the F9 injection (Figure 7d-7f). In addition, epiph-
ysis, primary and metaphyseal spongiosa, and cor-
tex of femur were marked with clear bands of FITC
label after application of F11 (Figure 7g—7i). Wang
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et al.?3 reported the strongest labeling around the epi-
physeal—-diaphyseal plates, primary spongiosa, meta-
physeal spongiosa, cortex, epiphysis, endosteum, and
periosteum of bone when injected in bone-targeted
conjugates, not in bone marrow. Similarly, in our ex-
periment, it was found that the fluorescent labeling
in bone surface was more than that in bone marrow.
It was attributed to the calcium availability in the
bone structure. It appeared that the bone-targeting
delivery systems preferred to accumulate in sites as-
sociated with high rates of bone turnover, perhaps in
tissues where blood supplies are abundant.*!42

CONCLUSIONS

The paper is concerned with the synthesis and the
characterization of functional PBLG derivatives with
selected molecules to further develop NP formulations
for bone targeting.

Corresponding NPs were designed by surface mod-
ifications with ALD and PEG for bone-targeted drug
delivery. These NPs could be prepared with conve-
nient size for bone targeting (<80nm) and narrow
size distribution by nanoprecipitation technique. The
fluorescent moiety of NPs was successfully obtained
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with PBLG-FITC polymer. Moreover, no physical sta-
bility problem occurred during 4 months at +4°C. This
paper also demonstrated methods to accumulate NPs
onto bone surface via affinity binding between HA
and ALD. In vitro studies confirmed the targeting ca-
pacity of these novel NP formulations. The targeting
ability of these carriers to deliver a cargo to bones
was reported in an animal model. All femurs of an-
imals injected with targeted NPs showed bright flu-
orescence and the result supported that targeting of
NPs to bones was successfully achieved. Notably, re-
sulting PEGylated and targeted PBLG NPs demon-
strated the enhanced NP delivery to bone as compared
with equivalent nontargeted NPs.

Overall, the optimized nanoparticulate delivery
system prepared with new PBLG derivative polymers
could specifically accumulate in the bone tissue and it
would be a promising candidate for bone-targeted de-
livery of therapeutic agents. Therefore, further inves-
tigation of this bone-targeting system is warranted.
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