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Paclitaxel-loaded polyphosphate nanoparticles: a
potential strategy for bone cancer treatment†

Evandro M. Alexandrino,‡a Sandra Ritz,‡a Filippo Marsico,a Grit Baier,a

Volker Mailänder,ab Katharina Landfestera and Frederik R. Wurm*a

While it has been shown that phosphates can target molecules and nanocarriers to bone we herein

demonstrate the preparation of polyphosphate nanoparticles loaded with paclitaxel using a simple

miniemulsion/solvent-evaporation technique as a model for chemotherapeutic delivery. Polyphosphates

exhibit much higher structural versatility, relying on the pentavalence of the phosphorus center

compared to conventional polyesters. This versatility allows for the development of new degradable

polymeric carriers with inherent bone adhesion ability by the interaction of the nanoparticles with a

calcium phosphate material used for bone regeneration. The novel polyphosphate nanoparticles were

investigated in detail with respect to their size distribution, zeta-potential, thermal and morphological

properties and were further proven to be efficiently loaded with a hydrophobic drug (up to 15 wt%). The

in vitro cytotoxicity was assessed against human cancer cell lines (HeLa and Saos-2), and the paclitaxel-

loaded nanoparticles showed a similar cytotoxicity profile similar to the commercially available

formulation Taxomedac® and the pure paclitaxel for loading ratios of 10 wt% but additionally proved

efficient adhesion on calcium phosphate granules allowing drug delivery to bone. This first report

demonstrates that polyphosphate nanoparticles are promising materials for the development of systemic

or local bone cancer treatment, even by direct application or by formation of composites with calcium

phosphate cements.
Introduction

Bone is a site of cancer growth either of bone sarcomas, which
include osteosarcoma and Ewing's sarcoma,1 or – more
common – as a consequence of other tumors that spread by
metastasis to the bone tissue.2,3 Among the types of cancer that
spread by metastases to the bone tissue, breast and prostate
cancer stand out, presenting metastases in approximately 70–
80% in advanced stages of the disease.2–4 The most common
treatment for primary bone tumors or bone metastases is a
combination of different techniques, such as surgical removal,
xation and chemotherapy, treatment with radioisotopes or by
radiation strategies.3 The chemotherapeutic treatment is nor-
mally performed aer the surgical intervention, with the main
purpose of slowing down the tumor growth and metastases
outgrowth.5 Drugs are selected on the basis of the susceptibility
of the primary tumor. For breast and ovarian tumors this would
rch, Ackermannweg 10, Mainz, 55128,
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include doxorubicin6,7 and paclitaxel (PTX).5,8 PTX has high
potency against many different types of cancer by stabilizing the
tubulin system,9 which leads to a suppression of the microtu-
bule dynamics, mitotic arrest, and nally to death by
apoptosis.9–11

Despite these interesting properties, PTX shows poor water
solubility10 and does not have any bone surface targeting
specicity. Higher solubility was achieved by the use of
macrogolglycerol ricinoleate (Cremophor EL®) and ethanol to
solubilize the drug.10,11 However, the toxicity of Cremophor EL
created the necessity for the development of new carrier systems
for the PTX application like nanoparticles or liposomes.10,12–19

Biodegradable polymer nanoparticles based on ‘conven-
tional’ poly-(C)-esters were intensively studied with promising
results concerning the encapsulation and activity of hydro-
phobic drugs.19 Recently, polyester,20–22 poly(benzyl-L-gluta-
mate),23 poly[N-(2-hydroxypropyl) methacrylamide],24

poly(ethylene imine), and poly-L-lysine25 based micro- and
nanoparticles for targeted delivery to bone have been reported.
The targeting prole depends mainly on the nanoparticle
surface-chemistry, which is typically achieved by the introduc-
tion of targeting groups at the nanoparticle surface,19,26 such as
bisphosphonates and derivatives,27 or oligopeptides28 that can
specically target bone.29,30 Due to the high affinity to the bone
mineral hydroxyapatite (HA), bisphosphonates have emerged as
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a) Reaction scheme for the synthesis of the unsaturated (1) and
saturated (2) poly(phosphoester)s (PPE-C20) via acyclic diene
metathesis polymerization. (b) The miniemulsion/solvent-evaporation
protocol used for the production of BODIPY or PTX loaded PPE
nanoparticles.
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a great option for bone targeted therapy and have been studied
intensively.3,31 However, side effects have been reported for
bisphosphonates as osteonecrosis of the jaw (ONJ), atrial
brillation, and renal insufficiency.31,32

Herein, we demonstrate a promising alternative for the
production of biodegradable nanoparticles which have poten-
tial inherent bone targeting abilities based on polyphosphates.
Polyphosphates belong to the major class of polymers called
poly(phosphoester)s (PPEs), which are highly versatile biode-
gradable materials that allow easy modication of backbone,
side chains, and end groups to tailor the functionality and
solubility prole that stimulated the interest in these materials
recently.33,34 No other polymeric material shows this high versa-
tility which is mainly due to the ability of phosphorus to form
triesters and, in addition, having the possibility of interacting
with calcium. Further, the pendant ester results in usually less
crystalline polymers compared to poly-(C)-esters. Even more,
PPEs can be degraded both enzymatically and hydrolytically
whichmakes them interesting also for long term use in vivo as no
accumulation should occur. Interestingly, only a few publications
have dealt with the synthesis and applications of PPEs to date.35

They have been successfully used in tissue engineering applica-
tions,36–38 and to generate liposomes with a good affinity to
calcium deposits produced by the MC3T3-E1cell line.39

Herein, we present the formation of PPE-nanoparticles (PPE-
NPs) prepared by the miniemulsion/solvent-evaporation tech-
nique, the loading of these nanoparticles with paclitaxel and the
interaction with calcium phosphate cements.40 These PPE
homopolymers were prepared by using a recently developed
general synthetic protocol via olen metathesis (via acyclic
diene metathesis (ADMET) and ring opening metathesis
(ROMP) polymerization).41–43 These novel hydrophobic PPEs
were used for the preparation of potentially biodegradable and
biocompatible nanoparticles that were efficiently loaded with
PTX and that show a strong interaction with calcium phosphate
surfaces.

Results and discussion
Synthesis of PPE nanoparticles

It is well-known that charged phosphates exhibit a strong
binding to bone surfaces, i.e. calcium phosphate. For cancer
treatment it would be, however, favorable to generate hydro-
phobic polymers that can be loaded with a drug and that still
possess bone targeting properties. In addition it would be
desirable to avoid tedious chemical postmodication steps to
attach targeting moieties or ionic groups that could further
interfere with the drug loading process. We envisioned that
PPEs would be the ideal candidates to exhibit an inherent bone-
targeting motive due to the multiple phosphates along the
polymer backbone. Further, due to the neutral triesters, effi-
cient loading with hydrophobic drugs should be ensured. We
prepared several PPEs with a variable number of methylene
units (6, 10 or 20 carbon atoms) between the phosphate groups
via the ADMET protocol (compared above). Fig. 1A presents
exemplarily the synthesis of the polymer having 20 methylene
spacers between the phosphate groups, i.e. PPE-C20. Aer the
This journal is © The Royal Society of Chemistry 2014
ADMET reaction, unsaturated PPEs (1) are obtained, which are
amorphous for C6 and C10 or exhibit a rather low melting point
(�7 �C for C20). These polymers were hydrogenated in order to
remove the double bonds that act as defects during the crys-
tallization and to generate saturated and crystalline PPEs (2).
The saturated PPE-C20 shows a melting point of ca. 50 �C (see
below). These polymers were used in the miniemulsion/solvent-
evaporationmethod (see the Experimental section for details) to
generate nanoparticles with mean diameters between approxi-
mately 80–300 nm (see ESI, Table S1†). As the polymers are
soluble in hydrophobic polar solvents, they are ideal materials
for the encapsulation of hydrophobic drugs or uorescent dyes
such as BODIPY-derivatives for further optical imaging (see
below).

A GPC analysis of the colorless (without BODIPY) PPE
dispersion aer this process reveals that no molecular weight
degradation has taken place (see ESI, Fig. S3–S5†) proving that
the PPEs sustain the miniemulsion process. From the mini-
emulsion/solvent-evaporation process the formation of spher-
ical particles is expected.40 The morphology of the PPE
nanoparticles has been investigated by dynamic light scattering
revealing a rather uniform scattering intensity at different
angles, indicating the formation of spherical nanoparticles.
Further, electron microscopy was used to visualize the shape of
the nanoparticles. Due to the low melting point of PPE-C20, we
expected rather so materials (Fig. 2, PPE-C6 and C10 were
detected as droplets due to their amorphous structures).
Compared to other polyesters, like polylactide, which has a
melting point of ca. 180 �C, the low melting point is another
characteristic of the herein presented PPEs. The lower degree of
J. Mater. Chem. B, 2014, 2, 1298–1306 | 1299
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Fig. 2 Morphological evaluation of the nanoparticles: (A) scanning
electron micrograph PPE-C20-NP, scale bar 2 mm; (B) transmission
electron micrograph PPE-C20-NP, scale bar 200 nm.
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crystallinity may further inuence the degradation kinetics,
which is currently under investigation. Fig. 2 shows exemplarily
scanning and transmission electron micrographs of the
nanoparticles.

The unloaded PPE nanoparticles are rather spherical parti-
cles, however – probably due to the low melting point of the
polymer (and due to the carbon coating process) – their shape is
a bit deformed. From scanning electron microscopy analysis
(SEM), some of the nanoparticles suggest capsule-like
morphologies, but transmission electron microscopy (TEM)
analysis (Fig. 2b) conrms the formation of solid particles (see
also ESI for further SEM images (Fig. S16 and S17†)).
Evaluation of bone adhesion

The PPE nanoparticle dispersions were then evaluated with
respect to their capacity to interact with bone surfaces.
MBCP+™ (Biomatlante) is a calcium phosphate material that
has proven to be a good alternative to bone substitution for over
30 years,44,45 and is currently used in spinal, tumoral, orthopedic
and periodontal applications.46,47 Biphasic calcium phosphate
Fig. 3 Fluorescence images (scale bar 50 mm) (A) and scanning electron
surface after exposition to a dispersion of nanoparticles NP-PPE with incr
80% HA and 20% b-TCP.

1300 | J. Mater. Chem. B, 2014, 2, 1298–1306
is usually composed of 20% hydroxyapatite (HA) and 80% b-
tricalcium phosphate (b-TCP), a mixture that provides good
bioactivity and osteoconduction properties.46 Due to these good
bone substitution properties, MBCP+ was selected as a “model
bone tissue” for the evaluation of the interaction with the PPE
nanoparticles. The uorescent and non-uorescent PPE nano-
particles (PPE-NP-C6, -C10, -C20) were dispersed with the
calcium phosphate granules and aer extensive washing, the
presence of the nanoparticles on the surface was evaluated by
SEM and uorescence microscopy (Fig. 3). The uorescence
intensity on the granules increased with increasing number of
methylene units between the phosphate groups, indicating that
there is a strong attachment of these nanoparticles to the
calcium phosphate granules (note that the scaling between the
SEM and the uorescence images is not the same!). This rst
indication was conrmed by SEM analysis as the PPE-NP-C20s
can be clearly visualized on top of the cement (Fig. 3). This
behavior by the thermal properties of the three investigated
polymers: as only PPE-NP-C20 is a crystalline solid at room
temperature, the nanoparticles can attach effectively to the
granules, while the nanoparticles from C6 and C10 probably
form a polymer lm on top of the granules, explaining that no
distinct particles can be visualized via SEM. The weak uores-
cence signal that is visible for amorphous materials (C6 and
C10) is probably due to some remaining dye in the deposited
lm. The physical properties of the herein presented PPEs can
be easily tuned by the ADMET protocol. These are the rst
aliphatic, crystalline PPEs reported to date and these results
strongly indicate that a crystalline material (or a material with a
high glass transition temperature) is needed to achieve an
efficient attachment to the bone surface. The attachment of the
investigated PPEs is thought to be caused by the interaction of
the phosphate moieties along the backbone either in their
neutral state or by partial hydrolysis of the pendant (and more
labile) phenyl ester. PPE-C20 was incubated with 0.1 M HCl to
images (scale bar 2 mm) (B) of the calcium phosphate cement MBCP+
easing carbon linker length (C6, C10, and C20). MBCP+ is composed of

This journal is © The Royal Society of Chemistry 2014
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induce hydrolysis and release of a low molecular weight
compound (compare with the ESI Fig. S18,† at ca. 35 mL elution
volume) was detected by the UV detector during the SEC
experiment, while the apparent molecular weight of the poly-
mer remained rather constant indicating that in this case the
side chain is hydrolyzed rst as reported previously by Baran
and Penczek on similar PPEs.48 In order to further conrm the
hypothesis of the degradation of the phenol group during the
miniemulsion preparation, the polymer was dissolved in THF
and ultrasonicated from 1 to 30 minutes and the samples taken
in this interval were analyzed by GPC and HPLC (compare with
ESI Fig. S24 and S25†), showing the presence of a new low
molecular compound (with the same retention time as phenol)
and simultaneously a decrease of the UV signal of the polymer
proving the loss of the aromatic side chain.

The stringency of the nanoparticle attachment on calcium
phosphate granules was further supported by the investigation
of the interaction of other hydrophobic nanoparticles with
different detergents like poly(lactide), and poly(butyl cyanoac-
rylate) (PBCA) and modied polystyrene (ESI, Table S2 and
Fig. S22†). None of these materials, except polystyrene nano-
particles modied with phosphonate surfmers (i.e. 12-meth-
acrylamidododecylphosphonic acid), bound to the MBCP+.49,50

They were used as the positive control, because it was proven
that the presence of the ionic phosphonate groups on the
particle surface enables the crystallization of hydroxyapatite
(HA),51 which might explain the high surface adsorption on the
biphasic calcium phosphate granules (20% HA/80% b-TCP).
Paclitaxel loaded PPE nanoparticle synthesis

As shown above, the PPE nanoparticles effectively interact with
the “model bone tissue”, this protocol should allow the
development of a drug delivery system for local application in
bone cancer therapies. With this goal, PTX, a strong anti-mitotic
drug, was selected and the miniemulsion/solvent-evaporation
methodology was used to produce PTX loaded-PPE nano-
particles (compare with Fig. 1b) by co-precipitation of both drug
and polymer during solvent evaporation. Four PTX-loaded PPE
nanoparticle formulations, with 1.5, 5, 10 and 15 wt% PTX (and
a control without the addition of PTX) were produced. Table 1
summarizes the main physicochemical properties of these
materials. The nanoparticle mean diameters were determined
Table 1 Summary of the properties of the paclitaxel-loaded PPE nanop

Sample
Paclitaxel
loading ratioa (wt%)

Mean
diameter � S.D.b (nm)

PPE-NP 0 162 � 38
PPE-NP-1 1.5 170 � 33
PPE-NP-5 5 179 � 73
PPE-NP-10 10 173 � 98
PPE-NP-15 15 200 � 100

a Theoretical weight percentage of paclitaxel. b Determined via dynamic l
d Encapsulation efficiency determined by HPLC. e Melting enthalpy deter

This journal is © The Royal Society of Chemistry 2014
to be between 160 and 200 nm; it can be clearly seen that the
size distribution (standard deviation) increased with the
amount of PTX introduced initially to the particle preparation.
The angle dependence of the hydrodynamic radius (see ESI,
Fig. S2†) was also evaluated and revealed a similar angle
dependence for all formulations, which indicates that, inde-
pendent of the drug loading ratio, the shape of the particles in
solution is approximately the same and isotropic. Two possible
applications of the PTX-loaded NPs could be either their
application on the bone cement before implantation or by
injection over infected tissue (which is currently studied).

The zeta potential was measured aer an exhaustive dialysis
process. The zeta potential was, independent of the loading, in
the range of �48 mV for all formulations, except for the
formulation with the highest drug content (PPE-NP-15). The
negatively charged stabilization eld is related to the presence
of sodium dodecyl sulfate (SDS) adsorbed at the surface of the
particles, but could also be a result of partial hydrolysis of the
phenyl ester (see above) of the PPE, generating negatively
charged phosphate groups.
Drug encapsulation efficiency

An important factor for drug delivery vehicles is the encapsu-
lation efficiency of the drug of interest. As the PPEs used herein
are hydrophobic materials, PTX was chosen as a model drug
with low water solubility in the range of 1 mg mL�1.52 For all
formulations, encapsulation values between 70 and 100% were
obtained (see Table 1), proving that the miniemulsion/solvent-
evaporation technique is a robust technique that can be also
applied for obtaining drug loaded PPE nanoparticles.

The drug loading and encapsulation efficiency of the PPE-
NPs is comparable with other published nanoparticle systems.
Feng and coworkers, for example, reported on several polyester-
based nanoparticles for PTX delivery, reaching drug loading up
to 12% and encapsulation efficiencies over 90%.15,53,54 Only very
recently, Wooley and coworkers presented in an elegant work a
very high PTX loading (up to 65 wt%) by covalent linkage of PTX
to a PPE-block copolymer for micellar delivery.55
Thermal characterization

DSC was used to evaluate the dispersion of the drug within the
nanoparticles. Fig. 4 shows the DSC scans of the PPE
articles

Zeta
potentialc (mV)

Encapsulation
efficiencyd (%) DHM � 1e (J g�1)

�47.6 � 9.4 — 74.9
�44.3 � 9.0 70 70.4
�49.0 � 13.5 100 69.2
�48.7 � 11.8 98 66.3
�29.0 � 13.6 93 57.9

ight scattering. c Electrophoretic mobility determined using a Zetasizer.
mined by differential scanning calorimetry.

J. Mater. Chem. B, 2014, 2, 1298–1306 | 1301
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Fig. 4 Differential scanning calorimetry obtained for PTX, the placebo
nanoparticles NP-PPE, the mixture of paclitaxel and placebo nano-
particles and the formulations with up to 15 wt% paclitaxel.
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nanoparticles synthesized in this study versus pure PTX.
Homogeneous incorporation of PTX in the nanoparticles can be
detected if no crystallization peak of the drug can be observed in
the different formulations. The appearance of a melting point
would suggest inhomogeneous incorporation or the formation
of crystals within the nanoparticles. PTX, as received, is a crys-
talline powder, with a melting point around 220–240 �C (vari-
ation depends on the water content52). At temperatures above
the melting point, PTX decomposes; hence only one heating
ramp was performed. In our setup, the DSC scan for PTX
showed a melting transition at 228 �C. For all PPE-containing
samples (control nanoparticles, a mixture of control nano-
particles and PTX (20 wt%), and the PTX-loaded nanoparticles)
a melting transition at ca. 50 �C can be detected. For all the
formulations with PTX content up to 10 wt%, only the melting
transition of the PPE can be detected indicating a homogeneous
dispersion without agglomerates inside the nanoparticles. For
the sample with 15 wt% PTX incorporated, however, a slight
endothermic response in the region of the melting point of
the drug was observed, similar to the physical mixture of the
nanoparticles and PTX indicating phase separation, i.e. the
formation of drug crystals, for loading higher than 10 wt%.
Another important result that can be determined from these
experiments is the change in the melting enthalpy with the
increasing amount of PTX incorporated in the nanoparticles
(see Table 1). The comparison of the melting enthalpies reveals
a lowering in the melting enthalpy with increasing drug
content. This behavior can be related to a lowering in the degree
of crystallinity of the polymer by the inclusion of an ‘impurity’
1302 | J. Mater. Chem. B, 2014, 2, 1298–1306
in the polymer matrix, leading to defects during the crystalli-
zation. Once again the effect was more evident for the sample
PPE-NP-15, supporting also the formation of separated PTX
domains. Since the polymer has a low glass transition temper-
ature (around �50 �C), the mechanical stability of the nano-
particles is directly related to the degree of crystallinity of the
polymer. Loading of the nanoparticles with the drug leads to a
lowering of the degree of crystallinity and the nanoparticles
become soer, which possibly explains the increase in the
particle size and size distribution due to partial agglomeration
and particle fusion during the evaporation process, especially
for the sample PPE-NP-15.
Effect of PPE-NPs and PPE-NPs loaded with paclitaxel on in
vitro cell viability

For the investigation of the cytotoxicity of the PPE nanoparticles
we rst evaluated the effect without drug loading on the
metabolic activity of HeLa cells. The cells were treated with
75 mg mL�1 to 600 mg mL�1 of nanoparticle dispersion for 24 h
or 48 h and no cytotoxicity was detected as displayed in Fig. S21
& S26† (ESI) proving the biocompatibility under these condi-
tions for the herein investigated PPEs.

The cytotoxic effect of PTX-loaded PPE-NP-1 (1.5% wt) was
analyzed on two different cancer cell lines (HeLa, Fig. 5A and
Saos-2, Fig. 5B) and compared to PTX dissolved in DMSO and
the chemotherapeutic compound Taxomedac®. The reference
compounds, PTX/DMSO and Taxomedac, revealed generally a
higher toxicity for osteoblastoma cells (Saos-2, EC50 �10 nM)
for PTX when compared to the cervix cancer cells (HeLa, EC50
�25 nM) which is indicated by lower EC50 values (compare with
Fig. 5A and B and S26†). The PPE-NPs with the low PTX loading
(PPE-NP-1, 1.5 wt%) were less effective compared to the pure
PTX/DMSO or Taxomedac which was reected by an approxi-
mated EC50 value of 10–25 nM for Saos-2 cells (Fig. 5B) and
>100 nM for the HeLa cells (Fig. 5A). The lower EC50 value of the
drug loaded nanoparticles could probably be attributed to the
loading efficiency (70% for the PPE-NP-1) or a different drug
transfer mechanism.56 The actual drug availability is lower
when PTX is encapsulated in comparison with the free drug,
thus the EC50 depends in the rst case also on the nanoparticle
concentration (see ESI, Fig. S27†). Fig. 5C and D shows that the
cytotoxic effect on Saos-2 cells can be improved by the appli-
cation of PPE-NPs with increased compound loading. For
example 1 mg mL�1 NP loaded with 10 wt% or 15 wt% of PTX
showed a 75% reduction in cell viability, whereas the same
concentration of nanoparticles loaded with 1 wt% PTX showed
nearly no effect. Fig. 4 highlights this dependence of PPE-NP
concentration, PTX loading and cytotoxicity for a xed
concentration of 30 nM PTX. The highest effect was obtained for
30 nM pure PTX/DMSO (0 mg mL�1 PPE-NP, 40% remaining cell
viability), followed by the PPE-NPs with the highest PTX loading
(15 wt%, 55% remaining cell viability) and further decreasing
with lower PTX loading. These in vitro cell tests conrm that the
drug can be loaded into the PPE nanoparticles and that it is still
active, while a low load of PTX in wt% per polymer results in a
lower effect. This would indicate that the release from a highly
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 Effect of polyphosphate nanoparticles (PPE-NPs) and PPE-NPs loaded with paclitaxel (PTX) on in vitro cell viability. (A and B) Dose-
response curves (1–250 nM) of paclitaxel loaded PPE-NP-1 (1.5 wt% PTX) in comparison to PPE-NP, PTX (0.1% DMSO) and Taxomedac in HeLa (A)
and Saos-2 (B) cells. Cell viability wasmeasured by PrestoBlue® staining after 48 h treatment. (C) Viability of Saos-2 cells depending on increased
polymer concentration PPE-NP and PTX loading. PPE-NP-1, -5, -10, and -15 wt% correspond to 1.5, 5, 10, 15 wt% PTX loading. (D) Relation
between cell viability, NP concentration and PTX loading for a fixed concentration of 30 nM PTX. Mean values � standard deviation calculated
from 4 replicates.
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loaded nanocarrier is easier achieved compared to a lower
loaded one. The delivery pathway is most likely a mixture of
several ones. One delivery mechanism has been described
recently which is especially attractive as it occurs rapidly for
hydrophobic drugs at the cell membrane within minutes. As the
nanoparticles only shortly touch and then detach, this mecha-
nism has been termed “kiss-and-run” leaving behind the
respective hydrophobic cargo.56 This appears to be reasonable
when the supposed release from the nanoparticles may need
release from the surface of the nanocarrier to a lipophilic
surface like the cell membrane or an endosomal membrane.
Therefore with a higher loading a higher concentration right at
or below the surface would occur.
Fig. 6 Scanning electron micrographs of the calcium phosphate
attachment experiments: (A) MBCP+; (B) MBCP+/PPE-NP; (C)
MBCP+/PPE-NP-1; (D) MBCP+/PPE-NP-15. Bar scales 1 mm.
Calcium phosphate attachment studies of drug-loaded
nanoparticles

As a nal proof that the PTX-loaded PPE-NP's are suitable for
targeting bone tissue we investigated whether the drug loading
affects the PPE-NP attachment to the calcium-phosphate
cement.

Fig. 6 shows the SEM pictures for the pure MBCP+ (Fig. 6A)
and the granules aer the attachment to the nanoparticles
PPE-NP, PPE-NP-1 and PPE-NP-15 (Fig. 6B–D). From these
images it can be clearly stated that the loaded PPE nano-
particles exhibit a high surface attachment with the calcium
phosphate granules, even aer vigorous washing steps. This
proves that the phosphate groups are located at the surface of
the PPE NPs and further indicates homogeneous drug
dispersion within the nanoparticles. These attachment prop-
erties combined with the encapsulation efficiency and excel-
lent toxicity data makes the herein presented PPE-NPs an ideal
This journal is © The Royal Society of Chemistry 2014
platform for further in vivo studies to generate a powerful anti-
cancer drug delivery vehicle.

Conclusion

In conclusion we introduced a new class of nanoparticles
based on potentially biodegradable and biocompatible poly-
phosphates with potential inherent bone adhesion abilities.
The hydrophobic polyphosphates were prepared by using a
metathesis protocol and the miniemulsion/solvent-evapora-
tion method proportioned stable nanoparticle dispersions,
J. Mater. Chem. B, 2014, 2, 1298–1306 | 1303
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with low size distribution and also an effective method for
loading of a hydrophobic drug (up to 10 wt%). In vitro studies
proved that the polyphosphate nanoparticles are non-toxic
against HeLa or Saos-2 cells for concentrations up to 600 mg
mL�1 or 300 mg mL�1, respectively, and that the polyphosphate
nanoparticles loaded with paclitaxel exhibit a similar cyto-
toxicity to the commercially available Taxomedac® against
osteosarcoma cells (Saos-2). The introduction of the hydro-
phobic drug did not inuence the capacity of interaction of
these nanoparticles with calcium phosphate, which creates
the opportunity for the development of composite systems
with bone cements that could also be applied for the delivery
of paclitaxel. Therefore, the nanoparticles developed in this
work showed a high potential for the development of systemic
or local treatment. Further studies are in progress to under-
stand the drug transfer mechanism, material degradation as
well as in vivo validation are required to assess the potential for
clinical application.
Experimental section
Materials

The synthesis of the PPE (Fig. 1), with molecular weight Mw ca.
20 000 g mol�1, was previously described.43 The hydrogenation
catalyst (Sigma-Aldrich 5% Pd/C) was used as received. Sodium
dodecyl sulfate (SDS) was purchased from Sigma-Aldrich.
Chloroform analytical grade used for nanoparticle synthesis
was purchased from VWR and water was puried by reverse
osmosis (Milli-Q, Millipore®). The BODIPY-dye was synthesized
according to the reference method.57 Paclitaxel for research
use was obtained from LC Laboratories and Taxomedac®
(6 mg mL�1) was purchased from Medac (Wedel, Germany). A
cellulose membrane from Carl Roth GmbH type 20/32 (molecular
weight cut off 14 000 g mol�1) was used for the dialysis puri-
cation process. The HPLC grade solvents THF, methanol and
0.1% triuoroacetic aqueous solution were obtained from Sigma-
Aldrich, VWR and Merck respectively. HCl solution (37%) was
obtained from Sigma-Aldrich. A micro–macro porous biphasic
calcium phosphate cement (MBCP+), composed of 80%
hydroxyapatite and 20% b-tricalcium phosphate, was donated
from Biomatlante (Vigneux de Bretagne, France).
Nanoparticle preparation

PPE nanoparticles were synthesized using an adopted combi-
nation of the miniemulsion technique and the solvent-evapo-
ration strategy.40 30 mg of the polymer were dissolved in 1.25 g
of chloroform. To this solution, 0.05 mg of BODIPY or a given
amount of paclitaxel was added. 5 g of Milli-Q water containing
10 mg of SDS were added to the chloroform solution and stirred
over a period of 60 min for the formation of the pre-emulsion.
Then, the pre-emulsion was submitted to a pulsed ultra-
sonication process in an ice bath during 120 s (30 s sonicated
and 10 s paused) at 70% amplitude in a 1/4 tip Brason 450 W
sonier. The obtained miniemulsion was kept at 30 �C in an oil
bath over a period of 8 h to completely evaporate the organic
solvent. The obtained nanoparticle dispersion was further
1304 | J. Mater. Chem. B, 2014, 2, 1298–1306
puried by exhaustive dialysis against water before being used
for further studies.

The average particle size and particle size distribution were
obtained by dynamic light scattering (DLS) in a submicron
particle sizer NICOMP® 380 equipped with a detector to
measure the scattered light at 90�. The multi-angle dynamic
light scattering measurement was performed in an ALV/CGS3
compact goniometer system with a He/Ne laser (632.8 nm),
correlator ALV/LSE-5004 and evaluated with the ALV5000
soware. The zeta-potentials of the solutions were obtained
with a Zetasizer NanoZ using an aqueous 1 � 10�3 M KCl
solution as the dispersive phase. The particle morphology was
studied by scanning electron microscopy (SEM) using a Zeiss
LEO Gemini 1530 microscope. Previous to the measurement a
thin carbon coating layer was deposited using a vacuum
coating system Leica EM MED020. Transmission electron
microscopy (TEM) was performed in a JEOL 1400 microscope,
aer drop cast of the nanoparticle dispersion onto a carbon
coated copper grid.

Thermal characterization

To investigate the crystallinity of the PPE nanoparticles and the
inuence of the dispersion of paclitaxel in the nanoparticles on
the degree of crystallization, differential scanning calorimetry
(DSC) of the samples was performed in a Perkin Elmer DSC
8500, with a single heating ramp from �80 �C to 240 �C, at a
heating rate of 10 �C min�1. For the experiments, the nano-
particle samples were centrifuged at 18 000 rpm at 4 �C over a
period of 30 min, the supernatant was decanted, and the
residue was lyophilized.

Encapsulation efficiency

The quantity of the encapsulated paclitaxel in the PPE nano-
particles was analyzed in triplicate on a HPLC (Hewlett Pack-
ard Series 1100). A reverse phase Spherisorb® ODS-2 column
(250 � 4 mm i.d., pore size 5 mm, Lichrocart) was selected. A
given amount of the nanoparticle dispersion was centrifuged
at 18 000 rpm at 4 �C over a period of 30 min, the supernatant
was decanted, and the residue was lyophilized (this
typically resulted in 1–3 mg of solid). The solid was dissolved
in 1 mL of a mixture of THF : 0.1% aqueous triuoroacetic
acid (70 : 30), ultrasonicated when necessary to help the
dilution process, and ltered through a 0.45 mm PVDF lter
before injection. A 10 mL injection was performed using an
auto-sampler of the Agilent 1200 series. The mobile phase
consisted of rst an isocratic mixture of methanol : 0.1%
aqueous triuoroacetic : THF (40 : 40 : 20) over a period of
8 min to elute the drug at 1 mL min�1 (its retention time under
these conditions is approximately 6.6 min) and aer a gradient
until a pure THF mobile phase was performed in the next
5 min, followed by a 3 min isocratic ow of 100% THF for the
elution of the polymer. Detection was accomplished with a
UV-Vis detector (Soma S-3702) at a wavelength of 227 nm. To
determine the amount of paclitaxel, the setup was calibrated
with paclitaxel in the range of 50 ng mL�1 to 30 000 ng mL�1.
The encapsulation efficiency was determined as the ratio
This journal is © The Royal Society of Chemistry 2014
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between the theoretical concentrations of paclitaxel expected
for the starting amount of nanoparticles diluted to the
concentration result obtained from the HPLC measurements,
expressed in percentage.

Calcium phosphate attachment studies

The calcium phosphate particles (MBCP+, 80–200 mm, Bio-
matlante) were dispersed in ultrapure water (10 mg mL�1,
Millipore) and washed for 30 min under horizontal agitation
(200 rpm) before use. NP-PPE particles were dissolved in
deionized water at an initial concentration of 1–3% and were
diluted to application concentrations of 0.01% with deionized
water in 1.5 mL Eppendorf centrifuge vials (1 mL nanoparticle
solution volume). The calcium phosphate granules were le in
the nanoparticle solution for 30 min immediately following
deposition. The samples were placed on a shaker table at
180 rpm in order to expose all sides of the particles to the
nanoparticles and stimulate attachment. Aer attachment
the tubes were centrifuged at 1000 rpm for 5 min, the majority
of the liquid was pipetted from the tube and removed, and
the tube was relled with deionized water and vortexed to
remove the loose and weakly attached nanoparticles from the
calcium-phosphate granules. This process of centrifuging,
removing the liquid, replacing the liquid with fresh deionized
water, and vortexing was repeated two additional times. Aer
the three rinses were complete, the samples were centrifuged
again and stored dry or in water before observation in the
scanning electron microscope (SEM, Zeiss LEO Gemini 1530).
Previous to the measurement a thin carbon coating layer
was deposited using a vacuum coating system Balzer Union
(BAE250).

Cell viability assays

Human cervix carcinoma cells, HeLa cells (#ACC57, DMSZ,
Germany), were cultured in DMEM medium (Invitrogen) and
human osteosarcoma cells, SaOS-2 (#ACC 243, DSMZ, Germany)
were cultured in RPMI (Invitrogen) medium in a humidied
incubator at 37 �C/5% CO2. Both media were supplemented
with 10% fetal calf serum (FCS, Gibco), 100 units penicillin and
100 mg mL�1 streptomycin (Life Technologies).

The effect of PTX (10 mM stock solution in DMSO), NP-PPE,
and Taxomedac® (6 mg mL�1 containing 527 mg mL�1

macrogolglycerol ricinoleate and 395 mg mL�1 ethanol) on cell
viability wasmeasured by CellTiter-Glo or PrestoBlue™ staining
(Invitrogen) according to the manufacturer's protocol. Briey,
HeLa or Saos-2 cells (1.5 � 104 cells per well) were diluted in the
indicated cell culture medium and seeded in 96 well-plates
(black plate, clear bottom, corning, Amsterdam, Netherlands).
The culture medium was replaced aer �16 h by a compound
supplemented medium (200 mL, DMEM, 10% FCS, 0.1% DMSO)
or a medium without compound (DMEM, 10% FCS, 0.1%
DMSO) as a specic control. Aer 24 h and 48 h, viable cells
were stained with 20 mL PrestoBlue reagent per well and incu-
bated for 20 min at 37 �C/5% CO2. Metabolically active cells
reduce the cell permeable dye resazurin into uorescent
resorun, which was measured with a uorescence plate reader
This journal is © The Royal Society of Chemistry 2014
(excitation wavelength 560 nm, emission wavelength 590 nm,
Tecan Innite M1000, Austria).
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