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ABSTRACT

Purpose The objective of this study was to develop a custom-
tailored polymeric drug delivery system for paclitaxel, employing a
novel biodegradable block co-polymer (P), intended to be intrave-
nously administered, capable of improving therapeutic index of the
drug and devoid of the adverse effect of an uncontrolled release.
Methods Paclitaxel loaded nanoparticles (PTX-NPs) were pre-
pared by a modified nanoprecipitation method and emulsification-
solvent evaporation method. Our approach involves a focusing
on the formulation parameters that can be modified in order to
obtain completely customized NPs in terms of size, zeta-
potential, drug content and release profile. The biocompatibility
and anti-proliferative efficiency of PTX-NPs against glioblastoma
cell line were evaluated in vitro by MTS.

Results All formulations showed spherical nanometric (<200 nm),
monodisperse (~0.1), Poly (Ethylene Glycol) (PEG)-coated and
negatively charged particles. Selected NPs revealed higher PTX
content (up to 24%) in comparison with polyester-based NPs.
The release behaviour of PTX from the developed NPs exhibited
an approximately first-order profile, without initial burst and charac-
terized by a slow and constant release. Hydrophobic character of the
NPs can be set in order to achieve a slower and more controlled
release for a prolonged period of time. PTX-NPs were
hemocompatible and had significant in vitro anti-tumoral activity
against human primary glioblastoma cell line (U-87 MG); cytotoxicity
was in time- and drug concentration- dependent manner.
Conclusions The developed drug delivery system proved to be
suitable for intravenous administration. NPs characteristics can be
customized to obtain high PTX loaded NPs that can improve
therapeutic index and avoid an uncontrolled release.
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INTRODUCTION

Cancer is the leading cause of death worldwide (1). Over the
past few years the improvements in nanotechnology had a
revolutionary impact on cancer diagnosis and therapy. Drug
delivery systems offer novel therapeutic opportunities allowing
controlled release of drugs that were previously unsuited to
traditional oral or injectable formulations. An eflicacious and
targeted delivery minimizes side effects and improve
therapeutic efficiency (2). In particular, current anticancer drug
therapy results in systemic side effects due to nonspecific uptake
by healthy tissues, thus limiting the administered dose (3). In the
last years there has been an intensive research on the
development of biodegradable NPs as a suitable means for
controlled drug release and targeting (4). The major goals in
designing NPs as a delivery system are to control surface
properties, particles size, drug loading and release of
pharmacologically active agent (5,6). Surface properties plays
key role on the therapeutic efficacy of NPs. To minimize the
adsorption of opsonins and thereafter the clearance from the
blood, stealthy or long-circulating NPs are achieved by intro-
ducing flexible hydrophilic coating (7). Moghimi D. S. ¢ al. have
demonstrated that the effect of size on NPs biodistribution is
non-linear and organ specific (8). This is due to physical and
physiological barriers that systematically administered NPs
encounter in organs (9). For a suitable i viwo biodistribution
the size of NPs should typically be controlled at less than
200 nm with narrow polydispersities (10). An important pa-
rameter for NPs intended to use in clinical is drug loading (11).
Indeed, at lower drug content, larger amounts of delivery
vehicles need to be administered. To realize effective drug
delivery, a controlled release profile is also important in order
to achieve site-specific action of the drug at therapeutically

@ Springer



3462

Di Mauro and Borrés

optimal rate and dosage regimen. Synthetic polymers, especial-
ly linear polyesters such as poly (e-caprolactone) (PCL),
polylactide (PLA) and poly (lactide-co-glycolide) (PLGA), have
been widely utilized as the polymeric matrix materials of drug
delivery systems (5,12,13). Many methods have been developed
for preparing NPs; these methods can be divided into two main
categories according as the formulation requires a polymeriza-
tion reaction or is obtained by preformed polymer (14). The
nanoprecipitation technique was first developed by Fessi and
co-workers (15). This technique uses interfacial preformed
polymer deposition followed by solvent displacement and the
NPs formation is instantaneous and the entire procedure is
carried out in only one step (16). PLA NPs typically prepared
via nanoprecipitation (5) tend to give NPs with various formu-
lation challenges that remain to be addressed. Moreover, PLA
NPs typically show “burst” drug release profiles in aqueous
solution, with 80-90% of the encapsulated drug rapidly re-
leased during the first few hours (17). Biodegradable NPs have
been used as sustained release vehicles for administering active
agents such as natural or synthetic organic or inorganic entities,
proteins, peptides and nucleic acids. The active agent is either
dissolved, entrapped, encapsulated, or attached to the NPs
matrix (18). Among the encapsulated drugs, PIX is one of
the successful chemotherapeutic agents and it has been
approved to effectively kill a wide variety of solid tumors.
However, the difficulties in clinical applications are due to the
poor water solubility. Commercial formulation of PTX for
clinical treatment is constituted with ethanol and Cremophor
EL, which has been associated with acute hypersensitivity
reaction (19) and side effects including neutropenia, cardiac
arrhythmias, dose-related myalgia, neuropathy and serious
killing of normal cells (20). To achieve desired therapeutic
performance of PTX, various formulations were proposed,
among them liposomes, which can reduce the side effects but
also have some disadvantages such as low entrapment efficiency
(21). In this work, a novel biodegradable block co-polymer (P)
was synthetized to develop a long circulating drug delivery
system for anticancer drugs. A precise correlation between
NPs characteristics and different experimental parameters was
found so as to obtain completely customized NPs in terms of
size, zeta-potential, drug content and release profile. The work
is carried out using lipophilic drug PTX, with the aim to obtain
a very monodisperse NPs population in which NPs could be
equipped with an optimal external hydrophilic coating (PEG-
corona). The drug encapsulation capability as well as & vitro
release kinetics from NPs were also investigated revealing that a
considerable quantity of drug can be loaded; furthermore,
depending on the PTX payload, hydrophobic character of
the NPs can be set in order to achieve a slower and
more controlled release for a prolonged period of time.
The biocompatibility and anti-proliferative efficiency of
PTX-NPs against glioblastoma cell line were evaluated
in vitro by MTS.
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MATERIALS AND METHODS
Materials

1.8-Octanediol (98%) and PEG (M,, 1.5 KDa) were pur-
chased from Sigma (USA). Glutaric acid (99%) was obtained
from Alfa Aesar (USA). PTX (>97%) was provided by Yun-
nan Hande Bio-Tech CO, LTD, P.R. China. FBS was pur-
chased from Lonza, L-Glutamine and Penicillin/
Streptomycin were provided by Labclinics. All other
chemicals of analytical grade were purchased from Sigma
(Sigma—Aldrich, Germany).

Synthesis of Block Co-polymer (P)

Block co-polymer (P) constituted by rigid and flexible alternating
blocks was synthetized by the esterification of 1.8-Octanediol
with glutaric acid and subsequently with PEG 1500. Glutaric
acid (6 g, 45 mmol) and 1.8-Octanediol (5.53 g, 37 mmol) were
reacted in a microwave reactor (Discovery CEM) at a power of
100 W for 1 h. The reaction was performed under vacuum
(100 mbar) with continuous stirring and cooling the system with
compressed air to maintain the temperature constant at 120°C.
Once the glutaric acid exceeding prepolymer or rigid block was
generated, it was subsequently reacted with PEG 1500 which is
added in a 1:1 weight ratio with the prepolymer. The polymer-
ization reaction was performed in the microwave reactor with
the conditions above described. The resulting block co-polymer
(P) was dried at room temperature and used for NPs preparation
without further treatment.

Characterization of Block Co-polymer (P)

To determinate the molecular structure of block co-polymer P a
Fourier Transform Infrared (FTTR) analysis was performed using
a Thermo Scientific Nicolet 1510 spectrophotometer. The com-
position of the P co-polymer was determined by proton nuclear
magnetic resonance 'H-NMR in CDCl; at 300 MHz (Varian
400 MR). The weight-averaged molecular weight and molecular
weight distribution of the obtained polymers were determined
using a gel permeation chromatography (GPC) LaChrome Elite
from Hitachi, with pump and refractive index (RI) detector from
Hitachi. The following conditions were adopted: the column was
Shodex KF-603, the mobile phase was THF HPLC grade, and
flow rate was 0.5 ml/min. The samples were dissolved in THF,
filtered, and then 20 pl were injected. The molecular weights of
the copolymers were determined relative to the standards curve,
prepared using a series of Shodex SM-105 polystyrene standards.

Formulation of NPs

NPs were prepared according to a modified nanoprecipitation
method (or solvent displacement method) (15). 20 mg of P and



High Drug Loaded Customizable Nanoparticles for Controlled Releas

3463

a specified quantity of PTX were dissolved in acetone, a
suitable organic solvent pharmacologically accepted with re-
gard to toxicity, to form the diffusing phase. This phase was
then added to dispersing phase in which the polymer is insol-
uble, by means of a syringe, controlled by a syringe-pump
(KD scientific), positioned with the needle directly in the
medium, under a magnetic stirring of 120 rpm and at room
temperature. The resulting NPs suspension was allowed to stir
uncovered at room temperature until complete evaporation of
the organic solvent. Drug free NPs were prepared according
to the same procedure. To investigate the influence of formu-
lation parameters on NPs formation, size and zeta potential
the following variables were studied:

* methanol, ethanol and water were used as dispersing
phase (no-solvent)

e for each no-solvent, the ratio S/NS was varied from 1:2 to
1:20 (v/v)

* polymer concentration in the organic phase was increased
from 10 to 50 mg/ml

* arange of drug dissolved in the organic phase (theoretical
drug loading) from 0 to 25% was used.

In each set of experiment only one formulation variable
was changed at a time while the other parameters were kept
constant. The NPs were processed as above in triplicate.

Separation of Free from Incorporated Drug

NPs were purified by centrifugation (Hettich Centrifuge, EBA
21, 4,000 g, 45 min.) with ultra-centrifugal device (Amicon
Ultra-15, Ultracel membrane with 100,000 MWCO,
Millipore, USA). The supernatant containing the dissolved
free drug was discarded and the pellet freeze-dried (Telstar,
LyoAlfa 6) for 48 h. Freeze-drying was carried out without
lyoprotectant. The nanoparticle recovery was calculated using

Eq. (1)

NP %) Mass of NPs recovered x 100 )
s recovery =
covery L Mass of polymer and drug used in formulation

Characterization of PTX-Loaded-NPs
Determination of NPs Size and Polydispersities

The NPs size distributions and polydispersity were measured
by Dynamic Light Scattering (DLS) (Malvern Zeta Sizer
Nano Series) at 25°C and at scattering angle of 90° using
sample appropriately diluted with mQ) water. For each sample
the intensity-weighted mean value was recorded as the aver-
age of three measurements. The results were expressed as
mean * S.D for two replicate sample. Further measurements
were performed by Nanoparticles Tracking Analysis (NTA)

(Nanosight LM 10, Laser Module LM 14C), with a 532 nm
laser beam passed through a prism-edged optical flat and
validating all data with video files of the NPs moving under
Brownian motion to determinate NPs size distribution and
monodispersity.

Surface Charge and Morphology

NPs were also characterized with respect to zeta (§)
potential, the analysis was performed in triplicate on
Malvern ZetaSizer (Nano Series) with a Smoluchowsky
constant I (K,) of 1.5 to achieve zeta potential values
from electrophoretic mobility. For each sample the
mean zeta potential was recorded as the average of
three measurements. The results were expressed as
mean £ S.D for two replicate sample. The size and
morphology of the NPs were observed by Transmission
Electron Microscopy (TEM) (Jeol Jem 2011). A drop of
the NPs suspension (10 pl) was placed on carbon elec-
tron microscopy grids (Holey Carbon Film) and air-
dried before analyze at an acceleration voltage of
200 kV without negative staining.

Thermal Characterization

The physical state (crystalline versus amorphous) and miscibil-
ity of PTX in the NPs were characterized by Differential
Scanning Calorimetry (DSC) (Mettler Toledo DSC821e) on
the glass transition temperature (1) or melting point (T,,). As
a control pure PTX, empty NPs and the physical mixture of
PTX with empty NPs (1:1 w/w) was also analyzed. Approx-
imately 4-5 mg of each sample, sealed in a standard alumi-
num pan, was purged with dry nitrogen at a flow rate of
50 ml/min while the sample was heated from 50 to 300°C
at a rate of 10°C/min.

Drug Incorporation Efficiency

Freeze-dried NPs loaded with PTX were dissolved in
acetonitrile and the amount of entrapped drug was
detected by Ultra Performance Liquid Chromatography
(UPLC) (Waters ACQUITY UPLC H-Class). A reverse
phase BEH C18 column (1.7 pm 2.1xX50 mm) was
used. The mobile phase consisted of a mixture of ace-
tonitrile and water (60:40 v/v) and was delivered at a
flow rate of 0.6 ml/min. PTX was quantified by UV
detection (A=227 nm, Waters TUV detector). A cali-
bration curve of standard PTX solution was used to
obtain the PTX concentration, which was linear over
the range of 60.5-0.47 pg/ml with a correlation coeffi-
cient of R?=0.9998. Drug incorporation efficiency was
expressed as drug content (D.C. % w/w) and encapsu-
lation efficiency (E.E. %); represented by Egs. (2) and
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(3), respectively. For each sample the mean value was
recorded as the average of three measurements. The
results were expressed as mean + S.D for two replicate.

Mass of drug in NPs x 100

Mass of NPs recovered

(2)

Drug Content (% X) =
w

. . Mass of drug in NPs x 100
Encapsulation Efficiency (%) = Mass of drug used in formulation 3)

In Vitro Drug Release Analysis

In vitro drug release from PTX loaded NPs was performed
using a modified dialysis-bag diffusion technique, as reported
by Kim ¢t al. and Averineni et al. (22,23). Specifically, a known
amount of freeze-dried PTX-NPs, corresponding to 0.3 mg of
PTX, was suspended in a dialysis bag (regenerated cellulose
tubular membrane, Cellu SEP® T2, nominal MWCO 6000—
8000, membrane filtration products, Inc, TX) containing
15 ml of release PBS solution (0.1 M at pH 7.4 and 0.3% v/
v of Tween-80). The bag containing NPs suspension was
placed in a 50 ml Eppendorf® Tube (Fisher Scientific Com-
pany, Houston, TX) containing 30 ml of release medium (PBS
solution and 0.3% v/v of Tween-80). The whole system was
then placed in an orbital shaking incubator (LM-450D,
Yihder Co., Ltd) at 37°C and at shaking speed of 200 rpm.
At pre-decided time points 1 ml aliquots of release medium
was withdrawn and replaced with an equal volume of fresh
medium to maintain the sink conditions. The withdrawn
aliquots were filtered through a 0.2 pm syringe filter directly
into UPLC vials and immediately capped. The amount of
PTX released in each time interval was determined by UPLC
with a reverse phase BEH C18 column (1.7 pm 2.1 X50 mm).
The mobile phase consisted of a mixture of Acetonitrile/
Ammonium Acetate Buffer (20 mM, pH 4.5)=60/40 deliv-
ered at a flow rate of 0.6 ml/min. PTX was quantified by UV
detection (A=227 nm, Waters TUV detector); the reported
values are averages £ S.D. of three replicates. The percent
drug release was calculated as percentage of the total encap-
sulated drug. For the polymer degradation studies an UPLC
(Waters ACQUITY UPLC H-Class) equipped with a TOF-
MS detector was used, using the same UPLC conditions
above described.

Cell Experiment
In Vitro Immunological Assay
Hemocompatibility of PTX-NPs was evaluated diluting NPs

in PBS (0.1 M pH 7.4) at concentrations of 10 and 100 pg/ml.
Hemocompatibility test was carried out after blood exposure.
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Interaction of NPs with blood was analyzed using normal
human plasma collected under citrate 15 min before starting
blood exposure during 15 min at 37°C and at atmospheric
pressure. First analysis was the hemolysis test and according to
Drabkin’s method, when free hemoglobin <2% NPs were
considered non haemolyitic; 2-5% slightly haemolytic and
>5% haemolytic. Further experiments were blood cell
counting and quantification of complement activation
adopting the determination of the C3a concentration (ELISA
kit). Finally, analysis of the activation of the coagulation either
by the intrinsic (TCA test) or the extrinsic (Quick) pathways
was performed.

In Vitro Anti-proliferative Efficiency

In order to evaluate the cytotoxicity of the PTX-NPs on U-87
MG cells, the cells were grown in DMEM supplemented with
10% FBS, 1% L-Glutamine and 1% Penicillin/Streptomycin
and plated in 96-well plates at a cellular density of
30.000 cells/ml. After 24 h, medium was aspirated and
substituted with 100 pl of various PTX concentration (10,
20 nM) of 3, 5 and 8% theoretical loaded PTX-NPs suspen-
sions. Empty NPs were also examined with the concentration
corresponding to that of 10 nM of PTX. One column, cells
with PTX at 10 and 20 nM, was used as positive control; one
column, cells without NPs, was used as the control; another
column, without cells, was used as the blank. After 1, 4, 6, 8
and 11 days, cell viability was assessed via MTS (CellTiter
96® AQueous One Solution Cell Proliferation Assay,
Promega Corporation, USA) following the manufacturer in-
structions. Briefly, cells were washed with PBS and incubated
with a solution of the MTS reagent and complete media at
37°C. The absorption (A), which represented cell viability was
measured via a microplate reader (Spectramax M2°) at the
wavelength of 490 nm. Cell viability was calculated by Eq. (4)
and the errors bar were obtained from triplicate samples.
Asample=Apiant

control — <L blank

Emulsion-Based PTX Loaded NPs

To demonstrate the capability of block co-polymer P to be
employed as a drug delivery system, NPs were also prepared
by a modified emulsification by sonication-solvent evapora-
tion (24). This method involved the use of an organic phase
consisting of polymer at 10 mg/ml concentration and selected
amounts of PTX, dissolved in 1 ml DCM. This organic phase
was added to an aqueous phase to form an emulsion, which
was broken down into nanodroplets by applying external
energy through a 10 s pulsing (2"on/2"off) sonication at
100% amplitude. Upon the solvent evaporated whit magnetic
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stirring at 300 rpm and under atmospheric conditions for 4 h,
a colloidal suspension of PTX-NPs was obtained. NPs were
purified as described above and freeze-dried with cryoprotec-
tant to ensure optimal re-suspension.

Statistical Methodology

Data for all experiments were expressed as means + SD. The
significance of differences was assessed using Student’s ¢-test,
and was termed significant when P<0.05.

RESULTS AND DISCUSSION
Synthesis and Characterization of P Co-polymer

Block co-polymer P constituted by flexible blocks (PEG 1500)
and rigid blocks (1.8-Octanediol and Glutaric Acid), was
synthetized by polycondensation in a microwave reactor, un-
der vacuum, at 120°C and 100 W (Fig. 1). The identity and
purity (with respect residual monomers) of the co-polymer P
were determined by FTIR. Figure 2 shows a representative
FTIR spectrum of P, which is consistent with the structure of
the expected polymer. It shows that the strong band at
1,732 em ™! is assigned to C=O stretch of the ester band.
The absorption band at 3,449 cm™' is attributed to the
terminal hydroxyl group and that at 1,500-1,045 cm™" is
due to the C—O stretching of the ester band. C-H stretch of
CHjy is observed at absorption band 2,919-2,850 cm . The
composition of P co-polymer is confirmed by 'H-NMR
(Fig. 3). One of the prominent features is a large peak at
3.64 ppm (peak b), corresponding to the methylene groups
of the PEG 1500. The multiplets at 4.06 and at 1.61 ppm
(peak a and e) correspond to the CHy protons of 1.8-
octanediol. The multiplets at 2.37 and 1.94 ppm (peak ¢ and
d) are assigned to the glutaric acid methylene protons in o and
B position relative to carbonyl group, respectively. The
weight-averaged molecular weight and molecular weight dis-
tribution of the obtained prepolymer and P co-polymer were
determined by means of GPC. The molecular weight were
found to be 1,069 and 2,335 for the prepolymer and P co-
polymer, respectively. The PDI was narrow, which was
around 1.8 for the prepolymer and 2.01 for the P co-polymer.

Preparation and Characterization of NPs

Effects of Varying Formulation Parameters to Control NPs Size
and Zeta Potential

NPs with and without PTX loading and based on different
formulation parameters were prepared by a modified
nanoprecipitation method (15). An experimental design of

NPs fabrication was selected to investigate how formulation
variables (no-solvent type, solvent/no-solvent ratio and poly-
mer concentration) could affect NPs characteristics. The ex-
periments were designed with the ultimate goal of tailoring
NPs in terms of size and zeta potential. As a starting point for
controlling NPs characteristics, we first studied the effect of
different no-solvent types used to disperse organic phase.
Senichev ¢f al. have demonstrated that a solvent/no-solvent
(S/NS) system affects the diffusion rate and thus the NPs size
(25). To analyze the impact of a S/NS system we studied the
affinity of the solvent (acetone) for the no-solvent by means of
the interaction parameter (x). This interaction is expressed as:

Vas

X = ——(05=0xs)* (5)

" RT

Where Vg 1s the molar volume of the non-solvent (here,
methanol 40.7 cms/mol, ethanol 58.5 cm®/mol and water
18.016 cm®/mol) and & is the Hildebrand solubility parame-
ter. The calculated interaction parameters (Table I) were then
plotted against NPs size and presented in Fig. 4. As expected,
the higher the interaction parameter, the larger the NPs. We
chose to investigate the relationship between NPs size and
S/NS miscibility and observed a dependence of NPs size on
the solubility parameter. As shown in Fig. 5 an increase of
S/NS miscibility (decrease in Ad, as indicated by the arrow
shown in Fig. 5) led to a decrease in the mean NPs size, with all
other formulations parameters held constant.

Concurrently with the investigation of the effect of S/NS,
we studied the effect of altering the S/NS ratio during
nanoprecipitation. When the ratio of diffusion of the acetone
into the non-solvent was varied for a fixed polymer concen-
tration (Fig. 5), a correlation of NPs size with S/NS ratio was
observed. This correlation was remarked for all polymer
concentrations and for two of the non-solvent types tested
(Fig. 6). In water, for example, at 10 mg/ml polymer concen-
tration, NPs size increased from 116.5+£0.9 to 174.4%£1.2 nm
as the ratio S/NS decreased from 0.5 to 0.05, respectively
(mean * SD, n=3 for each formulation; p>0.05). For meth-
anol the correlation is inverse than water, it was found that the
higher solvent/non-solvent ratio, the bigger NPs; for example,
at 50 mg/ml polymer concentration, NPs size decrease from
125.4+1.7 to 73.63£0.15 nm as the ratio S/NS decrease
from 0.5 to 0.05, respectively. For the ethanol, no clear
correlation between the NPs size and S/NS ratio was found.
On the other hand, a clear dependence of the NPs size from
polymer concentration in the diffusing phase, was observed
for all the non-solvent types tested. When polymer concentra-
tions were varied during NPs fabrication at a fixed S/NS
ratio, an increasing NPs size with increasing polymer concen-
tration is observed (Fig. 6). For example, at 1:10 acetone/
ethanol ratio, NPs sizes were 84.81+2.5, 102.7£0.47, 134.8+
1.7 nm when the polymer concentration were 10, 20,
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Fig. I Schematic diagram of the
synthesis of block-co polymer P by
polycondensation.
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50 mg/ml, respectively. Similar trends were observed in all
other solvents investigated. Regarding polymer concentration
has to be taken into consideration that a too high polymer
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Fig. 3 'H-NMR spectra of P co-polymer in CDCI3.

solvent toward the non-solvent. Other authors found also that
the higher the polymer concentration in the solvent, the
higher loss of polymer; they explained this effect in terms of
the intrinsic viscosity and interaction constants (26). Also we
studied the effects of varying formulations parameters on {
potential. This is an important index for the stability of the
NPs suspension. High absolute value of zeta potential indi-
cates high electric charge on the surface of the NPs, which can

Table I Non-solvent Miscibility Properties and Calculated Interaction Param-
eters ¥ of Solvent/Non-solvent Binary Mixture

Non-Solvent  Solubility parameter,  Ad Interaction parameter®® x
5 (MPa)'”?

Water 48 283 514

Methanol 29.7 10 l.44

Ethanol 262 6,5 0.87

“Solvent: Acetone

® Calculated using Eq. (5)and for T =25°C (298 K). Polymer was not take into
account

cause strong repellent forces among particles to prevent ag-
gregation (27). All NPs batches were found negatively charged
with a value depending on the S/NS ratio and polymeric
concentration. As shown in Fig. 6 the zeta potential ranged
~20 mV for water, ~12 mV for methanol and ~7 mV for
ethanol. A clear correlation of { potential with formulation
parameters was found for water; for a fixed polymer concen-
tration, the lower the ratio S/NS, more negative the zeta
potential. When polymer concentration were varied during
NPs fabrication at a fixed S/NS ratio, it was found that the
higher polymeric concentration, less negative NPs. Higher
negative value (—32 mV) was obtained at 10 mg/ml polymeric
concentration and 1:20 S/NS ratio. Methanol exhibited the
same correlation with { potential values moving in a narrow
range. Lower negative value (=5 mV) was obtained at
50 mg/ml polymeric concentration and 1:2 S/NS ratio. As
though for the size, no clear correlation between zeta potential
and formulation parameters was found for ethanol. A  poten-
tial in this range is often observed in polyester nanoparticles and
a value of about — 25 mV ensures a high-energy barrier that
stabilizes the nanosuspension (28).
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Fig. 4 Relationship between 300+
calculated interaction parameter X
of binary S/NS mixture and NPs size 250 4 O
(¢ Ethanol, A Methanol, o Water).
NPs size determined by DLS.
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Size Distribution and Zeta Potential

All formulations formed monomodally distributed NPs in the
desire range below 200 nm (Fig. 6). The NPs size for all three
non-solvent and for the investigated concentrations ranged
from 70 to 200 nm and the size distribution was narrow with
polydispersity in the range from 0.05 to 0.282. All formula-
tions exhibited a net negative charge with { potential values
ranging from —32 to =3 mV (Fig. 6).

Optimized Nanoprecipitation Variables

The initial approach to obtain PTX loaded NPs involved the
choice of acetone and water as components of our
nanoprecipitation based system. Acetone is not a concern in
terms of toxicity, it belongs to Class 3 according to the ICH
solvent toxicity scale (Class 3 solvent present very low risk to
human health). Acetone has a low dielectric constant value
which destines it a rather lipophilic drug encapsulation. The
use of water as diffusing phase 1s the most appropriate; indeed
the presence of the residual solvent is minimized only to
residual acetone. In the following studies, the polymer con-
centration was fixed at 20 mg/ml with acetone/water ratio as

Fig. 5 Effect of varying formulation . L
parameters on NPs size: modifying = %
the non-solvent type and the 2 £
acetone/non-solvent ration (1:2, g w
1110, 1:20). NPs size determined =) B
by DLS; data represented mean = 25 s
SD (n=3). oh] °
(=3 g = =
s
s 5
@ K5}
= =
2]
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Interaction parameter y

1:20. The optimized NPs were further investigated by NTA
and DLS. PTX-NPs size distribution is rather monodisperse
with a mean of about 180 nm, confirmed by NTA (Fig. 7a, c)
and by DLS (Fig. 7b). No influence was exerted by PTX on
the { potential value of NPs (—26 mV).

Surface Morphology

The morphology images of the 3% PTX-NPs obtained from
TEM indicate that the NPs can be estimated around 130—
180 nm in size and are spherical in shape with a smooth
surface. In the TEM photos, “PEG corona” on the NP surface
could be observed (Fig. 8). A further confirmation of the PEG
corona surrounding NPs (marked in Fig. 8c with white arrow)
was obtained by tilting angle experiments. The TEM carbon
grid was tilted from 0° (Fig. 8c) to 45° (Fig. 8d); the PEG
corona thickness remained unchanged, excluding a hypothet-
ical aberration caused by the electrons beam interaction with
the spherical surface (aberration occurred for the carbon grid
spot marked with black arrow in Fig. 8c). An optimal external
hydrophilic coating can improve stealthy behavior avoiding
recognition by the reticuloendothelial system.

25 50 75

100 125 150
NPs size (nm)

175 200 225 250
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Fig. 6 Correlation of polymer ¢ 10 20 30 40 50 60
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Drug Incorporation Efficiency

The influence of the theoretical loading of PTX into P co-
polymer NPs was examined. An increase in the theoretical
loading from 2 to 20% w/w led to a corresponding increase in
drug content from 3.8£0.2 to 24£3.5% w/w (Fig. 9). Along
with drug content, encapsulation efficiency was analyzed and
as shown in Fig. 9, the encapsulation efficiency remains con-
stant approximately at 63+0.7% with increasing theoretical
PTX loading. Our results are consistent with those reported
by Danhier et al. (29), where 70% PTX E.E. into PLGA NPs
was obtained with the nanoprecipitation methods. The results
of this study are encouraging, because the drug contents are
much higher than other polyester-based NPs (30). Generally,
it was reported that the D.C. of PTX was about 3% in the
nanoprecipitated NPs when the initial PTX loading was 4%
(w/w) (30). Emulsioned PEG-PLA NPs reported by Q, Hu
etal. (31,32) reach a drug content ranging from 1 to 3% along
with an encapsulation efliciency of about 50%. When PLGA
NPs are emulsioned with TPGS, which act as an emulsifier
enhancing emulsification efficiency, PTX E.E. increases up to
80%, otherwise PTX D.C. does not exceed 3% (33).

As shown in Table IT moderate NPs recovery yield after
freeze-drying was achieved, ranging from 47.5+6.1 to 64.5+

7% for lower and higher theoretical PTX loading,
respectively.

We hypothesize that high D.C. and PTX depending NPs
recovery yield, are most likely due to the arrangement of the
hydrophobic P co-polymer regions when forming NPs. In-
deed, PTX acting as binding agent facilitates
nanoprecipitation probably by increasing lipophilic interac-
tion among hydrophobic P co-polymer blocks. Supposedly,
polyester regions of the P co-polymer are in close contact to
PTX while PEG groups are directed to NPs surface to interact
with water.

DSC

To determinate the physical status of PTX inside NPs, DSC
analysis was performed. The results are shown in Fig. 10. Pure
PTX showed an endothermic melting peak at about 223°C,
shifted to lower temperature (210°C) in the thermograph of
the physical mixture. Three percent PTX-NPs did not show a
melting peak, such as the free-drug NPs, demonstrating that
the polymer imnhibited the crystallization of PTX during NPs
formation. Therefore, it could be assessed that the PI'X in the
NPs was in an amorphous or disordered crystalline phase of a
molecular dispersion or a solid solution state in the polymer
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Fig. 7 PTX-NPs size distribution plots obtained by (@) NTA, (b) DLS and (c) NTA sample video frame of NPs moving under Brownian motion.

matrix after the production. Increasing NPs drug content,
PTX remains in amorphous phase for theoretical drug load-
ing of 5%. The 15% PTX-NPs showed a sharp melting peak
at about 230°C indicating that a fraction of PTX was crystal-
line and did not dissolve in the P co-polymer matrix. There-
fore, while PTX in the 3 and 5% sample completely dissolved
in P co-polymer matrix, phase separation between PTX and P
co-polymer occurred for the 15% PTX-NPs sample. Our
results are consistent with previous findings by Mu et al. (34)
that phase separation and crystallization of hydrophobic drugs
like PTX can occur in NPs at high drug loading.

In Vitro Drug Release from PTX-NPs

The release profile of PTX from different formulations are
presented in Fig. 11. For the different PTX loaded co-
polymer NPs, the release pattern displayed an approximately
first-order release, without initial burst and with a drug release
reaching completion in approximately 12 days for 3% PTX-
NPs. Figure 11 also shows PTX release profile in the first

@ Springer

hours of test; it’s possible to appreciate that the release is very
slow and constant with approximately 6.2% of PTX released
in 3 h from 3%-PTX-NPs. NPs with higher drug loading (10,
15%) showed the same trend with a slower release and around
of 60% of PTX was released in 12 days. Since NPs are
prepared by the same co-polymer P, the difference in PTX
percentage released can be explained as follows. For 10 and
15% PTX loaded NPs, a considerable amount of drug is
present in the bulk. This higher PTX content (w/w) in the
polymeric matrix consequently bestow on NPs greater hydro-
phobic character, leading to slower release. Moreover the
initial burst absence and the nearly linear behaviour demon-
strate the absence of adsorbed drug on NPs surface. In vitro
PTX release from polyester-based NPs usually present biphas-
ic profile or very fast complete drug release. PHA (Poly
Hydroxyalkanotes) and poly e-CPL for example, released
over 50% of PTX in the first hours (30,35). On the other
hand PDLLA/PLGA PEG NPs exhibited a lower burst effect,
but nevertheless the total cargo is released in 2 and 4 days,
respectively (30,32), which, generally, is too fast to meet
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Fig. 8 TEM images of (a, b) PTX-
NPs at different magnification and
(c, d) PTX-NPs (white arrow)
subjected to tilting angle
experiments to assert PEG corona
thickness remained unchanged;
TEM carbon grid tilted from 0° (c)
to 45° (d).

therapeutic needs. With respect to our PTX co-polymer NPs,
wn vitro kinetic shows a release that is proportional to NPs co-
polymer matrix degradation and depending on the total car-
go, allows PTX to be released in a modulated and controlled
way. This may be explained supposing PTX acts as binding

agent, thus higher PTX weight content in the matrix material
makes the NPs possess greater hydrophobic character, leading
to limited water entry into the NPs core.

Along with i vitro drug release we also analyzed the deg-
radation products of the NPs. Polyester-based NPs undergoes

Fig. 9 Drug Content (DC % wAv) 30 - r 100
and Encapsulation Efficiency (EE %) L %
of PTX-NPs as a function of o5
theoretical PTX loading. 1 F80
I
F 70
= 20 CE
& [0}
= F60 5
g i
S 15 L 50 o
© g
S L4 8
O 10 - a
L 30 &
c
|
F 20
5 4
10
0 T T T T 0
0 5 10 15 20

Theoretical Drug Loading (%)
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Table Il NPs Recovery (%), D.C.

(%) and E.E. (%) as a Function of Theoretical drug loading %

NPs recovery (%) =

Drug Content % (W) = Encapsulation Efficiency

Theoretical Drug Loading (Whw) SD. SD. (Whv) %
2 49,542 38+0.2 61,5117
3 47,5%6,1 42+03 587x1,6
5 48,2+39 76+14 60,6+13
8 57,5+67 104=1.7 59+19
10 56=7,1 13,1 =13 656+23
15 64,5+7 19833 69,128
20 6068 24x35 66,7+3,1

degradation by hydrolysis or biodegradation through cleavage
of its backbone ester linkages into oligomers and, finally
monomers. This has been demonstrated in both i viwo and
in vitro (36,37). The degradation process for polyester-based
NPs is mainly through uniform bulk degradation of the matrix
only where the water penetration into the matrix is faster than
the rate of the polymer degradation. Furthermore, the in-
crease of carboxylic end groups as a result of biodegradation
autocatalysis the process. The presence of the drug may alter

the degradation mechanism combining bulk erosion with
surface degradation, as well as affect the rate of matrix deg-
radation. We studied the degradation of the NPs in terms of
formation of polymer degradation products, to ensure that
PTX release was related with polymer degradation, and it
could not be attributed to a simple diffusion of the encapsu-
lated drug through the polymer core matrix. Therefore, we
tried to indirectly demonstrate that drug release is a good
indicator of the polymer degradation. Analyzing the drug

Free-drug NPs

3% PTX NPs

5% PTX NPs

15% PTX NPs

——
——
—
"'\_.r--—_.\_/‘

Physical mixture

o
) Il L

t T 1 t t + t t 1 ¢ t
14 24  mn

Fig. 10 Differential Scanning Calorimetry (DSC) thermographs of PTX, free-drug NPs, 3, 5, 15% PTX-NPs, and NPs/PTX as physical mixture (I: 1 wAw).
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Fig. 11 In vitro release kinetics of

PTX from P co-polymer NPs at 3, 100 -
10, 15% whw theoretical drug

content (PBS 0.1 M with 0.3% v

Tween-80, pH 7.4, 37°C) Mean = 80

SD (1=3).

60

40

PTX released (%)

20

—&—10% PTX-NPs

—A—15% PTX-NPs

—B— 3% PTX-NPs

release medium by UPLC-TOF-MS, at day 10, two groups of
peaks, at high (Fig. 12) and at low molecular weight (Fig. 13)
can be detected.

Analyzing the mass spectrum (Fig. 12a) the product detect-
ed at high molecular weight can be identified as PEG with a
molecular weight arount 1,500 Da. This fact corroborated
that PEG 1s one of the degradation byproducts of the polymer
as expected. Also another family of peaks was identified with a
molecular weight 0of 411.27 Da, as shown in Fig. 13. This peak
was identified as the hydrophobic polymeric chain of the
polymer constituting NPs (see Fig. 13) and confirms that the
main mechanism of the polymer biodegradation is the hydro-
lysis of the polyester bond between the polyester block and the
PEG moiety. These two families of degradation products were
not found when the release medium was analyzed the first day
of the release kinetic experiment.

Cell Experiments
In Vitro Immunological Assay

Analyzing microscopic picture of the whole blood after
NPs exposure, no change in morphology is observed on
RBC’s, white cell and platelets (data not shown). Our
results highlight that NPs and PTX-NPs are not
haemolytic (<2%). In regards to cells counting, no sig-
nificant change was observed in RBC’s, WBC’s and

platelet counting at the concentration evaluated. Ana-

lyzing C3a concentration by ELISA assay, no significant
activation of complement is observed in presence of the
NPs suspension. Along with complement system, no
relevant activation of coagulation by intrinsic or the
extrinsic pathway was remarked.

In Vitro Anti-proliferative Efficiency

The n vitro anti-proliferative effect of drug-free NPs and
PTX-NPs on U-87 MG cells was evaluated using MTS
assay and PTX as comparison. As shown in Fig. 14a
and b no obvious cytotoxicity was observed for the
drug-free NPs. The synthetized block co-polymer (P)
biocompatibility was confirmed since the drug-free NPs
showed no decrease in cellular viability. Cells were
incubated with 3, 5 and 8% PTX-NPs at 10 and
20 nM PTX concentrations. This range of concentra-
tions was selected because it corresponds to plasma
levels of the drug achievable in humans. As can be seen
in Fig. 14a, a marked reduction in cell viability (10%)
was observed when U-87 MG cells were incubated
11 days with 3% PTX-NPs at 10 nM. For the same
incubation time, PTX showed similar toxicity than 3%
PTX-NPs, otherwise for 5 and 8% PTX-NPs a slighter
effect was observed, with 76 and 80% survival rate,
respectively. With increasing PTX concentration at
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Fig. 12 UPLC-MS spectrum of release medium at day 10; (@) high molecular weight distribution; (b) spectrum zoomed on 907.5724 peak.

20 nM, a significant reduction in U-87 MG cells viability was
achieved in shorter incubation times and for all formulation
tested. As shown in Fig. 14b, at this concentration the cell
growth was strongly inhibited after 4, 8 and 11 days for 3, 5,
8% PTX-NPs, respectively, with a reduction of approximately
50% 1in cell viability. Again, PTX at 20 nM showed similar
effect on U-87 MG cells than 3% PTX-NPs, indicating that
the developed PTX-NPs system did not decrease the PTX
activity on tumoral cells and that the cytotoxicity against U87
MG cells was in time- and drug concentration-dependent
manner.

100

Fig. 13 UPLC-MS spectrum of
release medium at day 10, low
molecular weight distribution.

%
|

Characterization of Emulsion-based PTX NPs

Emulsioned NPs showed a size of 176.4+2.5 nm with a
polydispersity of 0.321£0.02 and zeta potential of —39%
1.17 mV (Table III). Unlike precipitated NPs, emulsioned
NPs required lyoprotectant to assure optimal resuspension in
water after freeze-drying. As shown in Table III various
lyoprotectants were used and mannitol at 10% (w/v) allowed
to obtain NPs with same characteristics prior to freeze-drying.
Drug encapsulation studies showed an increase in drug con-
tent from 4+0.4 to 11.7+ 1 when the initial theoretical drug

411.2730

412.2770
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Fig. 14 Cell viability on U-87 MG a
incubated with PTX, NPs (drug 120 -
free) and 3, 5, 8% PTXNPs at (a)
[0 and (b) 20 nM PTX 100 |
concentration after | | days cell T
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loading ranged from 3 to 12%. It’s important to notice that
the drug content was referred to freeze-dried NPs recovered,
so the values shown were not taking into account the NPs
recovery yield (data not shown). The results were expressed as
meantS.D. for three replicate samples. The results confirm
the versatility of block co-polymer P and demonstrate its
capacity to be employed as a drug delivery system. Indeed,
satisfactory findings about size, PDI, zeta-potential and drug
content were obtained by using nanoprecipitation as though
emulsification-solvent evaporation techniques (Table IV).

Table Il Mean Particle Size and Size Distribution (PDI) of Emulsioned NPs
in the Absence or Presence of Different Lyoprotectant

Lyoprotectant used and Size (nm) = S.D. PDI = S.D.
concentration % (WA)

No freeze-dried 176,425 0,32+0,0
No Lyoprotectant n.m. I
Sucrose, 10 2202=1,1 0,31+0,02
Glucose, 10 195,11 £5,6 0,46 +0,05
Lactose, 5 211,9+34 0,24=0,00
Mannitol, 10 1755%+3,8 0,33+0,05
Pva, 2 66,5+ 17 09+0,1

N
[}
<3
=

CONCLUSIONS

We have developed a nanoparticluate system for controlled
release of anticancer drug PTX. A novel block co-polymer (P)
was successfully synthetized to obtain via nanoprecipitation or
emulsification-solvent evaporation method, a very monodis-
perse PTX-NPs population. A clear correlation between NPs
characteristics and formulation parameters was found in order
to entirely customize NPs in terms of size, zeta-potential, drug
loading and release profile. Selected PTX-NPs showed a
spherical shape with particle size of ~180 nm, polydispersity
of ~0.1 and with a surrounding PEG corona on the surface.
PTX content of NPs was easily increased up to 24% (w/w)

Table IV D.C. (%) of Emulsioned

NPS Theoretical Drug Content
Drug Loading % (Wiw) =
(%, whv) SD.
3 4+04
4 6,2+0.6
8 82+0.6
10 9,1=1.1
12 7=+l
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limited only by the physical state change of the drug (amor-
phous<15%). High D.C. makes the system suitable for intra-
venous administration since no very concentrated solutions
can be injected. High D.C. was probably due to strong lipo-
philic interactions of PTX with hydrophobic inner region of
NPs. Consequently, i vitro PTX release from NPs, exhibiting
an approximately first-order profile, depended on total cargo,
with complete release approximately in 12 days for 3% theo-
retically loaded NPs. Higher PTX loaded NPs, limiting water
entry, showed a similar trend, characterized by absence of
initial burst release but with a slower release of approximately
54 and 45% for 10 and 15%, respectively, at day 9. In wvitro
cellular studies demonstrated that block co-polymer-based
NPs were biocompatible, and the PTX loaded NPs had
significant 2 vitro anti-tumoral activity against human primary
glioblastoma cell line (U-87 MG). The cytotoxicity against
U87 MG for PTX-NPs was in time- and drug
concentration-dependent manner. The results appear to jus-
tify further investigation on the suitability of the system for
targeting PTX-NPs through surface functionalization with
target-specific ligands.
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