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ARTICLE INFO ABSTRACT

In this paper, we describe the preparation of polymeric nanoparticles (NPs) loaded with sorafenib for the
treatment of hepatocellular carcinoma (HCC). A synthetic brush copolymer, named PHEA-BIB-ButMA (PBB), was
ATRP synthesized by Atom Trasnfer Radical Polymerization (ATRP) starting from the a-poly(N-2-hydroxyethyl)-p,L-
Sorafenib aspartamide (PHEA) and poly butyl methacrylate (ButMA). Empty and sorafenib loaded PBB NPs were, then,
Tumor targeting . produced by using a dialysis method and showed spherical morphology, colloidal size, negative { potential and
Hepatocellular carcinoma . . . . . . .

the ability to allow a sustained sorafenib release in physiological environment.

Sorafenib loaded PBB NPs were tested in vitro on HCC cells in order to evaluate their cytocompatibility and
anticancer efficacy if compared to free drug. Furthermore, the enhanced anticancer effect of sorafenib loaded
PBB NPs was demonstrated in vivo by using a xenograft model, by first allowing Hep3B cells to grow sub-
cutaneously into nude mice and then administering sorafenib as free drug or incorporated into NPs via in-
traperitoneal injection. Finally, in vivo biodistribution studies were performed, showing the ability of the pro-
duced drug delivery system to accumulate in a significant manner in the solid tumor by passive targeting, thanks

Keywords:
a-Poly(N-2-hydroxyethyl)-p,L-aspartamide

to the enhanced permeability and retention effect.

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common neo-
plasm and the third most frequent cause of cancer death, being the
leading cause of death among patients with cirrhosis [1].

HCC occurs in people with chronic liver disease, such as chronic
viral hepatitis infection (hepatitis B or C), exposure to toxins, aflatoxin
or chronic use of alcohol. Certain diseases, such as hemochromatosis
and alpha 1-antitrypsin deficiency, markedly increase the risk of de-
veloping HCC [1]. HCC is a highly vascularized tumor, the angiogenesis
process causes a rapid development of the tumor, followed by invasion
and metastasis. Consequently, therapy options for HCC are limited,
conventionally divided into curative and palliative. Surgical resection is
the major curative technique, but it is very limited for patients with
multiple or metastatic tumors. Therefore, it is of great importance to
search for effective chemotherapeutic agents to improve the survival

rate of patients with advanced or recurrent HCC after surgical treatment
[2].

Sorafenib (Fig. 1) is the first drug currently approved by the US
Food and Drug Administration (FDA) for the first-line treatment of
unrespectable HCC [3]. It is the first therapy to prolong median survival
and the time progression by nearly 3 months in HCC patients, re-
presenting the new reference standard for the treatment in HCC pa-
tients. Although sorafenib is the most promising drug, capable of in-
creasing the overall patient survival, as well as of delaying the
progression of the pathology in patients with advanced HCC, its severe
systemic side effects (as hand-foot skin reaction, decreased heart blood
flow, heart attack, perforation of the bowel, change in thyroid hormone
levels, loss of appetite, tiredness, diarrhea, rash, etc.) significantly affect
patients quality of life and may possibly require the interruption of the
treatment. Furthermore, the poor solubility of sorafenib in aqueous
environments strongly limits its application.
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Fig. 1. Chemical structure of sorafenib tosylate.

Some of these problems could be overcome by using polymeric-
based nanoparticles (NPs), as evidenced by the strong efforts made by
researchers of different fields for the production of drug delivery na-
nosystems loaded with sorafenib [4-10]. NPs can reach specific sites via
either active or passive targeting, exploiting in this case the enhanced
permeability and retention effect (EPR) [11-15], enhancing the in-
tracellular concentration of drugs in cancer cells, while avoiding toxi-
city in normal ones. Moreover, NPs show other unique properties as
drug delivery systems, like higher therapeutic efficacy, the ability to
encapsulate and to release poorly soluble drugs.

In fact, NPs designed to deliver chemotherapeutic agents in cancer
therapy, offer many advantages to improve drug delivery and to over-
come many problems associated with conventional chemotherapy,
improving at the same time the stability, solubility and pharmacoki-
netics properties of the carried drugs [11].

Being NPs a potential strong platform for a better and more specific
delivery of cancer therapeutics, in this work we developed a drug de-
livery system, based on the synthetic polymer a-poly(N-2-hydro-
xyethyl)-p,L-aspartamide (PHEA) [16,17], loaded with sorafenib for the
treatment of HCC. PHEA is a biocompatible water-soluble poly-
aminoacidic polymer, whose derivatives have been largely used for
tissue engineering [18,19], drug and gene delivery applications
[20-25], with a focus for targeted hepatic delivery [6,26].

PHEA was derivatized with a-bromoisobutyryl bromide (BIB), used
as a “macroinitiator” for the polymerization via Atom Transfer Radical
Polymerization (ATRP), and with the hydrophobic monomer butyl
methacrylate (ButMA) [27], in order to make the final derivative,
PHEA-BIB-pButMA (PBB), suitable for the preparation of NPs. PBB was
already used by our research group to encapsulate and release hydro-
phobic drugs, such as beclomethasone and flutamide, showing its po-
tentiality to produce sorafenib containing particulate systems [28].
Moreover, ATPR technique, a versatile controlled radical polymeriza-
tion process, enables a precise control of polymer molecular weight,
polydispersity index and functionality, making its synthesis easily re-
peatable.

By using the dialysis method, PBB was employed to produce sor-
afenib containing NPs, whose properties were studied in terms of par-
ticle size and morphology, zeta potential and in vitro drug release rate.
Cytocompatibility and anticancer efficacy of sorafenib loaded PBB NPs
were studied in vitro towards human HCC cells (HepG2 and Hep3B).
Then, sorafenib loaded PBB NPs were administered parenterally, by
using the intraperitoneal route of administration in a xenograft model,
obtained by inoculating Hep3B cells in male nude athymic mice. The
effect of the produced drug delivery system on the tumor was finally
investigated in terms of anticancer efficacy and tumor accumulation.

2. Experimental section
2.1. Materials

The 2-bromoisobutyryl bromide (BIBB), poly butyl methacrylate
(pButMA), dimethylamine (DMA), dimethylformamide (DMF), me-
thanol, copper bromide [Cu(I)Br], 2,21—bipyridy1 (Bpy) and triethyla-
mine (TEA) were purchased from Sigma-Aldrich (Italy). All reagents
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were of analytic grade, unless otherwise stated. Monomethyl ether
hydroquinone, the stabilizing agent used in the commercial available
ButMA, was eliminated through basic activated aluminum oxide
column.

Sorafenib tosylate (Fig. 1) was a generous gift of SIFI S.p.A. (Italy).

a,3-poly(N-2-hydroxyethyl)-p,L-aspartamide (PHEA) was prepared
and purified according to a procedure elsewhere reported [29]. Spec-
troscopic data (*H NMR) were in agreement with the attributed struc-
ture [29]. 'H NMR (300 MHz, D,0, 25 °C, §): 2.82 (m, 2H, -CH-CH,-CO-
NH-), 3.36 (t, 2H, -NH-CH,-CH,-OH), 3.66 (t, 2H, -CH,-CH,-OH), 4.72
(m, 1H, -NH-CH-CO-CHy-).

2.2. Methods

M,, of PHEA and PHEA-BIB were determined by Size Exclusion
Chromatography (SEC) by using poly (ethylene oxide) standards (range
145-1.5 kDa) were used to obtain the calibration curve. SEC analyses
were performed with two ultra-hydrogel columns from Waters (500 and
200 A) (Milord, MA, USA) connected to a Waters 2410 refractive index
detector. A buffer solution at pH 4 was used as an eluent at 37 °C with a
flux of 0.8 mL/min. M,, of PHEA used in this study, determined by size
exclusion chromatography (SEC) analysis, was 42.1kDa
(M,,/M, = 1.8).

M,and M,/M, of PHEA-BIB-pButMA were determined by SEC in
organic media using two Phenogel columns from Phenomenex (10*®
and 10°%) connected to a Water 2410 refractive index detector and
using a 0.01 M LiBr DMF solution as an eluent with a flow of 0.8 mL/
min. The column temperature was set at 50 °C.

'H NMR spectra were obtained by a Bruker Avance II-300 spectro-
meter, working at 300 MHz.

Mean size (nm) and polydispersity index (PDI) of nanoparticles
were determined by photon correlation spectroscopy (PCS) using a
Zetasizer Nano ZS (Malvern Instrument, Malvern, U.K.). Measurements
were carried out at a fixed angle of 173° at a temperature of 25 °C by
using twice-distilled water as dispersing medium.

{-potential values (mV) were measured using principles of laser
Doppler velocimetry and phase analysis light scattering (M3-PALS
technique), calculating these values from the electrophoretic mobility
using the Smoluchowsky relationship and assuming that k-a»1 (where k
and a are the Debye-Hiickel parameter and particle radius, respec-
tively).

2.3. Synthesis of a,-poly(N-2-hydroxyethyD)-co-[N-2-ethylene(2-
bromoisobutyrate) ]-p,1-aspartamide (PHEA-BIB) macroinitiator

PHEA-BIB copolymer was synthesized as elsewhere reported [30].
Briefly, PHEA (500 mg; 3.1 mmol of hydroxyethyl-aspartamide re-
peating units) was dissolved in 10 mL of anhydrous DMA at room
temperature, followed by the addition of a suitable amount of TEA
(molar ratio between TEA and PHEA equal to 1). BIBB was then added
under argon atmosphere (molar ratio between BIBB and PHEA moles
equal to 1) maintaining the reaction temperature at 0 °C. Subsequently,
the reaction mixture was left at room temperature for 4 h and then
precipitated dropwise into diethyl ether. The solid product was washed
twice in diethyl ether, dried under vacuum, dialyzed against distilled
water (MWCO 12-14 kDa) and freeze-dried.

'H NMR (300 MHz, DMF, 25°C) &: 1.90 (s, 6H, CHj isobutyril
bromide groups), 2.84 (m, 2H, CH2 of PHEA), 3.38 (m, 2H, CH, of
PHEA), 3.68 (m, 2H, CH, of PHEA), 4.33 (m, 2H, CH, of PHEA), 4.76
(m, 1H, CH of PHEA).

M, and M,/M, of PHEA-BIB were evaluated by SEC analysis by
using the above described method.
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2.4. Synthesis of a,B-poly(N-2-hydroxyethyl)-co-{N-2-ethylene-[2-poly
(butyl methacrylate)-isobutyrate] }-p,1-aspartamide [PHEA-BIB-pButMA
(PBB)] copolymer through ATRP

PHEA-BIB-pButMA (PBB) copolymer was synthesized as elsewhere
reported [28,31]. 150 mg of PHEA-BIB (0.255 mmol of side chain BIB
groups) were dissolved in a previously degassed 1:1 DMF/MeOH (v/v)
mixture (12 mL), then butylmethacrylate was added in order to obtain a
molar ratio between butylmethacrylate monomer and BIB in the mac-
roinitiator equal to 10. Later, Cu'Br catalyst (being the molar ratio
between Cu'Br and BIB linked group equal to 1) and Bpy (being the
molar ratio between the Bpy and BIB linked group equal to 4) were
added under continuous stirring and argon bubbling. The reaction so-
lution was left under argon atmosphere at 50 °C for 20 h, and then
stopped by opening the reaction vessel until the complete oxidation of
copper.

The reaction mixture was precipitated dropwise into a mixture of
water:MeOH at the volume ratio 1:1 and the resulting solid residue was
washed twice in the same solvent. The white residue was purified by
exhaustive dialysis (MWCO 12-14 kDa) and freeze-dried.

'H NMR (300 MHz, DMF, 25 °C, TMS) &: 1.29 (m, 6H, CH; of BIB),
1.56 (m, 2H, CH, of ButMA), 1.68 (m, 2H, CH, of ButMA), 1.94 (s, 6H,
CHs of BIB), 2.65 (m, 2H, CH, of PHEA), 3.16 (m, 2H, CH, of PHEA),
3.41 (m, 2H, CH, of PHEA), 3.90 (m, 2H, CH2 of PHEA), 4.13 (m, 2H,
CH, of PHEA), 4.59 (m, 1H, CH of PHEA).

M,, and M,,/M,, of PBB were evaluated by SEC analysis by using the
above described method.

2.5. Preparation of empty and sorafenib loaded PBB nanoparticles

PBB nanoparticles (NPs) were prepared by using a dialysis method.
Briefly, PBB copolymer (10 mg) alone or with sorafenib tosylate
(6.35mg) was dissolved in 5 mL of DMF. Copolymer and drug DMF
solution was dialyzed (MWCO 100 kDa) at room temperature against
1000 mL of bidistilled water for 24 h, replacing the external aqueous
phase at intervals of 3h. After the dialysis, 10mg of poly-
vinylpyrrolidone (PVP) were added as cryoprotectant and the resulting
dispersion was finally filtered through 5 pm membrane filter (Sartorius,
Minisart Syringe Filter, Germany) and freeze-dried.

2.6. Characterization of PBB NPs

2.6.1. Scanning electron microscopy (SEM)

SEM was performed by using an ESEM Philips XL30 microscope.
Sorafenib loaded PBB NPs were dispersed in water and dusted on a
double sided adhesive tape previously applied on a stainless steel stub,
stored under vacuum for 24 h and sputter-coated with gold prior to
microscopy examination.

2.6.2. Dynamic light scattering and &-potential analysis

The average size, PDI and &-potential of empty and sorafenib loaded
NPs were evaluated by using a Malvern Zetasizer Nano ZS instrument.
NP dispersions were prepared at the concentration of 0.5 mg/mL in
twice-distilled water and analyzed by using the above described
method.

2.6.3. Determination of sorafenib content into NPs

The amount of sorafenib into PBB NPs was determined through
high-performance liquid chromatography (HPLC) [7], by using an
Agilent 1260 Infinity with a multiple wavelength detector, operating at
264 nm, and an Open Lab Chemstation software. The chromatographic
procedure was carried out isocratically at 25 °C, using a reverse-phase
Gemini C6-phenyl 110A column (Phenomenex 5 um, 250 X 4.60 mm),
methanol-water 90:10 as a mobile phase with a flow rate of 1 mL/min.
Sorafenib loaded NPs were suspended in an appropriate amount of
methanol and vigorously stirred for 3-4 h for the drug extraction.
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Resulting solution was centrifuged (6000 rpm for 10 min at 25 °C) and
50 pL of the supernatant was injected into the column.

The obtained peak area, corresponding to sorafenib amount loaded
into NPs was compared with a calibration curve obtained by plotting
areas versus standard solution concentrations of sorafenib in methanol
in the range of 0.4-200 pg/mL. The drug loading (DL%) was expressed
as the weight percent ratio between the amount of loaded sorafenib and
the amount of weighted freeze-dried sorafenib loaded PBB NPs.

2.7. In vitro drug release study

In vitro sorafenib release study was performed by using the dialysis
method, under sink conditions, in phosphate buffer solution (PBS) at
pH 7.4, in order to simulate physiological fluid.

A known amount of sorafenib loaded PBB NPs was dispersed in 2 mL
of PBS, placed into a dialysis tubing (MWCO 12-14 kDa), immersed
into 10 mL of PBS containing 1% (v/v) of Tween 80 and then incubated
at 37 °C under continuous stirring (100 rpm) in an orbital shaker.

Control experiments were conducted by placing a sorafenib PBS
solution into a dialysis tubing (MWCO 12-14 kDa), immersed into
10 mL of PBS containing 1% (v/v) of Tween 80 and then incubated at
37 °C under continuous stirring in an orbital shaker.

Aliquots of the external medium (1 mL) were withdrawn from the
outside of the dialysis tubing at fixed time intervals and replaced with
equal amounts of fresh medium. Samples were freeze-dried and the
amount of sorafenib was detected by HPLC as above reported.

2.8. Cell cultures

The human HCC cell lines HepG2 and Hep3B were obtained from
the American Type Culture Collection (ATCC). Cells were cultured at
low passage in Roswell Park Memorial Institute (RPMI) medium
(SIGMA, Milan, Italy), supplemented with 10% (v/v) Fetal Bovine
Serum (FBS) (GIBCO, Life Technologies, Monza MB, Italy), 2 mM t-
glutamine, 100 U/mL penicillin-streptomycin and 1 mM sodium pyr-
uvate (all reagents were from SIGMA), in 5% CO,. All cell lines were
routinely screened and confirmed to be negative for mycoplasma con-
tamination.

2.9. Cell viability assays

Cells (5 x 103/well) were plated in 96-well microtiter plates. After
24 h, cells were incubated for 72h with fresh medium containing:
sorafenib tosylate, dissolved in dimethyl sulphoxide (DMSO) at the
range concentration of 0.6-10 uM; known amounts of sorafenib loaded
PBB NPs corresponding to the entrapped sorafenib concentration in the
0.6-10 uM range and finally empty PBB NPs by using the same con-
centrations used for sorafenib loaded PBB NPs. Samples were suspended
in twice-distilled water in sterile conditions, sonicated for 20 min and
diluted with one volume of RPMI complete medium (2 X ). At the end of
treatment, MTS assay was performed using the CellTiter Aqueous
OneSolution kit (Promega Corporation, Madison, WI, USA) according to
the manufacturer's instructions.

Relative cell viability (percentage) was expressed as (Abs,g, treated
cells/Abs,g, control cells) X 100, on the basis of three experiments
conducted in multiple of six. Cells incubated with the medium were
used as negative control. In each experiment ICs, value was determined
as the concentration required to inhibit cell viability by 50%.

2.10. Western blotting analyses

Cells (3 x 10°/well) were plated in 6-well microtiter plates and
maintained for 24 h. Cells were then treated for 24 h with: sorafenib
tosylate, dissolved in DMSO, at the concentration of 2.5, 5 and 7.5 pM;
known amounts of sorafenib loaded PBB NPs corresponding to the en-
trapped sorafenib concentration of 2.5, 5 and 7.5 pM and finally empty
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PBB NPs by using the same concentrations used for sorafenib loaded
PBB NPs. After treatment, whole cellular lysates were obtained using
RIPA buffer (Cell Signaling Technologies Inc., Beverly, MA, USA).
Protein concentrations of supernatants were determined with the Bio-
Rad protein assay kit (Bio-Rad Laboratories Srl, Milan, Italy) and
Western blotting analyses were performed as previously described, with
primary antibodies raised against B-actin (SIGMA), ERK1/2, p-ERK1/2,
PARP and Mcl-1 (Cell Signaling).

2.11. In vivo studies

Male nude athymic mice (Fox1 nu/nu) 4 weeks old were obtained
from Envigo (Udine, Italy) and allowed to acclimatize for 1 week.
0.2 mL of 10 millions Hep3B cells suspensions in PBS, in logarithmic
growth phase, were inoculated into the right flank of the animals. When
tumors became palpable (around 300 mm?®), mice were randomly di-
vided into four groups of five animals each, with the various tumor
volumes equally distributed among four groups. Group one was treated
daily (6 days/week) with 10mg/kg of sorafenib tosylate suspended in
DMSO, further diluted in a solution of 25% ethanol (DMSO-EtOH) and
administered via intraperitoneal injection (IP) injection. Group two
received the vehicle alone (DMSO-EtOH). Group three was treated daily
(6 days/week) with 10 mg/kg of PBB NPs loaded with sorafenib, sus-
pended in RPMI medium. Group four received empty NPs (PBB alone)
suspended in RPMI medium.

Tumor volumes and body weight were recorded twice a week as
previously described [32].

Mice were euthanized by cervical dislocation when the tumor
burden exceeded 10% of animal body weight, when tumor ulcerated or
other conditions of morbidity were ascertained, in conformity with
institutional guidelines which are in compliance with national (D.lgs n.
26 4-3-2014) and international laws and policies (ECC Council
Directive 86/609, OJ L358.1, 12 December 1987).

At the end of the treatment, tumor, as well as liver, kidneys, lungs
and spleen, were collected from each animal. A part of each tumor and
organ was frozen in liquid nitrogen and stored at — 80 °C for biodis-
tribution and Western blot analyses, while other parts were fixed in
formalin and used for immunohistochemistry analyses.

This study was authorized by the Italian Ministry of Health (No.
1187/2015-PR).

2.12. Immunohistochemistry (IHC) analyses

Immunohistochemical studies on formalin-fixed paraffin-embedded
tumor samples were performed as previously described [32]. Mouse
monoclonal anti-human CD31 (PECAM-1) (clone 1 A10) was obtained
from Leica Biosystems (Newcastle, UK). ImmunoRatio® software was
used to quantify Ki-67 expression (http://jvsmicroscope.uta.fi/
immunoratio). This software calculates the percentage of positively-
stained area (diaminobenzidine (DAB)-stained area) divided by total
nuclear area, using a color deconvolution algorithm for separating the
staining components (diaminobenzidine and hematoxylin) and adap-
tive thresholding for nuclear area segmentation.

Percentage of CD31-positive cells was quantified by using ImageJ
software (ImageJ — NIH).

2.13. Biodistribution studies

In order to quantify the amount of drug collected into mice organs,
sorafenib was extracted by using a procedure elsewhere reported [7].
Each organ sample was mixed with Tris buffer (2 mL, 1 M, pH 8) in a
15mL glass tube and homogenized by using an Ultraturrax T 25
(Janke & Kunkel Ika - Labortechnik) at 20500 rpm for 15 min. Then,
methanol (1 mL) was added to precipitate proteins. Samples were ex-
tracted three times with diethyl ether (2 mL), followed by centrifuga-
tion at 4000 rpm for 5 min at room temperature. After every solvent
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addition, the centrifuge tubes were shaken for 15 min at room tem-
perature and centrifuged for 5 min at 4000 rpm. The organic layers
were transferred into a glass tube and evaporated to dryness.

Each dried residue was treated with methanol (0.6 mL) and a 50 pL
volume was injected into the HPLC system by using conditions above
reported.

The extraction efficiency in each organ was previously determined
by spiking known amounts of sorafenib in homogenate organs obtained
from un-administered animals and by analyzing each mixture as above
described.

2.14. Statistical analysis

All the experiments were repeated at least three times. All data are
expressed as means *+ standard deviation. The statistical analysis was
performed by using one way ANOVA with Bonferroni's correction for
multiple comparison. A p-value < 0.05 was considered to be in-
dicative of statistical significance, while a p-value < 0.01 was con-
sidered as highly significant.

3. Results and discussion
3.1. Synthesis and characterization of PHEA-BIB-pButMA copolymer

The synthetic brush copolymer PHEA-BIB-pButMA (PBB) was syn-
thesized by Atom Trasnfer Radical Polymerization (ATRP). Firstly,
PHEA was modified by the conjugation of a proper number of 2-bro-
moisobutyryl bromide (BIB) residues to the PHEA side chains, obtaining
the PHEA-BIB copolymer. In particular, using a molar ratio between the
2-bromoisobutyryl bromide and repeating units of PHEA equal to 1,
PHEA-BIB was obtained with a degree of derivatization in BIB equal to
35 mol%. This value was calculated comparing the integral peak, in the
'H NMR of PHEA-BIB, attributable to methyl groups at § 1.90 of BIB
with that assigned of CH, of PHEA backbone at § 3.38 ppm. Weight-
average molecular weight (M,) of PBB and polydispersity index
(M,,/M,) of PHEA-BIB, evaluated by SEC analysis, resulted to be
48.0 kDa (M,,/M, = 1.72).

This first step allowed to obtain a polymeric multifunctional mac-
roinitiator which serves for the subsequent polymerization via ATRP of
the hydrophobic monomer butyl methacrylate (butMA), making the
resulting amphiphilic PBB (Fig. 2) suitable to the production of NPs,
thanks to its self-aggregation in aqueous medium [27].

The extension of polymerization process of ButMA has been ex-
pressed by means of the average polymerization number, “n”, calcu-
lated according to the following equation:

/=0
HN 0 - -
._.‘/ ~0 CH, H, CH,
{ HN— ) { C +—br
=0 O CHy| =0
HN O\
7\ ™\ /}
o= /—NH OH \
NH O /)

/ — -

Fig. 2. Chemical structure of PHEA-BIB-pButMA (PBB) copolymer.
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derivatization degree in ButMA
derivatization degree in BIB

n average =

Since the derivatization degree in ButMA was 385 mol% and in BIB
was 35 mol%, the “n” average in the final product PHEA-BIB-pButMA
resulted to be 11.

Finally, the M, of PHEA-BIB-pButMA (PBB), determined by SEC,
was 410kDa (M,/M, = 2.1). This value is in accordance with the
theoretical value calculated for PHEA-BIB-pButMA, considering the
starting PHEA and the resulting derivatization degree values in BIB and
ButMA, respectively.

3.2. Preparation and characterization of PBB nanoparticles

PBB nanoparticles (NPs) were prepared by using the dialysis
method, without the use of any surfactant. PBB copolymer alone or with
sorafenib tosylate, dissolved in DMF, was dialyzed for 24 h at room
temperature against bidistilled water and with a gentle magnetic stir-
ring to help the diffusion process. After the dialysis, poly-
vinylpyrrolidone (PVP) was added as a cryoprotectant, and the NP
dispersion was finally freeze-dried.

Empty and sorafenib loaded PBB NPs, after re-dispersion in twice-
distilled water, were primarily characterized in terms of mean size,
polydispersity index and &-potential and results are reported in Table 1.

Empty PBB NPs showed a mean diameter of about 196 nm, while
the presence of entrapped sorafenib affects this value, being the dia-
meter of sorafenib loaded PBB NPs 240 nm. This size increase is prob-
ably ascribable to an enlargement of the particle hydrophobic core due
to the presence of the entrapped sorafenib.

&-potential values of both empty and drug loaded NPs were negative
thus confirming the stability of PBB NPs. Since, &-potential does not
significantly change after drug incorporation, this result indicates the
absence of ionic interactions between sorafenib and PBB NPs.

Morphological characterization was then carried out on PBB/sor-
afenib NPs by Scanning Electron Microscopy (SEM). SEM image, shown
in Fig. 3, highlighted the spherical shape of NPs and confirmed their
size, being their diameters similar to the Z-average value obtained from
the dynamic light scattering analysis.

The amount of sorafenib entrapped into PBB NPs, expressed as drug
loading (DL%) was determined by using an HPLC system and resulted
to be 3.8 = 0.48% w/w.

Moreover, in order to evaluate the physical stability of NPs, aqueous
dispersions of sorafenib loaded PBB NPs were dried and then stored at
— 20, + 4 and + 25 °C for three months. In all cases, the ratio between
the particle size after storage and its initial size was no higher than
1.0 = 0.1, thus indicating that NPs are stable in all investigated con-
ditions. In addition, it was found that PBB NPs maintained unaltered
their amount of entrapped drug at the end of the experiment, being the
DL % of freshly prepared sorafenib loaded PBB NPs equal to that ob-
tained at the end of physical stability experiment. These results suggest
that physical interactions into PBB NPs are sufficiently strong to confer
stability during storage at different temperatures.

3.3. In vitro drug release study
Once incorporated, sorafenib release study from NPs was performed
in PBS at pH 7.4 by using the dialysis method, in order to know the

ability of produced NPs to retain the incorporate drug in sink conditions

Table 1
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Fig. 3. SEM images of sorafenib loaded PBB NPs (bar represents 500 nm).

and to ensure a sustained release. Because sorafenib is poorly soluble in
this medium, 1% (v/v) of Tween 80 was added to the release medium,
as a diffusion helping agent.

The amount of released sorafenib was expressed as percentage ratio
between the weight of released drug and the total amount of sorafenib
loaded into NPs. Results are reported in Fig. 4.

Results showed that when sorafenib is incorporated in PBB/sor-
afenib NPs, it is slowly released in the aqueous medium. In fact, after
24 h incubation, the amount of sorafenib released from produced NP
sample reached the 55% w/w of the total amount, while at the same
incubation time the free drug diffusion through dialysis membrane
reached the 100% w/w.

In order to evaluate the in vitro drug release data, various kinetics
models were used to describe sorafenib release kinetics from produced
NPs. Zero-order, First order, Higuchi, Hixson-Crowell, Kormeyer-
Peppas and Weibull kinetics models were applied and, on the basis of
best fit with the highest correlation value (R?), it was concluded that
sorafenib release from PBB NPs follows the Weibull model
(R2 = 0.9969), described by the equation:

_(t—T)b)

a

F =100 1—8[

where F denotes the amount of drug release at time ¢, T is the lag time, a
denotes a scale parameter, while b describes the shape of the release
curve progression [33].

As resulted by kinetics evaluation for sorafenib release from PBB
NPs, T resulted to be equal to 0, a and b were 9.22 and 3.10, respec-
tively.

The b coefficient value of the Weibull equation is correlated with the
release mechanism of drug from the investigated carrier: if this values is
lower than 0.75 the release mechanism is related to Fickian diffusion,
while b values between 0.75 and 1.0 suggest that release ranges from
Fickian diffusion to case II transport. Being the b coefficient value for
PBB/sorafenib NPs higher than 1, it could be concluded that the drug
release is driven by a complex mechanism, where erosion of NP matrix
and diffusion of drug take place concomitantly.

3.4. In vitro biological studies

In order to evaluate the in vitro cytotoxicity effect of free sorafenib,

Mean diameter (Z-average, nm), polydispersity index (PDI) and &-potential in twice-distilled water of empty and sorafenib loaded PBB NPs (PBB/sorafenib).

NPs Z-average (nm) * S.D. PDI + S.D. &-potential (mV) + S.D.
PBB 196 = 7.6 0.32 = 0.06 —21.9 * 45
PBB/sorafenib 240 = 7.7 0.30 = 0.07 —-28.9 * 5.7
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Fig. 5. Effects of free sorafenib, PBB and PBB/sorafenib NPs on cell viability of HepG2 (a)
and Hep3B (b) cells.

empty and sorafenib containing PBB NPs, cell viability was evaluated
via MTS assays towards HepG2 and Hep3 cells (Fig. 5).

After treatment for 72h with increasing concentration of drug
(0.6-10 uM), survival of HCC cells decreases in a dose-dependent
manner in the presence of either free sorafenib or PBB/sorafenib NPs.
Results demonstrated that sorafenib containing PBB NPs maintain
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Table 2
1Cso average values for free sorafenib and PBB/sorafenib NPs.

1Csp

Cells Free sorafenib (uM) = S.D. PBB/sorafenib (uM) + S.D.
HepG2 55 * 1.0 3.6 = 1.1

Hep3B 3.5 * 0.5 3.0 £ 0.3

antitumor activity, suggesting that the entrapment of sorafenib into
PBB NPs does not cause reduction of drug activity, while slightly re-
duces cell viability than free drug, as shown by ICs, values for both cell
lines (Table 2).

Therefore, results demonstrate a slight better efficacy of sorafenib
containing PBB NPs compared to the free drug, although differences
between ICs, values are not statistically significant.

On the other hand, very low or no cytotoxic effects of the empty PBB
NPs were observed after 72 h in HepG2 and Hep3B cells, respectively
(Fig. 5).

3.5. Invitro evaluation of expression levels of apoptosis-related proteins and
signaling molecules

In order to assess if sorafenib loaded PBB NPs have an antitumor
effect comparable to free drug, specific molecular markers were eval-
uated.

Hep3B cells were grown and treated for 24 h with free sorafenib
tosylate, and sorafenib loaded NPs at the drug concentrations of 2.5, 5
and 7.5 uM for 24 h. Empty PBB NPs were used as control, in order to
exclude any anticancer activity of the starting polymer. After treatment,
cells were harvested and lysed, and equal amounts of extracted proteins
were analyzed for expression of poly(ADP)-ribose polymerase (PARP),
phospho-ERK1/2 (p-ERK1/2), ERK1/2, myeloid cell leukemia 1 (Mcl-1)
proteins by Western blotting.

Data, presented in Fig. 6, are representative of two independent
experiments with comparable outcomes.

As shown in Fig. 6, both free sorafenib and sorafenib loaded PBB
NPs induced cleavage of PARP at the concentrations of 5 and 7.5 pM.
Similarly, the decrease of the p-ERK1/2 signal was evident either after
treatment with free sorafenib or with sorafenib loaded NPs PBB, espe-
cially at 7.5 uM. PARP is a well-known apoptotic marker, which un-
dergoes proteolytic cleavage after activation of programmed cell death.
As it is well known, sorafenib inhibits multiple kinases, including Raf
kinase. Inhibition of Raf results in reduction of phosphorylation and

Free sorafenib PBB/Sorafenib PBB
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Fig. 6. Effect of free sorafenib, PBB and PBB/sorafenib NPs on apoptosis-related proteins
and signaling molecules. The numbers represent the ratio of the relevant protein nor-
malized with B-actin, with vehicle-treated control samples (—) arbitrarily set at 1.0.
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activation of the mitogen-activated protein kinases (MAPKs) MEK1/2,
which, in turn, cannot phosphorylate and activate the ERK1/2 pathway,
essential for cell proliferation, finally leading to a reduction in pro-
liferation rate.

Concerning Mcl-1, inhibition of its expression level is evident at the
highest concentrations of both free sorafenib and PBB NPs loaded with
drug. Mcl-1 is an anti-apoptotic protein and it has been identified as a
downstream target of sorafenib [34,35].

Finally, treatment with empty PBB NPs had no effect in the ex-
pression levels of all molecules. These results supported the low in vitro
cytotoxicity effect of the nanocarrier alone and demonstrated that
sorafenib is released from PBB NPs producing its pharmacological ef-
fects at the molecular level with the same extent of the free drug.

3.6. In vivo studies

A mouse xenograft tumor model of Hep3B cells was used to assess
the in vivo efficacy of sorafenib loaded PBB NPs on HCC. When tumors
became palpable, at a size of about 300 mm®, mice were randomized
into four groups of five animals each.

Each group was treated for 17 days with free sorafenib, DMSO/
EtOH (vehicle, as a control of sorafenib), sorafenib containing PBB NPs
and empty PBB (as a control of the loaded NPs), respectively. The
sorafenib and PBB/sorafenib treated groups received the drug at
10 mg/kg daily (6 days/week) via intraperitoneal injection (IP), while
the other two groups received DMSO/EtOH or empty PBB NPs.

At regular time intervals (0, 3, 6, 9, 13 and 17 days) tumor volumes
and body weight were recorded, and results, expressed in functions of
time, were presented in Fig. 7a and b.

As shown in Fig. 7a, treatment with 10 mg/kg of free sorafenib
reduced tumor growth rate compared to DMSO-EtOH, although this
difference is not significant.

More interestingly, treatment with sorafenib containing PBB NPs
significantly prevented tumor growth compared to the treatment with
free drug (p < 0.05 at 9 and 13 days, while p is < 0.005 at 17 days).

Concerning changes in animal body weight (Fig. 7 b), mice treated
with 10 mg/kg of free sorafenib did not show a significant loss of body
weight when compared with mice treated with DMSO/EtOH, sug-
gesting a satisfactory level of drug cytotoxicity at this concentration. On
the other hand, mice treated with sorafenib loaded PBB NPs sig-
nificantly increased their body weight (p < 0.005 at 13 days while p
is < 0.001 at 17 days), showing also the best physical mobility among
the four groups. In summary, sorafenib loaded PBB NPs showed an
enhanced in vivo efficacy in inhibiting Hep3B cells growth in nude mice
compared to the free drug, as well as an improvement of the overall
healthiness of the animals.

On the contrary, the decreased body weight observed for the group
treated with empty PBB NPs is explained by the absence of any antic-
ancer activity of empty NPs, whose administration to a mouse having a
tumor cannot have a positive therapeutic efficacy. As a consequence of
this, the decrease in the mice body weight is the normal progression of
the cancer disease in the absence of any anticancer treatment.

In Fig. 7c, images of tumors at the end of the 17 days treatment,
acquired by using a digital photocamera, were reported and they are
representative of all collected tumors.

As evident, PBB/sorafenib NPs caused the most significant tumor
dimensions reduction if compared to free sorafenib, empty PBB or
DMSO-EtOH.

To evaluate changes in the expression of molecular markers,
Western blot analysis was performed on homogenates from tumors
obtained from mice after treatments. As shown in Fig. 7d, mice treated
with sorafenib containing PBB NPs showed a decrease of p-ERK and
Mcl-1 levels than those treated with free drug, empty PBB NPs or
DMSO/EtOH. Unexpectedly, we did not observe the cleavage of PARP
protein found in in vitro studies (data not shown).

These results suggest that in vivo other mechanisms may contribute
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for improved efficacy of sorafenib loaded PBB NPs if compared to free
sorafenib. Therefore, the in vivo antiproliferative and antiangiogenic
activities of free sorafenib and sorafenib containing PBB NPs were de-
termined by immunohistochemical analyses. In particular, to evaluate
the antiproliferative activity of the different treatments, expression le-
vels of the nuclear proliferative marker Ki67 were analyzed.

The number of Ki67 positive cells decreases in tumor samples from
animals treated with sorafenib containing PBB NPs, compared to that in
the tumors of animals treated with free drug, empty PBB NPs or DMSO/
EtOH (Fig. 7e).

Moreover, tumor vasculature was evaluated in tumor samples by
CD31 staining of blood vessels (Fig. 7f). As shown in Fig. 7f, the number
of CD31-positive cells drastically decreases in tumor from animals
treated with sorafenib containing PBB NPs, respect to tumors of animals
treated with free drug, empty PBB NPs or DMSO/EtOH.

These results suggest that in vivo sorafenib entrapped into PBB NPs
may act through inhibition of cell proliferation and tumor angiogenesis.

Taken together, these experimental data clearly demonstrated the
superior therapeutic efficacy exerted by sorafenib entrapped into PBB
NPs respect to free sorafenib.

3.7. Biodistribution studies

In order to evaluate whether the entrapment of sorafenib into PBB
NPs could increase the drug targeting to the tumor, in vivo biodis-
tribution studies were carried out at the end of the 17 days treatment.
During the treatment, mice received 10 mg/kg of drug as free sorafenib
or loaded into NPs via IP injection. At the end of the administration, the
amount of drug in liver, kidneys, lung, spleen and tumor was de-
termined using a HPLC method, as described in the experimental sec-
tion.

Data, expressed as weight of sorafenib (ng) per each organ weight
(mg) and analyzed with ANOVA-Bonferroni test, are reported in Fig. 8.

As shown in Fig. 8, there is an accumulation of sorafenib in various
tissues such as liver, spleen, lung and kidneys, but it is evident as it
decreased when mice were treated with sorafenib containing PBB NPs.
In particular, the amount of sorafenib detected when mice were treated
with the free drug is significantly higher in liver (p < 0.05), lung and
spleen (p < 0.001), if compared with sorafenib detected after the in-
jection of drug containing PBB NPs.

On the other hand, sorafenib containing PBB NPs allowed a pre-
ferential targeting to the tumor. Indeed, the amount of drug detected in
the tumor after the administration of sorafenib containing PBB NPs is
markedly higher than that detected after the injection of free sorafenib,
and this difference is highly significant (p < 0.001).

This preferential accumulation of NPs in the tumor site could be
explained by the known enhanced permeation and retention effect
(EPR), the most common characteristic that differentiates a tumor from
normal healthy tissue [12].

These results show the high potential of sorafenib containing PBB
NPs in tumor therapy, since they are able to release the loaded drug
preferentially in the tumor site, thus resulting in a marked increase in
the drug efficacy and a potential reduction of side effects often due to
unspecific and general distribution of the drug to other organs.

4. Conclusions

In this paper, the synthesis of a brush copolymer, named PHEA-BIB-
pButMA (PBB) performed by ATRP, is described. The choice of ATRP as
a synthetic approach allows to modulate the amount and the length of
hydrophobic arms in order to obtained a copolymer able to self-as-
semble and to form nanoparticles (NPs). In fact, obtained PBB copo-
lymer is able to form core-shell type NPs in an aqueous environment,
being PHEA backbone able to form the hydrophilic outer shell, while
ButMA arms form the lipophilic core able to entrap hydrophobic drugs.

Sorafenib loaded PBB NPs were prepared by a dialysis method
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Fig. 7. In vivo therapeutic efficacy of sorafenib containing PBB NPs on xenograft models of Hep3B cells. Effect of sorafenib containing PBB NPs on (a) tumor volumes and (b) mice body
weights after 3, 6, 9, 13 and 17 days of treatment. (c¢) Tumor dimension reduction at the end of the 17 days treatment. (d) Representative Western blotting showing phospho-ERK1/2,
ERK1/2 and MCI-1 levels in tumor samples. The numbers represent the ratio of the relevant protein normalized with B-actin, with DMOS-EtOH-treated control sample 1 arbitrarily set at
1.0. (e) Immunohistochemical staining of tumor samples for evaluation of Ki-67 proliferation index (scale bar = 50 um). (f) CD31 staining of blood vessels in tumor samples (scale

bar = 50 pm).
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without using any surfactant. Produced NPs were then characterized
and showed spherical morphology, 200 nm mean size, negative &-po-
tential, and a good ability to entrap the hydrophobic sorafenib. In
particular, the inner hydrophobic core of PBB NPs acts as a drug re-
servoir that causes a retard in drug diffusion in the external medium, as
suggested by release study in physiological fluids.

Moreover sorafenib loaded PBB NPs show stable physical properties,
such as particle size and drug loading during three months at different
storage temperatures.

In vitro biological studies demonstrated a slight better efficacy of
sorafenib containing PBB NPs compared to the free drug. Moreover, the
use of sorafenib containing PBB NPs in in vivo xenograft models showed
a significant enhancement of efficacy on the inhibition of tumor growth
compared to free drug. Importantly, sorafenib loaded PBB NPs are able

PBB
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Fig. 7. (continued)
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to accumulate in a significant manner in the solid tumor mass, whereas
their biodistribution in other organs is lower than that showed by
sorafenib administered as free drug.

Therefore, PBB NPs represent promising candidates as optimal ve-
hicles for the release of sorafenib in HCC therapy.
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