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Abstract: Delivery of multiple therapeutics and/or diagnostic agents to diseased tissues is
challenging and necessitates the development of multifunctional platforms. Among the various
strategies for design of multifunctional nanocarriers, biodegradable polyphosphoester (PPE)
polymers have been recently synthesized via a rapid and simple synthetic strategy. In addition,
the chemical structure of the polymer could be tuned to form nanoparticles with varying sur-
face chemistries and charges, which have shown exceptional safety and biocompatibility as
compared to several commercial agents. The purpose of this study was to exploit a mixture of
PPE nanoparticles of cationic and neutral surface charges for multiple delivery of anticancer
drugs (ie, sorafenib and paclitaxel) and nucleic acids (ie, siRNA). Cationic PPE polymers
could efficiently complex siRNA, and the stability of the nanoparticles could be maintained in
physiological solutions and upon freeze-drying and were able to deliver siRNA in vivo when
injected intravenously in mice. Commercially available cationic polyethylenimine polymer
had LD, of ca. 61.7 mg/kg in mice, whereas no animal died after injection of the cationic PPE
polymer at a dose of >130 mg/kg. Neutral PPE nanoparticles were able to encapsulate two
hydrophobic drugs, namely, sorafenib and paclitaxel, which are commonly used for the treatment
of'hepatocellular carcinoma. Mixing the neutral and cationic PPE nanoparticles did not result in
any precipitation, and the size characteristics of both types of nanoparticles were maintained.
Hence, PPE polymers might have potential for the delivery of multiple drugs and diagnostic
agents to diseased tissues via simple synthesis of the individual polymers and assembly into
nanoparticles that can host several drugs while being mixed in the same administration set,
which is of importance for industrial and clinical development.

Keywords: biodegradable nanoparticles, polyphosphoester, chitosan, polyethylenimine, siRNA,
sorafenib, paclitaxel

Introduction

Delivery of multiple therapeutics and/or diagnostic agents to diseased tissues is
challenging and necessitates the development of multifunctional platforms.'* Combi-
national therapy and/or diagnosis are useful in reducing the frequency of administration
and improving patient compliance. In addition, for the treatment of some diseases,
such as cancer, delivery of multiple drugs allows targeting several pathways of the
disease and might overcome resistance to chemotherapy.**

There are several strategies for codelivery of therapeutic and diagnostic agents.*®
We have recently designed multifunctional hierarchically assembled theranostic
nanostructures that undergo radiolabeling and can be loaded with anticancer drug
(paclitaxel) and short-interfering RNA (siRNA) and also could be labeled with fluo-
rescent probes.’ Design of these nanostructures depended on complexation between
cationic nondegradable spherical nanoparticles and siRNA, followed by assembly of
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these spheres on paclitaxel-loaded cylindrical nondegradable
anionic nanoparticles. Despite the therapeutic efficiency of
multifunctional nanocarriers, developed by our group and
others,*® the synthetic strategies and procedures involved
in the construction of these nanocarriers were sophisti-
cated and required tuning the structure of a single type of
nanoparticles to accommodate >1 drug and/or diagnostic
probe. Moreover, loading of drugs of varying solubilities
and molecular weights (eg, hydrophobic anticancer drugs
versus hydrophilic peptides and nucleic acids) could further
complicate the procedures involved in the preparation of the
drug-loaded nanoparticles and may destabilize or degrade
some drugs.

The aim of this study was to test the possibility of load-
ing paclitaxel, sorafenib and siRNA into biodegradable
nanoparticles. Paclitaxel is hydrophobic anticancer drug
that is commonly used for the treatment of a variety of
cancers. Because of its low solubility, it is formulated in high
concentration in Cremophor® EL (Taxol®), which induces
hypersensitivity reactions.!® Sorafenib is the only US FDA-
approved molecularly targeted drug for systemic treatment of
advanced hepatocellular carcinoma (HCC) and can sensitize
HCC cells to paclitaxel.!'"!* However, sorafenib also suffers
from low aqueous solubility and poor bioavailability.!>!¢
Sorafenib and paclitaxel together with siRNA targeted
against specific genes (eg, integrin and vascular endothelial
growth factor)!”!® can be effective in the management and
diagnosis of HCC. Therapeutic uses of siRNA are limited
by its low stability, rapid enzymatic degradation and low
intracellular bioavailability."

Nanomaterials provide promising tools for the efficient
treatment and diagnosis of HCC.?® Nanoparticles can afford
greater solubility and stability of the hydrophobic anticancer
drugs and nucleic acids and allow greater accumulation in
the tumor areas. Biodegradable polyphosphoester (PPE)
polymers have been recently synthesized via a rapid and
simple synthetic strategy.?' In addition, the chemical struc-
ture of the polymer could be tuned to form nanoparticles
with varying surface chemistries and charges, which have
shown exceptional safety and biocompatibility as compared
to several commercial agents.?” In this study, individual
nanoparticles loaded with chemotherapeutics (in the neutral
nanoparticles) and siRNA (in the cationic nanoparticles) were
prepared. Cationic PPE polymers could efficiently interact
with polyanionic siRNA via electrostatic complexation,
whereas neutral PPE polymers could form nanoparticles that
accommodate anticancer drugs in their hydrophobic domains.
The purpose of this study was to evaluate the use of mixture

of PPE nanoparticles of cationic and neutral surface charges
for the multiple delivery of anticancer drugs (ie, sorafenib
and paclitaxel) and nucleic acids (ie, siRNA) for potential
treatment of HCC.

In this study, PPE nanoparticles loaded with either
siRNA or paclitaxel/sorafenib were characterized. Toxicity
and efficiency of the PPE nanoparticles were compared with
the most commonly used cationic degradable (ie, chitosan)
and nondegradable (ie, polyethylenimine [PEI]) polymers
for the delivery of siRNA. The effect of mixing the neutral
and cationic PPE nanoparticles on size characteristics of the
individual nanoparticles was also investigated. Wang et al
have explored the application of partially degradable triblock
copolymer poly(ethylene glycol)-b-poly(e-caprolactone)-
b-poly(2-aminoethyl ethylene phosphate) for siRNA and
paclitaxel delivery.”?** In this report, functional PPE poly-
mer with fully degradable backbone has been developed to
conveniently construct nanoparticles with varying surface
charges, for siRNA and chemotherapeutic delivery. The use
of fully degradable PPE nanoparticles for the delivery of
siRNA and sorafenib, either as individual drugs or combined,
has not been reported previously.

Materials and methods

Materials

The hydrophobic functional block copolymer, poly(2-
ethylbutoxy phospholane)-block-poly(2-butynyl phospho-
lane) (PEBP-b-PBYP, M ™* =19,300, PDI =1.25), and
the amphiphilic block terpolymer, poly(2-ethylbutoxy
phospholane)-block-poly(2-butynyl phospholane)-graf-
poly(ethylene glycol) (PEBP-b-PBYP-g-PEG, M "*=27,300,
PDI =1.24), were synthesized as reported previously.?!?
Cysteamine hydrochloride and 2,2-dimethoxy-2-
phenylacetophenone (DMPA) were used as received from
Sigma-Aldrich (St Louis, MO, USA). The Spectra/Por
dialysis membranes (MWCO 12-14 kDa) were purchased
from Spectrum Laboratories, Inc. (Rancho Dominguez,
CA, USA). Nanopure water (18 MQ-cm) was acquired by
means of a Milli-Q water filtration system, Millipore Corp.
(Bedford, MA, USA). Low molecular weight chitosan
(50,000-190,000 Da), cyanine 5-labeled siRNA and
PEI (branched PEI, average molecular weight of 60,000)
were purchased from Sigma-Aldrich. Ultra-pure water (free
from RNAse and DNAse) was purchased from Biochrom
GmbH (Berlin, Germany). Tris buffer was purchased from
Fisher Scientific (Waltham, MA, USA). Ethidium bromide
and phosphate-buffered saline (PBS) were purchased from
MP Biomedicals (Santa Ana, CA, USA). Tris-borate-EDTA
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(TBE) buffer and agarose (molecular biology grade) were
purchased from Fischer Scientific. Dulbecco’s Modified
Eagle’s Medium (DMEM) was purchased from Lonza (Basel,
Switzerland). Fetal bovine serum (FBS) was purchased from
Biowest (Riverside, MO, USA). Cell titer 96® Non-Rad cell
proliferation assay (MTT) was purchased from Promega
(Madison, WI, USA).

Instrumentation

"H NMR and *C NMR spectra were recorded on a Varian
Inova 300 or Mercury 300 spectrometer interfaced to a
UNIX computer using Vnmr] software. Chemical shifts
were referenced to the solvent residual signals. The DMF
size exclusion chromatography was conducted on a Waters
Chromatography, Inc. (Milford, MA, USA) system equipped
with an isocratic pump model 1515, a differential refracto-
meter model 2414 and a three-column set of Styragel HR 4
5 um DMF (300x7.5 mm), Styragel HR 4E 5 um DMF
(300x7.5 mm) and Styragel HR 2.5 pm DMF (300x7.5 mm).
The system was equilibrated at 70°C in prefiltered DMF con-
taining 0.05 M LiBr, which served as polymer solvent and
eluent (flow rate set to 1.00 mL/min). Polymer solutions were
prepared at a concentration of ca. 3 mg/mL, and an injection
volume of 200 UL was used. Data collection and analysis
were performed with Empower 2 v. 6.10.01.00 software
(Waters Chromatography, Inc.). The system was calibrated
with polystyrene standards (Polymer Laboratories, Amherst,
MA, USA) ranging from 615 to 442,800 Da.

Glass transition temperatures (Tg) were measured by dif-
ferential scanning calorimetry (DSC) on a Mettler—Toledo
DSC822® (Mettler—Toledo, Inc., Columbus, OH, USA), with
a heating rate of 10°C/min. Measurements were analyzed
using Mettler—Toledo Star¢ v. 7.01 software. The T, was
taken as the midpoint of the inflection tangent, upon the
third heating scan. Thermogravimetric analysis (TGA) was
performed under N, atmosphere using a Mettler—Toledo
model TGA/SDTAS851¢, with a heating rate of 10°C/min.
Measurements were analyzed by using Mettler—Toledo
Star® v. 7.01 software.

General procedure of thiol-yne reactions
of PEBP, -b-PBYP_  with cysteamine

hydrochloride

A solution of PEBP, -5-PBYP, (0.70 g, 1.8 mmol alkynes),
cysteamine hydrochloride (2.9 g, 25 mmol), and DMPA
(70 mg, 0.27 mmol) in 20 mL of DMF was bubbled with
nitrogen for 10 min and then irradiated under UV irradiation
(365 nm) for 2 h. The reaction mixtures were then transferred

to dialysis tubing (MWCO 12-14 kDa) and dialyzed against
nanopure water with hydrochloride (pH 3.0) in the cold
room (4°C-8°C) for 36 h to remove excess cysteamine
hydrochloride and other small molecules. The purified
micelles were lyophilized to yield sticky liquid (0.90 g, 81%
yield). 'H NMR (d,-DMSO, ppm): & 0.84 (t, J] =7.5 Hz,
POCH,CH(CH,CH,),), 1.30 (m, POCH,CH(CH,CH,),),
1.46 (m, POCH,CH(CH,CH,)), 1.60-1.87, 2.15-2.34
(b, POCH,CH,), 2.76-3.15 (br,CH,SCH,CHSCH,, CHNH,),
3.85-4.45 (br, POCH,CH, POCH,CH,, POCH,CH,OP),
5.03 (d, OCH,Ar), 7.30-7.56 (m, Ar-H), 8.10-8.55
(br, SCH,CH NH CI). “C NMR (d,-DMSO, ppm):
d 10.63, 22.18, 26.79, 28.59, 33.30, 36.91, 40.85, 41.33,
43.44, 66.08, 65.30, 66.10, 66.49, 68.87, 126.63, 128.49,
128.73,129.41,133.21, 136.63.*'P NMR (d,-DMSO, ppm):
§-0.98,-1.28. DSC: T,=-54°C. TGA inN,: 170°C-265°C,
41% mass loss; 265°C-340°C, 16% mass loss; 340°C-500°C,
11% mass loss, 32% mass remaining above 500°C. IR (cm™):
3,700-3,250, 3,250-2,350, 1,613, 1,510, 1,463, 1,384, 1,251,
1,018, 968, 803.

Preparation of PPE nanoparticles loaded

with chemotherapeutics

Sorafenib-loaded polyphosphoester (SOR-PPE)
nanoparticles

Sorafenib and PEBP-b-PBYP-g-PEG PPE terpolymer were
dissolved in ethanol at 1:10 drug to polymer weight ratio.
Then, the solution was sonicated for 5 min, followed by the
removal of ethanol under vacuum and resuspension of the
formed film in distilled water, followed by 5 min sonication
to allow the formation of well-dispersed nanoparticles.

Paclitaxel-loaded polyphosphoester (PTX-PPE)
nanoparticles

Paclitaxel and PEBP-h-PBYP-g-PEG PPE terpolymer were
dissolved in ethanol at 1:10 drug to polymer weight ratio.
Then, nanoparticles were prepared as described for the
sorafenib-loaded nanoparticles.

Paclitaxel- and sorafenib-loaded polyphosphoester
(PTX-SOR-PPE) nanoparticles

Paclitaxel and sorafenib at a weight ratio of 1:1 were dis-
solved in ethanol. Then, PEBP-h-PBYP-g-PEG PPE ter-
polymer was dissolved in ethanol and mixed with the drug
solution at a weight ratio of total drug to polymer of 1:10.
Then, nanoparticles were prepared as described for the
sorafenib- and paclitaxel-loaded nanoparticles.
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Measurement of the entrapment
efficiency (EE)

EE of drugs in the nanoparticles was measured using a
reversed-phase high performance liquid chromatography
(RP-HPLC) method. The method was validated for lin-
earity, accuracy and precision. Paclitaxel in ethanol was
separated onto RP-HPLC using a C,; column and a mobile
phase consisting of acetonitrile/water (50:50, v/v) at a flow
rate of 1.0 mL/min. The injection volume was 20 uL, and
eluent was analyzed with a UV detector set at a wavelength
of 227 nm. Sorafenib in ethanol was separated onto RP-
HPLC using a C,; column and a mobile phase consisting of
acetonitrile:methanol:1% acetic acid at a ratio of 35:38:27
at a flow rate of 1.0 mL/min. The injection volume was
20 uL, and eluent was analyzed with a UV detector set at a
wavelength of 254 nm. After dissociation of nanoparticles
by the addition of organic solvent, the drug content in the
nanoparticles was determined by RP-HPLC. EE (%) was
calculated according to the following equation:

Encapsulation efficiency (%)
_ Amount of drug encapsulated into nanoparticles
Amount of drug initially added

x 100

Preparation of siRNA-loaded

nanoparticles

Stock solutions of the cationic block copolymer (PEBP-b-
PBYP-C) PPE copolymer and siRNA were prepared in Tris
buffer (10 mM, pH 7.4, 1 mg/mL). About 1.5 uL siRNA was
mixed with different volumes of the cationic PPE polymer solu-
tions to prepare nanoparticles at different nitrogen/phosphate
(N/P) ratios from 0 to 40. The mixture was vortexed for 1 min
and incubated at room temperature before characterizations.
Chitosan/tripolyphosphate (Tpp)-based nanoparticles were pre-
pared by ionic gelation method, and Tpp was incorporated as
a crosslinker, at different N/P ratios from 0 to 50, as described
previously.?® The PEI-based nanoparticles were prepared as
described previously at N/P ratios from 0 to —50.%

Gel retardation assay

Gel retardation assay was used to evaluate the encapsulation
efficiency of siRNA in different types of nanoparticles, which
was performed by using gel electrophoresis (Elettrofor, Rovigo
RO, Italy), as described previously.? Briefly, nanoparticles
prepared at different N/P ratios were run on 1% (w/v) agarose
gel and electrophoresed using TBE as a running buffer for 1 h
at 100 V. Ethidium bromide was added to the gel as a staining
agent, and bands were detected by UV camera that measures

the absorbance from 300 to 360 nm (Biometra, Gottingen,
Germany). The experiment was performed in triplicates.

Size and zeta potential measurements
The mean hydrodynamic diameters and size distribution
(polydispersity index [PDI]) of the nanoparticles were
measured using a Zetasizer Nano ZS instrument (Malvern
Instruments, Worcestershire, UK) equipped with a backscat-
tered light detector operating at 173° as described previously.
The zeta potential values were determined by laser Doppler
anemometry using Malvern Zetasizer Nanoseries ZS. All
measurements were performed in triplicates. The effect of
different concentrations of NaCl (0.1-2 M) and dextrose
(0.5%—-10%, w/v) solutions on the mean hydrodynamic diam-
eters and size distributions of PPE-, chitosan/Tpp- and PEI-
based nanoparticles was assessed, as described previously.*
All measurements were performed in triplicates.
Morphology of the nanoparticles was studied by transmis-
sion electron microscopy (TEM). TEM images were collected
on a JEOL 1200EX operating at 100 kV, and micrographs
were recorded at calibrated magnifications using an SIA-15C
CCD camera. Aqueous solutions of the samples (4 uL) were
deposited onto carbon-coated copper grids, and after 1 min,
the excess of the solution was quickly wicked away by a piece
of filter paper. A drop of 1 wt% uranyl acetate was then added
and allowed to stand for 30 s before excess stain was wicked
away. The grids were allowed to dry in air overnight.

Freeze-drying

The ability of nanoparticles to maintain their characteristics
(size and size distribution) upon freeze-drying was evaluated
in the presence or absence of cryoprotectants, such as manni-
tol and sucrose. Water or solutions of different cryoprotectants
(1 mL) were added to 2 mL of the prepared nanoparticle
solutions. The nanoparticles were then frozen at —80°C
overnight and lyophilized (Alpha 2.4 LD plus Freeze-dryer,
Martin Christ GmbH, Osterode, Germany). The operating
conditions were set up at a temperature of —60°C and pres-
sure of 0.011 mbar. The mean hydrodynamic diameters and
size distributions of the nanoparticles were measured before
and after freeze-drying.

Hemolysis test

Human blood samples were collected from the Assiut
University Hospital into EDTA-containing tubes and
were centrifuged at 3,000 rpm for 5 min. The pellets were
washed three times in isotonic saline (0.9%, w/v sodium
chloride) by centrifugation at 3,000 rpm for 5 min and were
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resuspended in saline. Suspensions of red blood cells (RBCs)
were freshly prepared and used within 24 h after collection.
Ten microliters of different formulations (PTX-SOR-PPE
nanoparticles, Taxol, saline and distilled water) were added
to erythrocytes (500 uL) and then samples were incubated
in a water bath shaker at 37°C for 2 h at 300 rpm. Then,
samples were centrifuged at 5,000 rpm for 10 min and super-
natants were analyzed at 570 nm for hemoglobin content.
Complete hemolysis was achieved using water yielding the
100% hemolysis control value, whereas saline was used to
represent the 0% hemolysis control. The experiments were
repeated in triplicates.

In vitro cytotoxicity assay

The cytotoxicities of paclitaxel-, sorafenib- and paclitaxel/
sorafenib-loaded PPE nanoparticles were determined on
HCC cell line (Huh-7) by the colorimetric MTT assay accord-
ing to the instructions of the manufacturer’s protocol for
quantifying cell viability. Huh-7 cells were kindly provided
by the Cell Culture Department of VACSERA (Cairo, Egypt).
Briefly, the cells (1x10°) were cultured on 96-well plate in
Dulbecco’s Modified Eagle’s Medium (5% FBS) supple-
mented with 4.5 g/L glucose, L-glutamine, penicillin and
streptomycin. The cells were incubated overnight, followed
by the addition of 20 pL of serial dilutions of the different
nanoparticles. The highest tested concentrations of paclitaxel
and sorafenib were 50 uM. The total volume in each well was
100 uL. The plates were then incubated at 37°C for 24 h in
a humidified atmosphere (5% CO,). After incubation, 15 uL
of the MTT (3-(4, 5-dimethyl-thiazol-2-yl)-2, 5-diphenyl-
tetrazolium bromide, 5 mg/mL) in sterile-filtered PBS was
added to each well to allow for the formation of formazan
crystals. After 4 h, 100 uL of DMSO (solubilization solu-
tion) was added to each well to dissolve the formed formazan
crystals. Finally, the absorbance at 570 nm was recorded
using a microplate reader after 24 h. The cell viability was
calculated as a percentage of viability of the untreated cells
as described previously.?

Evaluation of the in vivo toxicity and LD,
Experimental albino mice were purchased from the Assiut
University Faculty of Medicine Animal Housing Facility.
Mice were kept in cages and allowed food and water ad
libitum. Toxicity of the PPE, chitosan/Tpp and PEI poly-
mers was assessed after intraperitoneal injection of 200 UL
of increasing concentrations of the polymers from 0.5 to
4 mg/mL into mice (30 g). All preparation processes were
carried out in sterile area, and the formulations were prepared

in sterile saline. The end point of the experiment was 24 h.
The analysis of data and determination of the LD, were
performed by Miller and Tainter method.?’?° Experiments
were performed at least in triplicates.

Ethical and legal approvals were obtained before the com-
mencement of the study, and all the animal experiments were
approved by the Institutional Animal Ethical Committee of
the Faculty of Pharmacy, Assiut University, and it adheres
to the Guide for the Care and Use of Laboratory Animals,
8th Edition, National Academies Press, Washington, DC,
USA. Experiments utilizing blood were approved by the
Ethical Committee of the Assiut University, Faculty of
Medicine, and written consents were also obtained from the
blood donors.

Evaluation of the in vivo biodistribution
of siRNA

Albino mice were purchased and experimental procedures
were carried out as described in the previous section. PPE,
chitosan/Tpp and PEI polymers were complexed with
cyanine 5-fluorescently labeled siRNA to form the nanopar-
ticles. Then, naked siRNA and siRNA-loaded nanoparticles
were injected intravenously. Each formulation contained
15 UL of fluorescent siRNA at a dose of 0.5 mg siRNA/kg.303!
Because of the photosensitivity of the fluorescent siRNA, the
experiments were performed under dark conditions. The mice
were euthanized after 2 h of the injection. Specimens from the
liver, kidney, spleen, lungs and heart of control and treated
mice were harvested and fixed immediately, and processed
for examination under light and fluorescence microscopy, for
histologic examination and in vivo distribution evaluation of
siRNA, as described previously.?°

Results and discussion
Synthesis of cationic and neutral PPE

polymers

There has been an increasing interest to develop biodegrad-
able PPE-based nanomaterials as biomedical devices for
drug and gene delivery applications.’?3> Recently, we have
reported on the facile synthesis of a hydrophobic-functional
diblock PPE PEBP-h-PBYP by sequential ring-opening
polymerizations,?! a well-established approach to synthesize
degradable polymers, such as polyesters,*>3* polypeptides®”3*
and PPEs.3** This block copolymer could be easily trans-
formed into amphiphic block terpolymer PEBP-b-PBYP-g-
PEG by PEGylation via copper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC) in N,N-dimethylformamide
(Scheme 1).° The diblock copolymer PEBP-b-PBYP could
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Scheme | Synthesis of the cationic block copolymer PEBP-b-PBYP-C via thiol-yne click reactions and the PEGylated terpolymer PEBP-b-PBYP-g-PEG via copper(l)-catalyzed

alkyne-azide cycloaddition click reactions.
Abbreviations: PEBP-b-PBYP, poly(2-ethylbutoxy phospholane)-block-poly(2-butynyl

phospholane); PEG, polyethylene glycol; EBP, ethylbutoxy phospholane; BYP, 2-butynyl

phospholane; CuBr, copper bromide; PMDETA, N,N,N’,N’,N’-Pentamethyldiethylenetriamine; r.t, room temperature.

also be easily modified with cysteamine hydrochloride to
afford the formation of cationic diblock copolymer via thiol-
yne click reactions (Scheme 1). Excess equivalents of thiols
to alkyne groups were used in the DMPA photoinitiated radi-
cal reaction in order to completely transform the alkynes into
amines. After 2 h of exposure to UV irradiation at 365 nm,
the reaction mixture was transferred to dialysis tubing
(MWCO: 12-14 kDa) and dialyzed against nanopure water
with hydrochloride (pH 3.0) in the cold room (4°C—-8°C) for
36 h to remove excess cysteamine hydrochloride and other
small molecules. After purification, the purified cationic
polymer was lyophilized and stored in the —20°C freezer
for further use as siRNA carrier. The 'H NMR and *'P NMR
spectra of the cationic block copolymer PEBP-b-PBYP-C and
PEGylated terpolymer PEBP-b-PBYP-g-PEG are inlcuded
in Figures S1 and S2.

The purpose of this study was to combine two types of
PPE nanoparticles, for the combined delivery of chemothera-
peutics and nucleic acids. For delivery of chemotherapeutics,
PEBP-b-PBYP-g-PEG nanoparticles with hydrophobic
cores and neutral surfaces were prepared. Sorafenib and

paclitaxel were selected for the potential treatment of HCC,
and several optimization steps were carried out to maximize
the loading of the drugs into the nanoparticles. The opti-
mization procedures involved the use of various organic
solvents (acetonitrile, ethanol, etc), methods of evaporation
(heat or vacuum) and loading the drugs separately or com-
bined. It was found that using ethanol followed by vacuum
evaporation resulted in monodispersed nanoparticles with
efficient loading of sorafenib and/or paclitaxel. Cationic PPE
nanoparticles were prepared for electrostatic complexation
with anionic siRNA at various N/P ratios, and several char-
acterizations were performed to select nanoparticles with
the optimal physicochemical and biological characteristics
and stability.

Preparation and characterizations of
paclitaxel- and sorafenib-loaded

nanoparticles

One of the main advantages of the developed PPE nano-
particles is the ease of synthesis, preparation and loading
with various drugs. In contrast to the most commonly used
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Table | Size (intensity-averaged hydrodynamic diameter), size
distribution (PDI) and zeta potential measurements of the neutral
PPE nanoparticles that either empty or loaded with sorafenib
(SOR-PPE), paclitaxel (PTX-PPE) or both drugs (PTX-SOR-PPE)

Nanoparticle Particle PDI Zeta potential EE (%)
size (nm) (mV)

Empty 22+ 0.22+0.00 -35.1+0.8 -

SOR-PPE 35+] 0.30+£0.01  —19.9+0.6 99.3

PTX-PPE 361 0.46+0.03 —26.1+4.1 98.4

PTX-SOR-PPE 31| 0.39+£0.02 -21.7+2.1 95.0

Notes: Data are presented as mean + standard deviation (n=3). Drug entrapment
efficiency in the nanoparticles is also presented as the encapsulation efficiency (EE, %).
Abbreviations: EE, entrapment efficiency; PDI, polydispersity index; PPE,
polyphosphoester; PTX-PPE, paclitaxel-loaded polyphosphoester; PTX-SOR-PPE,
paclitaxel- and sorafenib-loaded polyphosphoester; SOR-PPE, sorafenib-loaded
polyphosphoester.

methods* for loading chemotherapeutics into nanoparticles,
where several technical procedures are involved in these
experiments, paclitaxel, sorafenib or a mixture of the two
drugs could be simply loaded into the nanoparticles via
mixing of the drug and polymer in ethanol followed by the
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201
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evaporation of the organic solvent and resuspension of the
formed film in water. Nanoparticles, either empty or loaded
with paclitaxel, sorafenib or both drugs were monodispersed
nanoparticles of small size and narrow size distribution
(Table 1; Figure 1). However, a significant increase in size
was observed upon incorporation of drugs into the nanopar-
ticles. Size and morphology of the PPE nanoparticles have
been studied previously, where monodispersed and spherical
nanoparticles have been illustrated.?!*> In this study, when
paclitaxel-loaded nanoparticles were imaged under the TEM,
spherical particles (diameter of 3443 nm) with well-defined
edges and contrast have been demonstrated (Figure S3).
The size obtained from the TEM images is in agreement
with the dynamic light scattering data. Nanoparticles had
negative zeta potential values and exceptionally high loading
efficiency (95%-99%; Table 1). These results represent ca.
5800- and 2500-fold increase in the aqueous solubilities of
sorafenib and paclitaxel, respectively, in addition to provid-
ing a combinational therapy by incorporating both drugs into

B
251
20+
151

104

Differential response (%)

0.1 1 10 100 1,000 10,000
Diameter (nm)

251
20
151

101

Differential response (%)

0.1 1 10 100 1,000 10,000
Diameter (nm)

[ Differential intensity (%) [ Differential volume (%) M Differential number (%)

Figure | Intensity-, volume- and number-averaged hydrodynamic diameter histograms of empty nanoparticles (A), SOR-PPE (B), PTX-PPE (C) and PTX-SOR-PPE

(D) nanoparticles.

Abbreviations: PTX-SOR-PPE, paclitaxel- and sorafenib-loaded polyphosphoester; PTX-PPE, paclitaxel-loaded polyphosphoester; SOR-PPE, sorafenib-loaded polyphosphoester.
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Figure 2 Gel retardation assay of siRNA that either free (N/P ratio of 0) or complexed
to cationic PPE polymer at different N/P ratios (0.5-40) using 1% agarose gel.

Note: Complete retardation of the siRNA migration was observed at N/P ratios
of 4-40.

Abbreviations: N/P, nitrogen-to-phosphate; PPE, polyphosphoester; siRNA, short
interfering RNA.

the same vehicle. We have previously utilized PPE-based
polymeric nanostructures either for physical or chemical
loading of paclitaxel and achieved ultrahigh loading of the
drug within the nanostructures.?>3*42

Preparation and charactericzation of

siRNA-loaded nanoparticles

Increasing amounts of the cationic PPE polymer were mixed
with fixed amount of siRNA, and gel retardation assay was
utilized to evaluate the complexation efficiency of the polymer
at various N/P ratios. The siRNA bands showed complete
migration at N/P ratios of 0.5 and 1, similar to the migration
profile of the naked siRNA (N/P ratio of 0), due to the ineffi-
cient encapsulation at these low ratios. At N/P ratios of 2 and 3,
partial complexation of siRNA with the PPE polymer was
observed. At N/P ratios ranging from 4 to 40, siRNA migra-
tion was completely retarded due to the efficient complexation
between the siRNA and the polymer (Figure 2). We have

500
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200
100
1.0
0.8
0.6

0.4

0.2
01—
0 5 10 15 20 25 30 35 40
N/P ratio

Size (hnm) »

PDI

demonstrated previously that chitosan and PEI could effi-
ciently complex siRNA at N/P ratios of 3 and 5, respectively.
Hence, the cationic PPE polymer could efficiently complex
siRNA at similar N/P ratios to the other commonly utilized
cationic vectors (ie, chitosan and PEI).

Nanoparticles were prepared at N/P ratios ranging
from 5 to 40, with a constant volume of siRNA (1.5 uL)
and different amounts of PPE polymer. The sizes and zeta
potential values of the nanoparticles were determined
(Figure 3). The size of the nanoparticles prepared at dif-
ferent N/P ratios ranged from 170 to 400 nm (Figure 3A).
Upon the addition of PPE, the size of nanoparticles initially
increased to 390 nm. At N/P ratio of 5, a slight decrease in
size occurred to reach 280 nm. Then, the reduction in size
continued upon increasing the N/P ratio. A similar trend
was observed for the PDI values. As expected, the zeta
potential values increased upon increasing the N/P ratio
(Figure 3B). Nanoparticles prepared at N/P ratio of 15 had
zeta potential of 30 mV. With further increase in the N/P
ratio, a slight increase was observed for the zeta potential.
PPE/siRNA nanoparticles prepared at N/P ratio of 25 had
hydrodynamic diameter of ca. 180 nm, PDI of 0.25 and zeta
potential of ca. +38 mV. These nanoparticles were selected
for further studies due to their small size, low PDI and
high zeta potential, which might improve nanocomplexes
stability. Similar optimizations for the chitosan/Tpp and
PEI complexes with siRNA were performed, as reported
previously, and the optimal ratio was selected at N/P ratio
of 45 for both types of nanoparticles.?® The zeta potential
values for the chitosan/Tpp and PEI nanoparticles at N/P
ratio of 45 were 22.7+1.6 and 34.9£1.9 mV, respectively.
Chitosan/Tpp and PEI nanoparticles prepared at N/P ratio of

w

40

20

10 20 30 40
20 N/P ratio

Zeta potential (mV)

Figure 3 The effect of N/P ratio on the size and size distribution (PDI) (A) and zeta potential values (B) of siRNA-PPE nanoparticles.

Note: The values are presented as mean + standard deviation (n=3).

Abbreviations: N/P, nitrogen-to-phosphate; PDI, polydispersity index; PPE, polyphosphoester; siRNA, short interfering RNA.
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45 had hydrodynamic diameters of 340+10 and 110£10 nm,
and PDI of 0.4740.03 and 0.3740.02, respectively.

Measurements of size and PDI in solutions of increasing
concentrations of NaCl and dextrose were carried out to eval-
uate the stability of the nanoparticles. A significant increase
in the size and PDI of nanoparticles prepared at N/P ratio
of 25 was observed upon increasing the NaCl concentration
(Figure 4A). The size increased from 170 to 220 nm at the
physiological ionic strength, which is equivalent to 0.15 M
(Figure 4A). PDI also showed an increase from 0.25 to 0.8.
Slight changes in size and PDI of the nanoparticles pre-
pared at N/P ratio of 25 were observed upon increasing
the concentration of dextrose solutions to 5% (Figure 4B).
However, further increase in the concentrations of dextrose
resulted in significant increase in the size. Given the fact
that the physiological concentrations of saline and dextrose
that are commonly utilized for intravenous injections are
0.15 M for NaCl and 5% for dextrose; reconstitution of
the nanoparticles in these solutions should not significantly
affect their stability and physicochemical characteristics, in
particular, in dextrose solutions. The difference in stability
in NaCl and dextrose solutions might be because of the
screening of charges on the cationic PPE nanoparticles by
NaCl salt, and thus resulting in dissociation of the polyionic
nanocomplexes.* It might be also because of the hydrolytic
degradation of the phosphoester backbone.* siRNA-loaded
chitoan/Tpp nanoparticles and PEI nanoparticles also had
high stability in saline and dextrose solutions of different
concentrations (data not shown).

Effect of freeze-drying

The effect of freeze-drying on stability of the nanoparticles
was studied (Tables S1-S3). The size and size distribution
(PDI) were measured before and after freeze-drying in the

1,500
1,000
500

Size (nm) >

1.5
1.0
0.5

0.0+
0.0

PDI

0.5 1.0 15 2.0 25

NaCl concentration (M)

presence of several cryoprotectants at different quantities.
The size of PTX-SOR-PPE nanoparticles significantly
increased in the absence of cryoprotectants (216 nm) and in
the presence of 2% mannitol (626 nm), as compared to the size
of nanoparticles before freeze-drying (30 nm). However, a
slight increase in size was observed in the presence of 0.1% of
mannitol (46 nm). Regarding the siRNA-PPE nanoparticles,
addition of mannitol (1 mg/mL) resulted in a reduction of
the size from 155 to 125 nm and an increase in the PDI from
0.17to 0.52, probably because of a slight aggregation during
the freeze-drying. Addition of sucrose (10%) resulted in an
increase in the size from 117 to 208 nm. Interestingly, the
nanoparticles could maintain their size and PDI without the
addition of any cryoprotectants. Polyionic complexes formed
between siRNA and PEI, poly(amidoamine)/poly(ethylene
glycol)-b-poly(propyl methacrylate-co-methacrylic acid) or
aminated poly(glycerol methacrylate) polymers also main-
tained their size characteristics upon freeze-drying without
the addition of cryoprotectants, whereas complexes between
siRNA and chitosan/Tpp polymers aggregated upon freeze-
drying, in the presence or absence of cryoprotectants.?*4

Effect of physical mixing of the neutral

and cationic PPE nanoparticles

Neutral and cationic PPE nanoparticles could be loaded
with anticancer drugs and siRNA, respectively, and could be
freeze-dried, and their size characteristics were maintained
after reconstitution in water and in physiological solutions.
The two kinds of nanoparticles, paclitaxel-/sorafenib-loaded
neutral PPE and siRNA-loaded cationic PPE nanoparticles,
were mixed together, and size distributions of the two nano-
particles were measured (Figure 5). Interestingly, the two
types of nanoparticles could maintain their sizes and size
distributions after being mixed (Table S4). Although the

/

4]
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a1+

-
1

5 10 15

Dextrose concentration (%)

Figure 4 Effect of concentrations of NaCl (A) and dextrose (B) solutions on the size and PDI of siRNA-PPE nanoparticles prepared at N/P ratio of 25.
Notes: The values are presented as mean * standard deviation (n=3). The insets in the figures (boxes) indicate the physiological concentrations of NaCl and dextrose

solutions.

Abbreviations: N/P, nitrogen-to-phosphate; PDI, polydispersity index; PPE, polyphosphoester; siRNA, short interfering RNA.
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Figure 5 Intensity-averaged hydrodynamic diameter histograms of siRNA-loaded PPE nanoparticles (A), PTX-SOR-PPE nanoparticles (B), and mixture of the two types of

nanoparticles (C).

Abbreviations: PPE, polyphosphoester; PTX-SOR-PPE, paclitaxel- and sorafenib-loaded polyphosphoester; siRNA, short interfering RNA.

cationic nanoparticles might be able to complex siRNA and
contain the anticancer drugs in their hydrophobic cores, it
is better to load drugs and siRNA separately into two nano-
particles. In this way, mixing of the two drugs and siRNA
at different ratios can be precisely controlled according to
therapeutic needs. In addition, nucleic acids are sensitive
to the harsh conditions (organic solvent and evaporation)
used for preparing the nanoparticles loaded with hydropho-
bic anticancer drugs. This could be a convenient way of
administration of multiple drugs using PPE nanoparticles
of different surface chemistries in clinical settings. The size
of nanoparticles measured in this study is in agreement with
the previously reported data by our group for the neutral
PPE nanoparticles.?**?* However, nanocomplexes formed
between siRNA and the cationic fully degradable PPE poly-
mers have not been reported previously.

Toxicity of the nanoparticles

Intravenous administration of anticancer drugs is known to
induce hemolysis of RBCs, and thus leading to anemia.*
Encapsulation of paclitaxel and sorafenib into the nanopar-
ticles might prevent them from inducing hemolysis, whereas,
in Taxol, paclitaxel is dissolved in the low molecular weight
surfactant Cremophor EL and, thus, the drug is available
to interact with blood cells.*” The effect of the drug-loaded
nanoparticles on blood cells was studied by incubating a
blood suspension with sorafenib- and paclitaxel-loaded
PPE nanoparticles (0.5 mg/mL paclitaxel and 0.5 mg/mL
sorafenib) versus the Taxol mimicking formulation (6 mg/mL
paclitaxel). The nanoparticles and saline did not induce
hemolysis, whereas the Taxol mimicking formulation
resulted in significant hemolysis to blood cells as indicated by
the released hemoglobin from the ruptured cells (Figure S4).
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Taxol was also prepared as the market mimicking formula-
tion according to the manufacturer instructions but with
slight modifications to contain 0.5 mg/mL paclitaxel and
0.5 mg/mL sorafenib (ie, same concentrations in the tested
nanoparticles). Even at this diluted concentration of Taxol,
slight hemolysis was observed when it was incubated with
RBCs (Figure S5). Cytotoxicities of the PPE nanoparticles
loaded with either paclitaxel or sorafenib or both drugs were
evaluated in huh-7 cells. The IC, values for the paclitaxel-
and sorafenib-loaded PPE nanoparticles in huh-7 cells were
1.9 and 3.4 uM, respectively. The determined IC, values
are in agreement with values reported in the literature, 348
When both drugs were combined into the same PPE nanopar-
ticles, slightly higher IC, values were observed (ie, 2.9 and
5.4 uM for paclitaxel and sorafenib, respectively). Overall,
these data demonstrate the initial ability of nanoparticles to
release the embedded cargoes and induce significant cyto-
toxicities in the tested cell line. It has been demonstrated
before that these nanoparticles can release the anticancer
drug paclitaxel in a slow and sustained release manner.”
Worth mentioning is that the empty PPE nanoparticles did not
result in cytotoxicity at the range of the tested concentrations.
The next step was to evaluate the in vivo toxicity of PPE
nanoparticles. Cationic PPE polymer was selected because
cationic polymers are known to induce significant toxicities
both in vitro and in vivo, as compared to nanoparticles with
neutral or anionic surface charges.??*! In vivo toxicity of the
cationic PPE, chitosan/Tpp and PEI polymers was assessed
after intraperitoneal injection of increasing concentrations
of the polymers into mice. The animals were observed for
24 h, the number of deceased mice was counted (Figure 06),
and the LD, was calculated using the graphical method of
Miller and Tainter.”* PEI toxicity increased with increasing
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Figure 6 Survival rates of mice treated with escalating doses of PPE, chitosan/Tpp
and PEI nanoparticles after intraperitoneal injection.

Notes: The endpoint of the experiment was 24 h. In vivo distribution of the siRNA-
loaded PPE nanoparticles.

Abbreviations: PEl, polyethylenimine; PPE, polyphosphoester; siRNA, short inter-
fering RNA; Tpp, tripolyphosphate.

the concentration of the injected polymer in mice (calculated
LD, of 61.7 mg/kg).” On the contrary, PPE and chitosan
polymers did not induce toxicity and no animals died at the
highest tested concentration (ie, 133.3 mg/kg). Degradability
has a great impact on the safety profiles of nanoparticles, and
degradable nanoparticles are usually associated with lower
toxicity both in vitro and in vivo.?>26-52

Cationic PPE, chitosan/Tpp and PEI polymers were com-
plexed with cyanine 5-fluorescently labeled siRNA to form
the nanoparticles before intravenous injection of the siRNA,
that is, either naked or complexed to the polymers in mice at
a dose of 0.5 mg siRNA/kg. The mice were sacrificed after
2 h of the injection and specimens from the liver, kidney,
spleen, lungs and heart of control and treated mice were
harvested and processed for imaging under fluorescence and
light microscopy to evaluate the in vivo delivery of siRNA
and for histologic examination of the main organs for toxic-
ity, respectively, as reported previously.?* Examination of
hematoxylin and eosin-stained sections of the organs of con-
trol mice receiving naked siRNA has demonstrated normal
hepatic, renal, cardiac, pulmonary and splenic architectures
(data not shown). The histologic structures of the liver, car-
diac muscles and spleen of mice treated with siRNA-loaded
PPE nanoparticles appeared similar to the control groups
(Figure 7). In the kidney, the proximal convoluted tubules
showed sign of degeneration in the form of deeply stained
nuclei and destructed brush border. Regarding the lung
alveoli, the internal alveolar septum appeared congested
with blood. These positive attributes demonstrated that these
nanoconjugates can be used as a promising platform for drug
delivery after further in vivo biological evaluations. Treat-
ment with siRNA-loaded chitosan/Tpp and PEI nanoparticles
led to obvious histologic changes, as reported previously by
our group.

No fluorescence was detected in the organs of the mice
injected with the naked siRNA (Figure 8A). Rapid degra-
dation of nucleic acids either in vitro upon incubation with
serum or nucleases or in vivo after intravenous administration
has been reported previously.*2* DNA/RNA are vulnerable
to intra- and extracellular nucleases, which degrade them
rapidly and prevent them from reaching their target sites.
Examination of unstained paraffin sections treated with
siRNA-loaded PPE nanoparticles of liver, heart, kidney,
lungs and spleen using fluorescence microscopy showed red
fluorescence of varying intensities in the different organs
(Figure 8B). Injection of the siRNA complexed with PEI
resulted in strong uptake in the main organs.?® However,
no selective uptake was observed. In addition, the high

Drug Design, Development and Therapy 2017:1 |

submit your manuscript

493

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com
http://www.dovepress.com/get_supplementary_file.php?f=128503.pdf

Elzeny et al Dove

Figure 7 Photomicrographs of the histologic structures of liver, heart, kidney, lung and spleen of mice treated with siRNA-loaded PPE nanoparticles.

Abbreviations: PPE, polyphosphoester; siRNA, short interfering RNA.
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Figure 8 Biodistribution of cyanine 5-labeled siRNA that is either free (A) or loaded into PPE nanoparticles (B) in mice after intravenous injection of a dose of 0.5 mg

siRNA/kg.
Abbreviations: PPE, polyphosphoester; siRNA, short interfering RNA.
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accumulation in the organs is compromised by the high toxic-
ity in the main organs and low LD, value of PEI. Chitosan-/
Tpp-based nanoparticles resulted in lower uptake in the main
organs, as compared to the siRNA-PPE nanoparticles, which
might be because of the relatively larger size of the chitosan
nanoparticles as compared to the PPE- and PEI-based nano-
particles.”® Although the advantages of chitosan reported in
our study, in terms of degradability and biocompatibility, it
might not be able to deliver therapeutic concentrations of the
loaded siRNA cargo to the target organs. We have selected
the siRNA for the preliminary in vivo study because it is
more vulnerable to nucleases and usually degrades within a
few minutes after administration. In addition, it was easier
to fluorescently label the siRNA and to visualize the siRNA
biodistribution in vivo. Herein, we confirmed that siRNA
could partially maintain stability in the blood, when protected
in the nanoparticles, and be delivered to the various organs,
as compared to the naked siRNA.

Conclusion

Cationic PPE polymers could efficiently complex siRNA,
and stability of the nanoparticles could be maintained in
physiological solutions and upon freeze-drying. When
injected intravenously, the cationic nanoparticles were able
to deliver siRNA into the main organs of mice. Neutral PPE
nanoparticles were able to encapsulate two hydrophobic
drugs, namely, sorafenib and paclitaxel, which are commonly
used for the treatment of HCC. Mixing the neutral and cat-
ionic PPE nanoparticles did not result in precipitation, and
the size characteristics of both types of nanoparticles were
maintained. Hence, PPE might provide promising vehicles
for the delivery of multiple drugs to diseased tissues via
simple synthesis of the individual polymers and assembly
into nanoparticles that can host several drugs in the same or
different PPE nanoparticles. Avoiding sophisticated proce-
dures in synthesis, drug-loading and nanoparticle assembly
and mixing is of great importance for industrial and clinical
implications. In vivo therapeutic efficiency of the combined
formulations, loaded with paclitaxel, sorafenib and VEGF
or integrin-targeted siRNA, will be pursued for the manage-
ment of HCC.
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