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ABSTRACT

Simvastatin (SV) repurposing has emerged as an alternative approach for the treatment of cancer. In this
study, SV chitosan nanoparticles co-crosslinked with tripolyphosphate and chondroitin sulfate
(SVCSChSNPs) were developed in order to maximize SV therapeutic efficiency. The hepatic targeting
was realized using N-acetylgalactosamine (GalNAc) residues of ChS, which can be identified by the
ASGPR receptors specifically expressed in hepatocytes. SV was repurposed as an anticancer agent against
hepatocellular carcinoma (HCC). NPs were fabricated by the ionic gelation method, and the formulation
variables (CS concentration, CS:ChsS ratio, and CS solution pH) were optimized using a three-factor, three-
level Box-Behnken design. The optimized NPs were investigated for particle size, size distribution, zeta
potential, morphology, in vitro cytotoxicity, apoptotic effects against human hepatocellular carcinoma
HepG2 cells, and detection of intracellular localization. The NPs were further evaluated for in vitro release
behavior of SV and pharmacokinetics using Wister albino rats. Transmission electron microscopy (TEM)
imaging showed a spherical shape with regular surface NPs of < 100 nm diameter. In vitro cytotoxicity
testing showed that the SVCSChSNPs exhibited greater inhibition of proliferation in HepG2 cells and high
cellular uptake through ASGPR-mediated endocytosis. The in vitro dissolution profile was 2.1-fold greater
than that of pure SV suspension. Furthermore, in vivo oral pharmacokinetics revealed that the obtained
NPs enhanced the bioavailability of SV by up to 2- and 1.6-fold for SV and SVA, respectively, compared to
the pure SV suspension. These findings demonstrated that hepatic-targeted CSChSNPs delivering SV could
potentially serve as a promising platform for HCC and other liver-related diseases.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

using medicine already administered to patients. Statins lower
cholesterol by inhibition of the mevalonate pathway. In the past

Drug repurposing has garnered considerable attention in the decade, increasing evidence has shown that statins provide other
past years, as it offers disease treatment at an affordable cost by pleiotropic effects, including anti-inflammatory, anti-oxidant, and
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anticancer activity (Bradbury et al., 2018; Ilannelli et al., 2018;
Safwat et al., 2017). In this context, repurposing simvastatin (SV),
a statin member, as an anticancer agent for the treatment of hep-
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2011; Relja et al., 2010). HCC is recognized as a serious global
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related deaths (World Health Organization, 2018). Currently, avail-
able HCC treatments are limited to conventional chemotherapy,
kinase inhibitors, and monoclonal antibodies. However, these
remedies are limited by high toxicity, non-selectivity, multidrug
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resistance, and adverse reactions (Wang et al., 2018). To address
these limitations, the development of tumor-specific agents should
be considered. Statins have been suggested for the treatment of
HCC because they do not affect DNA and hence do not cause muta-
tion or secondary tumors (Fatehi Hassanabad, 2019).

SV is administered as a lactone pro-drug and is enzymatically
hydrolyzed in vivo to an active, hydroxy acid form (Nirogi et al.,
2007; Oesterle et al., 2017), as shown in Fig. 1. Nevertheless, SV
has low oral bioavailability (<5%), which can be ascribed to its
low solubility in the gastrointestinal tract and thus its low intesti-
nal absorption, paired with extensive metabolism by the
cytochrome-3A (CYP3A) system, specifically cytochrome-3A4 and
cytochrome-3A5 enzymes, in the intestine and liver (Geboers
et al,, 2016). Thus, large oral doses of SV are used to obtain the
desired therapeutic action. However, higher dosages than those
prescribed for reduction of hyperlipidemia are required for use of
SV as an anticancer agent (i.e., 20-80 mg) (Cho et al., 2008;
Karimi et al., 2019; Muscella et al., 2014; Wang et al., 2017), which
may cause injuries such as myopathy (Matusewicz et al., 2018).
Accordingly, it is important to develop drug carriers that address
the limitations described. Statins-nanocarriers could be engineered
to target tumor cells and consequently reduce drug amount could
be recruited (Safwat et al., 2017).

Multiple approaches have been employed to improve the oral
in vivo efficacy of SV, such as lipid formulation (Zhang et al.,
2010a,b), polymeric nanoparticles (Ahmed et al, 2015), den-
drimers (Qi et al., 2015), complexes (Kong et al., 2018), self-
emulsifying drug delivery systems (SEDDS) (Patil et al., 2007),
lipid-based microparticles (Meola et al., 2020), and solid dispersion
(Zhang et al., 2016). However, these formulations have some limi-
tations. In the case of SEDDS, a large number of surfactants can irri-
tate the gastrointestinal tract, whereas high concentrations of
cyclodextrin can induce hemolysis. Polymeric nanoparticles (NPs)
have received considerable attention because they can enhance
oral bioavailability and reduce undesirable actions of SV. The
bioavailability of NP can be affected by their physicochemical
properties, including particle size, shape, surface charge, surface
modification, and hydrophobicity (Harisa & Faris, 2019). The
proper adjustment of these variables enhances the intracellular
uptake of drug delivery systems. NPs with sizes of < 100 nm can
avoid uptake by the RES and thus have a prolonged circulation time
(Zhao et al., 2019). This facility allows NP accumulation at the
tumor site by passive targeting owing to their endothelial perme-
ation and retention (EPR) effect (Torchilin, 2011).

Among the polymers used for the preparation of the drug
nanocarriers is chitosan (CS), which is a cationic polysaccharide
comprised of B-(1 — 4)-linked D-glucosamine and N-acetyl-D-
glucosamine units. CS is a biocompatible, mucoadhesive,
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permeability-enhancing polymer. CS attracts to moieties with a
negative charge, such as the tumor microenvironment and cell
membrane. These features enable chitosan to deliver drugs to the
cancer cell (Faris et al., 2020). CS inhibits cancer cell proliferation
and potentiates the action of anticancer drugs (Harisa et al.,
2016; Jiang et al., 2019; Kou et al., 2017). CS is cross-linked by var-
ious methods, such as the ionotropic gelation method (George
et al., 2019). This method is widely used, as it involves mild condi-
tions (Fan et al., 2012). However, ionic gelation has many draw-
backs; for instance, poor reproducibility, which limits the
generalizability of this technique (Jiang et al., 2018).

Chondroitin sulfate (ChS) is an indigenous mucopolysaccharide
that consists of b-1,3-linked N-acetylgalactosamine (GalNAc) and
b-1,4-linked d-glucuronic acid (GlcA) residues (Barclay et al.,
2019). ChS has a wide range of bioactivities, including tissue regen-
eration, intracellular signaling, and drug delivery systems. GalNAc
residues of ChS have specific binding with the asialoglycoprotein
receptors (ASGPRs) on hepatocyte membranes. ASGPRs are overex-
pressed on the surface of hepatocytes, are less common in non-
liver cells, and have a high affinity for moieties such as GalNAc
and galactose or polymers containing such residues. These moi-
eties can act as ligands for targeted HCC and increase cellular
uptake through ASGPR-mediated endocytosis (D’Souza and
Devarajan, 2015; Pranatharthiharan et al.,, 2017; Turato et al.,
2017).

ChS is a polyanion that allows interaction with a cationic poly-
electrolyte such as CS to form nanoparticles. In CS-ChS nanoformu-
lations, ChS enables the CS crosslinking and makes a ligand-
mediated drug delivery through the interaction between GalNAc
and ASGPR. The balance between positive charges and negative
charges forms NPs with virus-like surfaces, thus allowing increased
mucus penetration (Wu et al., 2018). CS-ChS NPs are sponta-
neously formed after instant CS and ChS mixing (Sharma et al,,
2019). However, the NPs formulated may not be uniformly homo-
geneous. Therefore, in the present study, the CSNS co-crosslinked
with TPP and ChS anions were fabricated to increase their rigidity.

A literature review identified some research studies that inves-
tigated CSChSNPs as nanocarriers (Ribeiro et al., 2014; Jardim et al.,
2015; Umerska et al., 2017). However, these reports examined
CSChSNPs for non-oral administration; ChS was the main polymer
in the formulation, and some of the studies used delivery systems
with a particle size > 200 nm.

This study hypothesizes that a nanocarrier comprising CS and
ChS containing GalNAc residues with a particle size < 100 nm
might facilitate the cellular uptake of SV by two mechanisms,
EPR and ASGPR-mediated targeting of HCC, when orally adminis-
tered. To the best of our knowledge, little effort has been made
to generate CS-functionalized NPs for HCC-targeted oral delivery.

Simvastatin acid

Fig. 1. Chemical structures of simvastatin and simvastatin acid.
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The present study aimed to prepare SVCSChSNPs, which were
assembled using the ionic gelation method and optimized using
the Box-Behnken design. The optimized NPs were characterized
physicochemically and pharmaceutically in terms of particle size,
zeta potential, morphology, and in vitro release. The intracellular
localization of anti-apoptotic properties of the formulated NPs
was investigated using confocal fluorescence microscopy and
annexin V-fluorescein isothiocyanate, respectively. Moreover, the
cytotoxicity of SVNPs against hepatoma cell lines (HepG2) as a sur-
rogate model for hepatocellular carcinoma (HCC) was investigated.
Besides, the pharmacokinetics parameters of the formulated NPs
were studied in Wister albino rats. A factorial experimental design
was adopted in this study to clarify the interaction between the
formulating variables and save resources.

2. Materials and methods
2.1. Materials

The simvastatin (SV) used in this study was a generous gift from
the Riyadh Pharma Co., Saudi Arabia. Low-molecular-weight chi-
tosan (viscosity 20,000 cps) (degree of deacetylation [DD] of
92%), chondroitin 4-sulfate sodium salt (ChS, sodium content
5.6% w/w, molecular weight 59 kDa), simvastatin hydroxy acid
ammonium salt sodium (SVA), lovastatin, lovastatin hydroxy acid
sodium salt, rhodamine B isothiocyanate (RBITC), and car-
boxymethylcellulose were purchased from Sigma Aldrich Chemical
Co. Ltd. (St. Louis, MO, USA). Sodium tripolyphosphate (TPP) and
glacial acetic acid were obtained from BDH Organic (Poole, Dorset,
UK). Ethanol, methanol, acetonitrile, and phosphoric acid (HPLC
grade) were obtained from Fisher Scientific Co., (Loughborough,
UK). phosphate buffer solution (PBS) (pH 7.4) solution (8 g NaCl
(137 mM), 0.2 g KCl (2.7 mM), 1.15 g Na,HPO4--7H,0 (8.1 mM),
and 0.2 g KH,PO,4 (1.47 mM) in 1000 mL deionized water. Deion-
ized water was obtained using a Milli-Q® water purifier (Millipore,
France) and used throughout the study.

2.2. HPLC assay of simvastatin for in vitro studies

The SV concentration of all in vitro experiments was quantified
using a Waters HPLC system (USA) equipped with a Waters RP C18
analytical column (5 pm x 4.6 mm ID x 150 mm). An isocratic elu-
tion method was involved, with a mobile phase comprised of
methanol and water with 0.05% acetic acid (85:15) at a flow rate
of 1.2 mL/min. The eluent was monitored at an ultraviolet detec-
tion wavelength of 238 nm. Linear calibration curves
(R? > 0.998) were obtained by plotting the chromatographic peak
area against SV concentration over a range of 0.2-10 pg/mL.

2.3. Experimental design

In this study, a three-factor, three-level Box-Behnken experi-
mental design (BBD) was used to optimize the SVCSChSNPs
nanoformulations. The three independent factors were CS solution
concentration (X;), the mass ratio of CS:ChS (X;), and the pH of CS
solution (X3), while particle diameter (Y;), polydispersity index
(PDI) (Y2), ZP (Y3), and Higuchi model slope (Y4) were the depen-
dent variables (Table 1). The independent factors and their levels
(expressed as low, —1; medium, 0; high, +1) were selected based
on the results of a preliminary experimental screening study. Fif-
teen runs of SVCSChSNPs were suggested by Statgraphics® Centu-
rion XVILII software (StatPoint Technologies, Inc. Virginia, USA).
The results of the BBD were evaluated using analysis of variance
(ANOVA), with significance set to P < 0.05, and graphical analysis
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Table 1

Experimental variables, their levels, and desirability of dependent responses.
Independent factors Levels

Low (1-) Medium (0) High (1)

X; = CS solution concentration (mg/mL) 0.2 0.35 0.5
X5 = CS:ChS mass ratio (w:w) 1:4 2.125:1 4:1
X3 = pH of CS solution 3.5 425 5
Dependent variables Constrains
Y; = Particle size (nm) Minimize
Y, = Polydispersity index Minimize
Y5 = Zeta potential (mV) Maximize
Y4 = Higuchi model slope Minimize

using the Pareto chart to determine the potential interactive
factors.

2.4. Production of SVCSChSNPs

SVCSChSNPs were fabricated using the ionic gelation technique
(Calvo et al., 1997), with a few modifications. Briefly, CS stock solu-
tion (1 mg/mL) was created by dissolving CS in 50 mL 1% (w/v)
acetic acid while stirring 25 °C for 4 h. The solution was adjusted
for pH at a specified value using 1 N NaOH and then passed
through a 0.45 pm membrane to remove the insoluble parts. TPP
solution was produced separately at a concentration of 0.03% w/v
and mixed with ChS solution. In a 1.5 mL tube, SVCSChSNPs were
synthesized by dropping 200 pL SV ethanolic solution (0.25 mg/
mL) followed by 200 pL ChS-TPP mix into 600 pL CS solution and
then mixed by pipetting up and down for a few minutes. The
obtained NPs were filtered and centrifuged at 5000 rpm at 4 °C
for 30 min using an Optima™ Max-E Ultra Cooling Centrifuge
(Beckman Coulter, Pasadena, CA). The NPs in the supernatant were
separated using a freeze dryer (Alpha 1-4LD Plus, Martin Christe-
frier trocknugsanlagen GmbH, Osterode am Harz, Germany)
at — 60 °C for 48 h. The lyophilized NPs were collected for further
evaluation. Void CSChSNPs were formulated as described previ-
ously without adding the drug. The NPs were produced and ana-
lyzed three times according to the experimental design.

2.5. Evaluation of particle size, polydispersity, and zeta potential

The particle size and PDI of each batch of the SVCSChSNPs were
assessed using photon correlation spectroscopy by a Zetasizer
Nano ZS (Malvern Instruments, UK). The monodisperse samples
were diluted with deionized water and sonicated for 5 s to remove
air bubbles and split aggregates. The samples were assessed at
room temperature using a dynamic light scattering procedure at
a 90° scattering angle. To determine the surface charge, the same
Nano ZS was set to laser doppler velocimetry mode at 25 °C. All
samples were measured in triplicate, and the results were
expressed as the mean * standard deviation (SD).

2.6. In vitro release profile and kinetic modeling

The SV release from each run of the SVCSChSNPs was evaluated
using the dialysis bag diffusion method (Harisa et al., 2017), with
some modification. The dialysis membranes (MWCO of 12 kDa,
Sigma Aldrich, US) enclosing SVCSChSNPs (equivalent to 5 mg
SV) were immersed in the flasks of the USP Dissolution Apparatus
2 (Caleva Ltd., Model 85 T, Philips, UK), keeping the paddle rotated
at 50 RPM. The dissolution medium was 500 mL 0.1 N HCI (pH 1.2),
maintained at 37 °C, and gradually raised by adding 0.05 M PBS
(pH 8.0) dropwise to pH 7. At predetermined time intervals (0.1,
0.16, 0.3, 0.5, 1, 2, 4, 6, and 8 h), 5 mL aliquots were withdrawn
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and instantly compensated with fresh medium. The samples were
analyzed for SV concentration using the HPLC method. The release
profile data on the SV from CSChSNPs were fitted to mathematical
release models: zero, first-order, Higushi diffusion, Korsmeyer-
Peppas, and Hixon-Crowell cube root law. To select the preferred
model, the correlation coefficient was calculated for each mecha-
nism. Models with the highest values were more likely to be cho-
sen as the best model. In addition, the dissolution mechanism was
determined by calculation of the exponent (n) values.

2.7. Prediction, synthesis, and evaluation of the optimized formula

The data obtained from the 15 batch evaluations of the
SVCSChSNPs were analyzed using Statgraphics software, and an
optimized value of each independent parameter was chosen to
predict the optimized formulation. The predicted formulation
was produced, assessed for all responses (i.e., Y;-Y4), and com-
pared with the values predicted by the BBD.

2.8. Entrapment efficiency and drug loading

The quantity of SV incorporated in the optimized SVCSChSNPs
was estimated through the ultracentrifugation method. Approxi-
mately 2 mg of prepared NPs was ultra-centrifuged with ethanol
at 35,000 for 30 min at 4 °C using an Optima™ Max-E Ultra Cen-
trifuge, and the supernatant was collected. Next, the non-
encapsulated drug content was quantified by HPLC assay. The
entrapment efficiency (EE%) and the drug loading (DL%) were cal-
culated by Eq. (1 & 2) respectively.

Svmtul - Svfree
—— X

EE% =
’ Svtotal

100 (1)

Amount of encapsulated SV

DL% = Total weight of SVCSCRSNPs ©

100

(2)

SViotar is the quantity of drug added, while SVgee is the free
quantity of drug that appeared in the supernatant.

2.9. Transmission electron microscopy (TEM)

The shape and particle size of the CSChSNPs and SVCSChSNPs
were characterized using transmission electron microscopy
(TEM). The sample was prepared by positioning one drop of
monodisperse NPs onto a glow-discharged carbon-coated grid for
5 min. Then, the sample was rinsed with 15 drops of distilled water
and stained with 1% uranyl acetate stain. Afterward, the grid was
dried and examined by TEM using a JEM-1011 microscope at
80 kV accelerating voltage (JEOL, Tokyo, Japan).

2.10. X-ray powder diffraction

To investigate the physical interaction between SV, CS, ChS, and
TPP, the X-ray diffraction of SV, CS, ChS, and TPP powders as well as
the CSChSNPs and SVCSChSNPs was evaluated using an Ultima IV
diffractometer (Rigaku Inc., Japan) with Cu as the tube anode.
The samples were analyzed between 3 and 60 (°20) at a scan speed
of 0.5 deg-min~". The tube anode was Cu with Ka = 0.1540562 nm
monochromatized with a graphite crystal. The diffractograms were
gathered at a tube voltage of 40 kV and a tube current of 40 mA in
step scan mode (step size 0.02°, counting time 1 s per step).
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2.11. Thermal scanning

Differential scanning calorimetry (DSC) was performed to
detect the thermal curves of pure SV, CS powder, ChS powder,
CSChSNPs, and the optimal SVCSChSNPs using a Shimadzu DSC-
60 (Shimatzu Corporation, Tokyo, Japan). Approximately 4 mg of
the sample was loaded in small aluminum pans and crimped.
The thermograms were observed over a temperature range of
25 °C-300 °C at a heating rate of 10 °C min~! under nitrogen gas.
A sealed pan with no sample was used as a blank.

2.12. Fourier transform infrared spectroscopy

The Fourier transform infrared (FTIR) spectra of pure SV, CS
powder, ChS powder, CSChSNPs, and the optimized SVCSChSNPs
were acquired by using an FTIR spectrometer (Shimadzu® Europe
- Prestige-21) via the potassium bromide (KBr) disc method.
Approximately ~4 mg of sample and KBr were combined, com-
pressed into small disks using a manual hydraulic press, and then
scanned from 5000 to 400 cm ™.

2.13. In vitro release study and kinetic modeling

The SV release behavior of the pure SV suspension and opti-
mized SVCSChSNPs was evaluated using the dialysis bag diffusion
method (Harisa et al., 2017) with some modification. The proce-
dures were conducted as shown in section 2.6.

2.14. HepG2 cell culture

Human hepatocellular carcinoma cells (HepG2 cells) obtained
from the American Type Cell Culture (ATCC, USA) were allowed
to grow in T-75 flasks and then incubated in a humidified incuba-
tor at 37 °C with 95% air/5% CO, supplemented with Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Grand Island, NY)
enriched with 10% (v/v) fetal bovine serum (Gibco). The DMEM
was changed every 24-48 h until a complete sheet was obtained.
The cell layers that appeared were detached by trypsin-EDTA. Ster-
ile PBS was used to wash and separate the old media. Approxi-
mately 0.5-1 mL of trypsin-EDTA solution was added to the cell
monolayer, and the cells were incubated for 3-4 min. After the
incubation period, the cells were collected and mixed with fresh
culture medium for counting. In a 96-well microplate, HepG2 cells
were seeded at a density of 1 x 10* cells/well and incubated at
37 °C in 95% humidified air and 5% CO, overnight for complete
adhesion (Wang et al., 2019).

2.15. MTT assay

An MTT assay using HepGz2 cells was performed to evaluate the
cytotoxicity activity. In the test, the mitochondria of viable cells
convert hydrophilic tetrazolium salt (yellow color) into a
hydrophobic purple dye known as formazan, and the intensity of
the dye is directly proportional to the number of surviving cells
(Wang et al., 2019). In 96-well plates, freshly prepared samples
with concentration dispersions corresponding to 0.5, 1, 2.5, 5, 10,
25, 75, 100, 125, 150, 175, and 200 pg of pure SV suspension,
CSChSNPs, and the chosen SVCSChSNPs were passed through
0.450 um syringe filters. These samples were incubated with previ-
ously cultured cells for periods of 24, 48, and 72 h. After the incu-
bation period, the media were then eliminated from the wells to
abort uptake, and the cells were washed with fresh media. A
50 pL aliquot of MTT (0.42 mg/mL) was added to each well, and
the microplate was returned to the incubator for 4 h. After incuba-
tion, the media was removed, the MTT was solubilized in 1 mL of
isopropyl alcohol, and the absorbance of each sample was mea-
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sured at 570 nm using a microplate reader (ELX 800; Bio-Tek
Instruments, Winooski, VT, USA).
Cell viability was determined by Eq. (3):

Absorbancesgmpie y

Cellviability% = ABSOTbaNCeL

100

2.16. Flow cytometry analysis

HepG2 cells were assayed for apoptosis against concentrations
of pure SV suspension, CSChSNPs, and SVCSChSNPs corresponding
to their ICsq values using an annexin V-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) apoptosis detection kit I (Sigma,
USA), according to the manufacturer’s protocol. Briefly, cells were
seeded into 12-well plates at a density of ~ 1 x 10° cells/well in
1 mL DMEM for 12 h. Concentrations of 28.15 pg/mL, 63.85 pg/
mL, and 3.67 pg/mL of pure SV suspension, CSChSNPs, and
SVCSChSNPs, respectively, were added to the cell lines and then
incubated for 24 h. The cells were then washed with PBS and
digested with trypsin. Next, the cells were harvested by centrifuga-
tion at 2000 x g. Subsequently, cells were diluted by 5 x binding
buffer with double distilled water, and 500 pL of suspension cells
with 1 x binding buffer were prepared. Next, 500 puL of treated
and the non-treated cell suspension was incubated with 5 pL of
Annexin V-FITC and 10 pL of PI at room temperature for 30 min
in darkness. The fluorescence of the cells immediately was mea-
sured using a flow cytometer (Beckman Coulter, CA, USA) (Wang
et al., 2019). The rates of apoptosis were calculated as (cell num-
bers in Q2 + Q3/total cell numbers) x 100% (cells in Q2 were
referred to as late apoptosis, in Q3 were referred to as early
apoptosis).

2.17. In vitro ASGPR-mediated intracellular uptake

The intracellular localization of the obtained nano delivery sys-
tem was detected using a confocal laser microscope (Nikon Eclipse
90i, Nikon Corporation, Tokyo, Japan) after labeling the CS with
rhodamine B isothiocyanate (RBITC) (Jiang et al., 2017).

2.17.1. Production of RBITC-labeled CS

RBITC-labeled CS was manufactured by dissolving 250 mg of CS
in 10 mL of acetic acid (1%, w/v) and mixing it with 2.5 mg RBITC.
The mixture was left to react for 12 h and then dialyzed against
deionized water for 3 d. RBITC-CS coagulates in water and can be
collected by centrifugation and subsequent lyophilization using
freeze-drying. The dye-grafted CSChSNPs were fabricated by the
aforementioned method using the modified Calvo method (Calvo
et al.,, 1997).

2.17.2. Fluorescence analysis

To detect the intracellular uptake of the optimized SVCSChSNPs,
hepatocarcinoma cells were subcultured on 8-well chamber slides
(Lab-Tek II Chamber Slides; Thermo Fisher Scientific Inc, USA) at a
density of 1 x 10* cells/well for 24 h. After this period, the cells
were washed three times with PBS to remove the medium before
adding the NPs. The dye-labeled nanocarriers were dispersed in
10 mL medium and 500 pL was added to each well. NPs were added
in the absence and presence of aqueous galactose 65 mM preincu-
bated with the cells for 1 h. After that, the cells were incubated at
37 °C and 5% CO, for 4 h, washed using PBS to remove the medium,
and fixed with 5% paraformaldehyde in PBS for 30 min, and then
observed by confocal microscopy. Control cells were incubated
with deionized water, washed with PBS, and fixed as before. The
cell nuclei were stained with Hoechst 33,258 (blue, 5 mg/mL) for
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30 min at 25 °C and imaged using a confocal microscope
(Pranatharthiharan et al., 2017).

2.18. In vivo pharmacokinetic study

An oral pharmacokinetic study was performed on 12 male Wis-
tar rats in a fasted state over a 12 h period. All animal experiments
were approved by the Animal Ethics Committee, College of Phar-
macy, King Saud University, under reference number: KSU- SE-
19-58. Animals were sourced from the Animal House (College of
Pharmacy, King Saud University). Each one weighed 200-250 g at
12 weeks of age. Water was provided ad libitum throughout the
study.

The animals were divided into two groups of six animals each:
the standard group and test group, which received a single dose of
0.5 mL SV suspension or SVCSChSNPs dispersed in sterile water (at
SV equivalent to 20 mg/kg body weight) via oral gavage, respec-
tively. The dose of 20 mg/kg body weight is the dose at which SV
acts as an antiproliferative agent (Muscella et al., 2014; Wang
et al., 2017) .The drug suspension was produced by dispersing
the pure SV powder in sterile water containing 0.25% (w/v) sodium
carboxymethylcellulose with sonication for 10 min. After dosing,
200 pL blood samples were collected in pre-heparinized polyethy-
lene tubes from the central tail vein at predetermined time points
of 0.5, 1, 2, 4, 6, 8, and 12 h. The samples were immediately
centrifuged at 3500 rpm for 5 min at 24 °C, and the plasma was
separated and stored at — 20 °C for further analysis.

2.18.1. HPLC analysis

The SV and SVA content was quantified using the HPLC method
as previously reported (Rizvi et al., 2019; Silva et al., 2012). The
internal standards were lovastatin and lovastatin acid for SV and
SVA, respectively. An HPLC system (Waters, Boston, Mass., USA)
was equipped with a Waters 717 plus autosampler, Waters 1525
binary HPLC pump, Waters 2487 dual é absorbance detector, RP
C18 Waters column (5 ym x 4.6 mm ID x 150 mm). The mobile
phase was comprised of acetonitrile and deionized water
(65:35%, v/v) adjusted to pH 3.5 using phosphoric acid at a flow
rate and injection volume of 1.0 mL/min and 20 pL, respectively.
The eluent was monitored with a UV detector at a wavelength of
238 nm. These parameters resulted in SV and SVA retention times
of approximately 7 and 6.2 min, respectively. Linear calibration
curves (R? = 0.998 and R? = 0994 for both SV and SVA, respectively)
were obtained by plotting the peak area ratio of analyte: internal
standards against the known concentrations. The limit of quantifi-
cation for both SV and SVA was found to be 5 ng/mL and 10 ng/mL,
respectively.

2.18.2. Pharmacokinetic analysis

The PK parameters of SV and SVA were calculated using the PK
solver program (Zhang et al., 2010). The parameters employed an
area under the plasma concentration-time curve up to time infin-
ity (AUCo_, ), the area under the curve (AUCy_13), the maximum
plasma concentration (Cp,.x) the time required to reach the maxi-
mum plasma concentration (Tpax), the elimination half-life (T;2),
the mean residence time (MRTy_;,), the volume of distribution dur-
ing the terminal phase (Vz/F), and the total body clearance (CI/F).
The relative bioavailability was determined relative to pure SV sus-
pension. All data were represented as the mean + SD.

2.19. Statistical analysis

All experiments were conducted in triplicate (n = 3), and the
data were expressed as means + SD. The significance of the formu-
lation factors was evaluated using one-way ANOVA. Pharmacoki-
netic parameters were analyzed by PK Solver software using a
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non-compartmental model. Tukey’s multiple comparisons test was
conducted using the SPSS program to assess statistical differences
(P < 0.05) between the group means. The results were expressed as
means * SD.

3. Results and discussion

The present study produced ultrafine SV nanocarriers from
biodegradable polymers CS and ChS using straightforward formu-
lation procedures under mild production conditions. The intended
SVNPs were designed to reach their final destination using dual-
mechanism targeting: passive targeting (the EPR) through the pro-
duction of NPs with particle size <100 nm and active targeting
using ASGPR-mediated endocytosis. Part of the aim of the study
was to enhance the oral bioavailability of the SV and repurpose it
as an anticancer agent. The SVNPs were assembled using the ionic
gelation technique. This technique involves straightforward proce-
dures with mild production conditions. The formulation conditions
were optimized using BBD to fabricate reproducible NPs, which can
save time as well as resources. The optimized formulation was
characterized by its physicochemical properties, in vitro SV release
behavior, and kinetic modeling of the release profiles. An in vitro
biological evaluation was conducted to determine the cytotoxicity,
induction of apoptosis in HepG2 cells, and intracellular localization
in HCC. The in vivo bioavailability of the SVNPs was also assessed
using Wister albino rats.

In the present study, fifteen runs were successfully fabricated
and evaluated, and the obtained data were analyzed to optimize
the processing factors. SVCSChSNPs were assembled by electro-
static attraction between carboxylate and sulfate groups from
ChS and phosphate groups from TPP on one hand and amino
groups of CS on the other hand to form a polyelectrolyte complex.
The particle size of the NPs oscillated between 47 + 0.56 nm in F2
and 177 £ 1.62 nm in F12, while the PDI oscillated between
0.112 £ 1.44 in F5, F 6, and F13 and 0.576 * 2.87 in F9. All formu-
lations exhibited cationic ZP values oscillating between 25 + 0.22
mV in F1 and F4 and 33 + 0.75 mV in F14 (Table 2). The Higuchi
release constant ranged from 12 + 1.63 in F12 to 17 = 0.22 in
F10. Similarly, Soe et al. produced CS/ChS NPs conjugated with folic
acid and loaded with bortezomib. The particle size and PDI values
of bortezomib Cs/Chs folic acid NPs were 196.5 + 1.2 nm and
0.21 £ 0.5, respectively (Soe et al., 2019). Also, in another study,
nanosized CS/ChS particles were fabricated with diameters, PDI,
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surface charge, and drug values of 283.2 + 16 nm, -31.2 £ 6.8 mV,
63.1% £ 4.2%,and 6.14 + 0.3 h, respectively (Rezazadeh et al., 2019).

The in vitro release profiles of the SV from the fifteen CSChSNPs
runs showed a two-phase release pattern after 12 h. The pattern
includes an initial fast release followed by a steady release phase.
All release data were fitted to various kinetic models and were
found to obey the Higuchi kinetic model (data not shown).

3.1. Assessment of the quantitative effects of the processing factors

3.1.1. Influence of chitosan solution concentration

From the data shown in Table 3 and Fig. 2, we found that the
concentration of the initial CS solution (X;) had a significant syner-
getic effect on Y;, with a P-value of 0.0102. The quadric term of X3
exerted a significant synergetic influence on Y, (P-value = 0.0119).

As shown in Table 2, there were clear trends of an increase in
particle diameter from 47 + 0.56 nm to 119 * 2.44 nm and an
increase in PDI from 0.201 + 1.21 to 0.502 + 3.15 when the CS con-
centration in F2 and F10 increased from 0.2 mg/mL to 0.5 mg/mL.
These findings are consistent with those of other studies
(Rezazadeh et al., 2019). In CS solutions with low concentrations,
the electrostatic forces between carboxylate, sulfate, and phos-
phate anions and the protonated amino groups of CS predominate
over the attractive forces created by the intermolecular hydrogen
bonding between CS molecules, which could explain the above
trend. At higher CS concentrations, hydrogen bonding overcomes
the electrostatic attraction, which results in greater particle size
upon the addition of ChS and TPP; this is because more than one
polymer molecule is used to produce an individual nanoparticle.
The higher the CS concentration, the higher the density of proto-
nated amine groups, causing greater repulsion among them and,
accordingly, a growth in hydrodynamic diameter (Rezazadeh
et al.,, 2019).

3.1.2. Influence of the weight ratio of CS to ChS

As shown in Table 3 and Fig. 2, the interaction between X, and
X3 had a significant synergistic influence on Y,, with a P-value of
0.0450, and a significant antagonistic influence on Y;, with a P-
value of 0.0313. The quadric term of X4 showed a synergetic influ-
ence on both Y, and Yy, with P-values of 0.0115 and 0.0374, respec-
tively. With increasing ChS amounts (mass ratio from 4:1 in F11 to
1:4 in F2), particle diameter decreased from 105 = 0.93 nm to
47 + 0.56 nm, particle distribution decreased from 0.452 + 2.94

Table 2

The experimental runs and the values observed of the response variables.
Run Factors Responses

X4 Xy X3 Y Y, Y3 Y4

F1 0.2 2.125 35 102 £ 0.92 0.412 + 2.62 25+0.22 15+1.63
F2 0.2 0.25 4.25 47 + 0.56 0.201 + 1.21 27 £0.31 16 + 1.44
F3 0.5 2.125 3.5 128 +1.23 0.380 + 2.11 27 £0.15 14+1.83
F4 0.35 0.25 35 89 + 0.82 0.521 +2.43 25+0.24 16 + 0.96
F5 0.35 2.125 4.25 68 + 1.36 0.112 + 1.44 30+0.73 14 + 0.42
F6 035 2.125 4.25 68 +1.36 0.112 £ 1.44 30+0.73 14 + 0.42
F7 0.35 0.25 5 159 £ 1.98 0.298 + 2.35 31+1.32 16 + 0.74
F8 0.35 4 35 149 £ 1.76 0.398 +2.48 28 +1.45 13 £ 0.65
F9 035 4 5 96 + 2.55 0.576 + 2.87 29 +1.86 15+0.73
F10 0.5 0.25 425 119 £ 2.44 0.502 + 3.15 27 +1.65 17 £ 0.22
F11 0.2 4 4.25 105 £ 0.93 0.452 +2.94 29 + 0.44 15+14
F12 0.5 2.125 5 177 £ 1.62 0.498 +2.43 31+ 0.66 12+1.63
F13 0.35 2.125 425 68 + 1.36 0.112 + 1.44 30+0.73 14 + 0.42
F14 0.5 4 4.25 174 £ 1.83 0.511 + 1.68 33+0.75 15+1.85
F15 0.2 2.125 5 109 £ 1.92 0.498 + 1.45 32+0.68 14 + 1.66

Notes:

Data are expressed as the mean + standard deviation (n = 3). Abbreviations Chitosan solution concentration (w/v), X1, Chitosan:Chondroitin sulfate mass ratio (w:w), X2, pH
of chitosan solution, X3, Particle size (nm), Y1, PDI, Y2, Zeta potential (mV), Y3, Higuchi model slope, Y4
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Table 3

Estimated effects and associated P-values for the response variables.
Source Y1 Y2 Y3 Y4

Estimated Effect P-value Estimated effect P-value Estimated effect P-value Estimated effect P-value

A:CS soln congc, X; 58.75 0.0102* 0.08225 0.1838 1.0 0.2856 -0.5 0.5209
B:CS:ChS mass ratio, X» 27.5 0.1195 0.104 0.1087 2.0 0.0624 -1.75 0.0605
C:pH of CS soln, X3 18.25 0.2683 0.03975 0.4897 4.5 0.0030* -0.25 0.7441
AA (X3) 49.0 0.0723 0.303 0.0119* -0.25 0.8471 0.5 0.6589
AB (X;X3) -1.5 0.9451 -0.1215 0.1682 2.5 0.0883 -0.5 0.6462
AC (X;X3) 21.0 0.3575 0.016 0.8404 -15 0.2607 -0.5 0.6462
BB (X3) 375 0.1427 0.3055 0.0115* -1.25 0.3567 3.0 0.0374*
BC (X5X3) —61.5 0.0313* 0.2005 0.0450* -2.5 0.0883 1.0 0.3739
CC (X3) 73.0 0.0196* 0.367 0.0055* —-2.25 0.1273 -1.0 0.3915

* Significant, p < 0.05

to 0.201 + 1.21, and ZP decreased from + 29 + 0.44 mV to + 27 £ 0.
31 mV (Table 2). This observation could be attributed to the fact
that by decreasing the ratio, the effect of ChS on the synthesis med-
ium increased and more NH3 groups were neutralized by the ChS
negative charge, thereby overcoming the resistance of the CS mole-
cules and ultimately decreasing the PDI. The colloidal PEC
approach was formed at certain CS and ChS percentages where
excess CS molecules increased the intermolecular attraction forces
between CS molecules and resisted the electrostatic attraction
force between ChS anions and NH3 cations. As a result, the particle
diameter was increased and the particle distribution was
expanded.

3.1.3. Influence of the CS solution pH

As shown in Table 3 and Fig. 2, there was a positive correlation
between X3 and Ys, with a P-value of 0.0030. The interaction
between X3 and X, had a significant antagonistic influence on Yj,
but had a significant synergistic effect on Y,, with P-values of
0.0313 and 0.0450, respectively. The quadric term of X3 displayed
significant synergetic effects on both Y; and Y,, with P-values of
0.0196 and 0.0055, respectively. Based on this finding, the zeta
potential increased as pH increased. As shown in Table 2, by
increasing the pH from 3.5 in F3 to 5 in F12, the zeta potential
increased from + 27 + 0.15 mV to + 31 + 0.66 mV, particle size
increased from 128 + 1.23 nm to 177 £+ 1.62 nm, and particle distri-
bution increased from 0.380 + 2.11 to 0.498 + 2.43.

A probably explanation for this result is that when the pH value
was 3.5, fewer NH3 groups were available for the unlike-charge
attraction with the carboxylate, sulfate, and phosphate groups. As
a result, the NPs resisted being produced from non-protonated
CS molecules, thereby enlarging the particle diameter with no uni-
form diameter distribution with low surface charge value. By
increasing the pH value, more amino groups became protonated,
thereby increasing the surface charge of the obtained formulation.
Moreover, multiple anions (P;010°—, HP;010%, H,P;010 3,
HsP5010 2™, and H4P;0107) may be present in solution depending
on the pH when TPP is dissolved in water, which is undesirable
because they can competitively react with the protonated ammo-
nium groups (NH3) of chitosan solution (Hejjaji et al., 2018). There-
fore, when the pH of TPP/ChS is close to 5.0, predominantly
H,P5010 3~ (~67%) ions exist in the solution, which allows the pro-
duction of nanoparticles with good crosslinking, small particle size,
and less polydispersion.

3.1.4. Prediction, production, and assessment of the optimized
SVCSChSNPs

Following data analysis, the process of SVCSChSNPs assembly
was optimized using Statgraphics software. The suggested opti-
mized NPs comprised a 0.29 mg/mL CS concentration, a CS/ChS
ratio of 2.14, and a pH of 4.28 for the CS solution. This setting
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was predicted to provide SVCSChSNPs with Y4, Y2, Y3, and Y4 values
of 73.60 nm, 0.107, +29.80 mV, and 14.13 respectively. The opti-
mized NPs were manufactured and evaluated. The reactions of this
scattering were 83 + 0.57 nm, 0.160 + 0.36, +30 + 0.42 mV, and
14.7 £ 32 for Yy, Yo, Y3, and Yy, aligning with the estimations of
the predicted model.

The interaction of ChS (through —0SO3— — and —COO—
groups) and TPP (H,P3010°7) with CS (using —NH3* groups)
formed CS-ChS nanoparticles with virus-like surfaces, thereby
allowing increased mucus penetration (Wu, Shan, Zhang, &
Huang, 2018). Particles near 80 nm in size are beneficial for many
reasons; for example, they are not detected by the reticuloen-
dothelial system, and they represent the optimal range for mini-
mizing clearance. In particular, cationic-charged nanoparticles
directly interact with the negatively charged plasma membrane
of the cells and achieve intracellular trafficking. Moreover,
nanoparticles with diameters of ~ 100 nm and surface charges
greater than + 30 mV are more stable and do not aggregate
(Bugnicourt and Ladaviére, 2016). Furthermore, NPs with a particle
size distribution<0.3 show uniform monodispersity (Calvo et al.,
1997). These characteristics make the assembled SVCSChSNP
model a promising platform for pharmaceutical applications, espe-
cially intracellular drug delivery. Moreover, these findings demon-
strate the practicability of this advanced methodology for using
BBD to construct SVCSChSNPs with uniform and stable physico-
chemical highlights.

3.2. The entrapment efficiency

The EE and drug loading of the optimized SVCSChSNPs were cal-
culated by using 50 mg SV in the preparation of the optimized
CSChSNPs. The EE and drug loading values were 71% * 3.8% and
2.12% + 1.32%, respectively.

3.3. Transmission electron microscopy (TEM)

TEM micrographs of the SVCSChSNPs revealed a well-separated
morphology with a particle size < 100 nm, as shown in Fig. 3. The
void CSChSNPs were spherical, while the SV-loaded polyelectrolyte
monodisperse were oval. In addition, the loading of SV into the
nanoparticles did not affect the resultant nanoparticles’ integrity.

3.4. Differential scanning calorimeter

Thermograms of pure SV, CS, ChS, CSChSNPs and the
SVCSChSNPs are shown in Fig. 4(A). The melting point of the pure
SV was indicated by an intensive endothermic peak at 140.96 °C,
which revealed the SV crystallinity (Harisa et al., 2017). The CS
thermogram exhibited a broad peak at ~ 72 °C, indicating the loss
of water adsorbed by CS, and an exothermic peak at ~ 313.3 °C,
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demonstrating the degradation of the polysaccharide. ChS dis-
played an endothermic peak at ~ 78 °C and a sharp exothermic
peak at ~ 248 °C.

In the thermogram of CSChSNPs, an endothermic peak was
observed at ~ 88 °C and an exothermic peak was observed
at ~ 222 °C, indicating that NPs were successfully formed. In
the case of the SVCSChSNPs, the degradation profile exhibited
three endothermic peaks at 52 °C, 110 °C, and 226 °C correspond-
ing to water molecule evaporation, SV degradation, and CS/ChS
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matrix degradation, respectively. The peak of the SV appeared
as a relaxed small peak, indicating the transformation from the
crystal into a molecular structure. The interactions between CS
and ChS groups impaired H-bonding. As a consequence, the poly-
mer crystalline structures formed by H-bonding among the same
polymer chains crashed. This suggests that the crystalline struc-
ture of the pure polymer may be modified or even destroyed
due to the formation of CSChSNPs, which consequently alters its
thermal behavior.
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Fig. 3. TEM micrograph of (3A, 3B) the optimized void CSChSNPs and (3C, 3D) the optimized SVCSChSNPs.

3.5. Fourier transform infrared spectroscopy

Fig. 4(B) illustrates the FTIR spectra of the pure SV, CS, ChS, CS/
ChS, and SVCSChSNPs. The identification peaks of the SV spectrum
were observed at 3550 cm™!, 2969.70 cm™!, and 1707.37 cm™ !,
corresponding to the O-H stretch, C-H stretch (alkane), and
C = O stretch, respectively. The CS spectrum showed two over-
lapped wide N-H and — OH peaks at 3430 cm~! and two other
sharp signals at 1401 cm~'and 1638.60 cm™!, confirming amine
and amide bonds, respectively. In the ChS spectrum, the character-
ization peaks were at 3429 cm~!, —OH stretching; 1639 cm™!,
amide I bond; 1564 cm™!, amide II band; and 1257-1038 cm ™,
S = O stretching. In the CSChSNP spectrum, a band appeared at
1064 cm ™! assigned to NH3SO5 stretching, suggesting an interac-
tion between both CS and ChS and TPP to form a new polymeric
matrix. Moreover, the vibration of the NH, appearing on the CS
spectrum at 1590 cm 'and on the ChS spectrum at 1569 cm™'
moved to 1546 cm~!, demonstrating that the primary amine group
appears in the NPs in a protonated form (NH3).

Compared with CSChSNPs and the SV spectra, the IR spectrum
of SVCSChSNPs is simply the combination of both CS/ChS and the
SV, with a slight shift in the peak position of SV, indicating that
the SV was encapsulated in the NPs without interaction with the
CS/ChS matrix (Hu et al., 2012; Jardim et al., 2015).

3.6. X-ray powder diffraction

Fig. 4(C) shows the powder XRD spectra of the pure SV, CS, ChS,
CSChSNPs, and SVCSChSNPs, respectively. X-ray patterns provide
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information about the inter- and intra-molecular interactions
within the complex network. The SV diffractogram (a) showed
the presence of many sharp peaks at 20 values of 9.2°, 10.8°,
17.1°, 17.6°, 18.7°, and 22.5°, proving its crystalline structure
(Harisa et al., 2017). The XRD pattern of pure chitosan showed a
large peak at 10.6° and another peak at 19.9°. The XRD of pure
ChS showed a broad and low-intensity diffraction reflection at
20 = 23.42°, indicating that ChS has a backbone with a low crys-
talline pattern.

In the CSChSNPs, the intensity of CS peaks was diminished, indi-
cating that there was a significant decrease in CS crystallization on
the CSChSNPs. A possible explanation may be the influence of the
CS/ChS complex on flexibility in the overall polymer matrix, which
suppressed the crystal growth of CS. In the XRD pattern of
SVCSChSNPs, the intensive characterization peaks of SV were
diminished and others peaks disappeared, demonstrating a less-
crystalline form than that of the raw SV. This was probably due
to the conversion of SV into an amorphous dispersion inside the
polymeric NS matrix. The results of PXRD were consistent with
DSC, suggesting that SV presents in the amorphous phase in the
nanoparticle matrix.

3.7. Two-stage dissolution study

Fig. 5 shows the in vitro release profile of the pure SV suspen-
sion and optimized SVCSChSNPs. The SV suspension showed the
lowest amount of dissolution over the 8 h period, reaching a max-
imum of 29.5%, as a result of its poor water solubility. Such
observed improvement may be due to the carboxymethylcellulose
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Fig. 4. (A) Thermograms, (B) FTIR spectra, (C) powder XRD spectra of the pure SV, CS, ChS, CSChSNPs and SVCSChSNPs.

used in the preparation of the pure drug suspension, which facili-
tates drug dissolution. In the case of the optimized NPs, after 8 h, a
two-phase release pattern was observed, including an initial burst
and fast release followed by a steady release phase. The two-phase
release pattern reached a dissolution concentration up to 2.2-fold

greater than that of the free drug suspension. The initial phase con-
tinued for up to 2 h at pH 1.2, and during this period it released
approximately 32.1% of the SV content. At pH 7, the fast release
continued for up to 2 h, and during this period, the released SV
amount was 64.21%. The release of SV in the first 2 h might be

90 +
pH1.2 pH7
80 A
70 41

60

Cummulative release (%)
=)
o

~#-SV suspension

=0=SVCSChSNPs

el

I 7 —3
T A

Time (h)

Fig. 5. The in vitro release profile of pure SV suspension and SVCSChSNPs at pH 1.2 and pH 7. Each value represents the mean = SD; n = 3.

1860



T.M. Faris, G.I. Harisa, F.K. Alanazi et al.

related to the flux of the fast dissolution of the SV moving from the
surface of the loaded CSChSNPs to the release medium. Further-
more, the large surface area of the CSChSNPs maximized the
amount of the liberated drug into the buffer medium. The slow-
release phase liberated the SV at a decelerated rate, which might
contribute to the diffusion of the entrapped drug inside the
cross-linked matrix of the polymer. The amount of the released
SV was directly proportional to the EE% of the SVCSChSNPs. The
release behavior of SV from the optimal SVCSChSNPs was fitted
to various kinetic models, including zero, first-order, Higuchi, Kors-
meyer-Peppas, and Hixon-Crowell. The best fitting mathematical
model was the Higuchi model (R? = 0.971). This result is consistent
with other studies showing that the CS/ChS matrix can control the
release of a drug through a two-phase release pattern (Abdullah
et al,, 2016; C.-S. Hu et al.,, 2014; Jardim et al., 2020; Umerska
et al.,, 2017). The addition of small amounts of ChS increases the
crosslinking and the mechanical strength of CS/TPP NPs (Yuan
et al., 2008). The overall release data indicate the potential of CS/
ChS to release entrapped SV in a controlled manner.

3.8. Cytotoxicity study on HepG2

The in vitro cytotoxicity of free SV suspension, CSChSNPs, and
SVCSChSNPs against HepG2 cells was investigated using the MTT
assay at 37 °C. SV is used to reduce hyperlipidemia. Many studies
discussed its activity on proliferation, where this process is
involved in cancer development. Alkhatib and Al-Merabi (2014)
investigated the activity of SV on HCC using HepG2 cells model.
Sedki et al (2018) examined effects of SV on human prostate cancer
cell line (PC-3). In the current study, as shown in Fig. 6, the cell via-
bility of HepG2 cells decreased with increasing sample concentra-
tion, indicating dose-dependent cytotoxicity. The toxicity effect
was higher for SVCSChSNPs compared to the SV suspension and
non-medicated CSChSNPs. The ICsq of SVCSChSNPs was signifi-
cantly decreased to 3.67 pug/mL (P < 0.05) as compared with free
SV, as shown in Table 4. The enhanced and specific toxicity of
SVCSChSNPs on the HepG2 cell line could be attributed to the
enhanced cellular internalization of SVCSChSNPs, as GalNAc pre-
sent on their surface acts as a ligand for the ASGPRs overexpressed
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in hepatoma cells. At the same time, the cellular uptake of SV
suspensions without GalNAc in their formulation was reduced,
resulting in reduced cytotoxicity. Moreover, the increased cytotox-
icity of SVCSChSNPs could be due to the synergistic effect of CS and
SV. In addition, cationic charge of the obtained NPs may enhance
drug influx inside the tumor cell model (Harisa et al., 2016). The
finding proved the efficacy of the engineered SVCSChSNPs against
the in vitro HCC model. Similar studies have demonstrated that
SV shows cytotoxicity against HepG2 cells in vitro (Relja et al.,
2010).

3.9. Apoptosis assay of HepG2

Cell apoptosis induction was quantified after exposure to the
IC50 values of CSChSNPs, free SV, and SVCSChSNPs, which were
63.85, 28.15, and 3.67, respectively, as shown in Fig. 7. After 24 h
of treatment, a difference in early apoptosis and late apoptosis of
control HepG-2 cells and treated HepG-2 cells was observed. Con-
trol cells showed 2.67% +0.31%, 3.73% +0.43%, and 3.93% +0.38%
early and late apoptosis, respectively, while IC50-treated cells
showed significantly increased early and late apoptosis at 11.2
%+ 0.46%, 21.2%+0.34%, and 33.34%+0.36% for CSChSNPs, free SV,
and SVCSChSNPs, respectively, (P < 0.05). The control cells were
not stained with any dye, indicating that these cells were viable.
The cells treated with the loaded formulation showed a green flu-
oresce resulting from staining with annexin-V-FITC but not with PI,
which indicates the incidence of apoptosis with no noticeable
necrotic effect. The apoptotic action damaged the cell surface and
released phosphatidylserine (Alkhatib & Al-Merabi, 2014). Wang
et al. (2017) demonstrated that SV causes cell cycle arrest in HCC
at the GO/G1 phase by induction of p21 and p27 accumulation in
tumor section through reducing Skp2 expression and inducing
AMP-activated protein kinase (AMPK) activation and signal trans-
ducer and activator of transcription 3 (STAT3) suppression in the
same tumor tissues. These findings suggest that SVCSChSNPs could
initiate an apoptotic response in HepG-2 cells. They also suggest
that statins induce apoptosis through interference cholesterol nec-
essary for cellular and mitochondrial membrane stability (Y. C. Li,
Park, Ye, Kim, & Kim, 2006; Sedki et al., 2018).

—+-SV-CS/ChS NS
-@-SV suspension

CH/ChS NS
—Linear (SV-CS/ChS NS) Y =-0.6014x +90.235
—Linear (SV suspension) Yy =-0.4985x + 51.803
—Linear (CH/ChS NS) y =-0.5941x + 66.618

0 T T T T
10 20 30 40

50
Sample concentration (pg/mL)

60 70 80 90 100 110

Fig. 6. Cell viability of HepG2 cells after incubation for 48 h at 37 °C with different SV suspensions and CS-ChSNPs and SV- CS-ChSNP concentrations.
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Table 4
The IC 5o values and equations of equivalent regression line for different formulations
curves.

Formulation Equation 1Cs9
SV suspension =-0.5941x + 66.618 28.15
CSChSNPs y =-0.4985x + 51.803 63.85
SVCSChSNPs y = -0.4697x + 87.737 3.67

3.10. In vitro cell uptake and detection of ASGPR-mediated endocytosis

In vitro intracellular uptake of the optimized SV-loaded
CSChSNPs in the HepG2 cells was examined by fluorescent imag-
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ing. The immunofluorescent images were prepared by staining
the cell nuclei using Hoechst 33,258 (blue) and the RBITC-labeled
CS/ChS nanoparticles (red) for the detection of intracellular local-
ization. The localization of the SVCSChSNPs was detected by the
red fluorescence of RBITC-labeled CS (emits fluorescence at
k = 580 nm) after treating the HepG2 cells with the NPs for 4 h.
The CS served a dual function as a part of the carrier system and
as a dye carrier agent and hence an image marker.

In Fig. 8, the blank shows HepG2 cells without any treatment
(no-treatment control, A, and B); the cells were flat and well-
spread, indicating that their typical shape and surface morphology
were retained during the 4 h of the experiment. No autofluores-
cence was detectable in the untreated control cells during this per-
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Fig. 7. Effect of CSChSNPs, free SV suspension, and SVCSChSNPs on the HepG2 cell apoptotic ratio. Cells early in the apoptosis (A4) were stained with the Annexin V FITC
conjugate alone; live cells (A3) showed no staining by either the Propidium Iodide or Annexin V FITC conjugate.
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Fig. 8. Laser confocal microscope images for detection of intracellular uptake of the NPs by HepG2 cells following incubation at 37 °C for 4 h in the presence (A) and absence
(B) of aqueous galactose. Blue channel-cell nucleus (Hoechst 33258®) A1 and B1; Red channel-SV-loaded RBITC-CS/ChS nanoparticles A2 and B2; Merged-superimposition of
channels A3 and B3; (3) Mechanism suggested for NP cellular uptake showing ASGPRs and coupling with the GalNAc moiety.Abbreviations: SV, simvastatin; RBITC,
rhodamine B isothiocyanate; CS/ChS nanoparticles, chitosan/chondroitin sulfate nanoparticles; ASGPRs, asialoglycoprotein receptors; GalNAc, N-acetylgalactosamine. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

iod. The images also showed that the NP-treated cells (A;,3 and
B;,3) were well-spread and there was no distinct change in their
morphology after 4 h incubation with nanoparticles as compared
to the control cells. After 4 h uptake, in the case of Bs, a large
amount of red fluorescence was detectable in the cytosol but not
in the nucleus, indicating the internalization of the NPs. In addi-

Nanoparticle <

tion, a small number of the NPs were internalized by cells preincu-
bated with galactose (As). This could be attributed to the saturation
of the ASGR with galactose, which acts as a competitor ligand for
GalNAc, resulting in a reduction in the uptake of the NPs. The
expected mechanism for cellular uptake using the ASGPRs is
shown in Fig. 9.
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Fig. 9. Mechanism of SVCSChSNP cellular uptake showing ASGPR and coupling with the N-acetylgalactoseamine moiety in the nanoparticle.
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Fig. 10. The concentration-time profile of (A) SV, (B) SVA in Wister albino rat plasma after a single oral dose (20 mg/kg) of SV suspension, SV-CSNPs, and SV-CS/ChSNPs

(n=6).

Harisa and Faris reported that the size and charge of the
nanocarriers plays a key role in their adhesion to and different
interactions with the cell membrane. The nanocarriers of
size<200 nm undergo receptor-mediated endocytosis, while parti-
cles with more than such size are engulfed by phagocytosis. Catio-
nic NPs can directly bind to a cell’s negatively charged cell
membrane and induce cellular uptake (Harisa & Faris, 2019). In
the current study, the prepared NPs were with a positive charge
and may enter the cell by the caveolae-mediated pathway, which
mainly contributes particles with diameters<80 nm because the
caveolar endocytic vesicles are approximately 50-80 nm in diam-
eter (Jiang et al., 2017). Further studies are required to detect the
cellular uptake mechanism of the NPs and to estimate the number
of NPs taken up by the cells during different periods.

3.11. In vivo pharmacokinetic study

The SV must be biotransformed into its pharmacologically
active metabolite SVA before it provided the biological effect
(Nirogi et al., 2007). Based on this, the in vivo pharmacokinetic
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behavior for both SV and its metabolite SVA in Wistar rat plasma
were assessed. The plasma concentration-time profiles of the SV
and SVA after oral administration of a single dose of pure SV sus-
pension of SVCSChSNPs to Wistar rats are shown in Fig. 10, and
the corresponding pharmacokinetic parameters are presented in
Table 5. The calculation of pharmacokinetic parameters followed
non-compartmental model.

In terms of its pharmacokinetic profile, SV was rapidly absorbed
from the SV suspension and the polymeric NPs, with maximum
plasma concentrations observed within 1-2 h post-dose, followed
by a rapid decrease in concentration below the limit of detection
after 12 h. The Cax of the SV suspension was large compared to
that of the NPs. At the same time, the T,.x of the NPs was 2-fold
that of the SV suspension. This variation occurred because the
developed NPs released the SV slowly, resulting in an approxi-
mately 2-fold increase in the AUCy_ip. This is a significant
enhancement compared to previous studies, where SV bioavail-
ability was improved 1.9-fold when formulated as a complex
(Kong et al., 2018). The current results are consistent with reports
of 2-, 2.5-, and 3-fold improvement when formulated as silica-lipid
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Table 5

Pharmacokinetic parameters of SV and SVA after oral administration of pure SV suspension and SVCSChSNPs to Wistar rats.
PK parameter N SVA

SV suspension SVCSChSNPs SV suspension SVCSChSNPs

Tmax () 1£0.1 2101 1£0.1 2+01
Cpnax (ng/mL) 34+13 28+ 1.6 1850 + 155 1470 + 152
AUCy_,12 (ng.h /mL) 545+1.2 114+ 14 4720.5 £ 105 7566.5 £ 166
Tip2 (h) 0.57 £ 0.1 3.63+0.2 0.75 £ 0.5 34+09
F reL (%) 100 160.3 100 209.2
MRT (h) 142 +1 5.99+04 167 £04 5.79+04
Vz/F (mg)/(ng/mL) 0.07 0.016 0.001 0.002
CI/F (mg)/(ng/mL)/h 0.07 0.03 0.001 0.0005

Each value represents the mean + SD (n = 6).

hybrid (Meola et al., 2020) polymeric nanoparticles coated with
caseinate (Ahmed et al., 2015) and dendrimers (Qi et al., 2015),
respectively.

Table 4 shows that the Ty, of SV after oral administration as
CSChSNPs was improved by up to 6.3- and 3.4-fold for SV and
SVA, respectively, compared to the reference SV suspension.
CSChSNPs increased the pharmacological half-life (T;.;) of the SV
owing to a reduction in the rate of transfer of the delivery system
from the stomach to the intestine. This action improves drug
absorption by increasing the time required for digestion and drug
dissolution, thus prolonging the pharmacological efficacy (Meola
et al.,, 2020). The results suggest that the aqueous solubility and
hence intestinal absorption was significantly improved after the
SV was incorporated in the CSChSNPs. The developed polymeric
technology can extend drug exposure, improving the drug effect.

The CSChSNPs provided up to 2-fold improvement in SV
AUCy_1, (bioavailability) compared to the pure SV suspension.
The Cpax of the drug suspension was greater than that of the
NPs, despite the 4.5-fold enhancement in exposure owing to the
extended drug Ty,. As expected, Tmax Was delayed up to 2-fold
for the NPs compared to the SV suspension owing to the time
required for the release of the drug from the polymeric matrix.
The obtained NPs enhanced SVA bioavailability 1.6-fold compared
to the drug suspension. Importantly, the overall bioavailability
enhancement provided by NPs was greater for SVA than for SV,
which is desirable because SVA is responsible for therapeutic
efficacy.

Additionally, in comparison to previous reports, superior SVA
exposure was observed for the CSChSNPs. Zhang and team devel-
oped a SV/Soluplus solid dispersion and found a 1.7-fold enhance-
ment in the bioavailability of SVA compared to a commercial SV
solid dispersion tablet when administered to beagle dogs (Zhang
et al., 2016). Meola and colleague developed SV silica-lipid hybrid
microparticles and found a 1.2-fold improvement in the bioavail-
ability of SVA compared to a reference SV suspension when admin-
istered to rats (Meola et al., 2020). Furthermore, a pharmacokinetic
study in rats investigating SV lipid-based formulation demon-
strated a 2-fold increase in SVA exposure compared to the SV sus-
pension (Zhang et al., 2010a,b). This suggests that CSChSNPs
provide additional benefits compared to previous studies, resulting
in greater SVA exposure.

In the current study, CS was used because its cationic charge
allows it to act as an anticancer manner and enhance the action
of anticancer agents (Jiang et al., 2019). Moreover, CS is soluble
in acidic pH values, as in the case of the tumor environment, which
results from the increased glycolysis and proton-pump activity of
cancer cells (Li & Xie, 2017; Sun et al., 2019). ChS was used to pro-
vide active targeting via ASGPRs overexpressed on the surface of
hepatocytes, which are less common in non-liver cells and have
a high affinity for ChS GalNAc moieties. Additionally, ChS increased
the crosslinking rigidity of the CSNPs and hence slowed the fast
release of the drug from the obtained NPs. The balance between
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NP positive charges and negative charges forms virus-like surfaces,
thereby increasing mucus penetration (Wu et al., 2018). In the cur-
rent study, the NPs’ ultrafine particle size and spherical and oval
morphology patterns as well as their cationic charge allowed bet-
ter penetration of cell membrane and intracellular localization
(Harisa & Faris, 2019). Safwat et al. (2017) showed that properly
formulated NPs enhance statins targeting to the carcinogenic cells
and accordingly reduce drug quantity could be used.

4. Conclusion

In the present study, ultrafine (<100 nm) SVCSChSNPs were suc-
cessfully prepared. The obtained NPs elicited the control release
pattern of the SV. The ultrafine particle size and positive surface
charge of the developed NPs enhanced the accumulation of SV in
the intracellular compartments. ChS decoration of SVCSNPs
enhanced the cytotoxicity of the SV against HepG2 cells owing to
its enhanced cellular uptake. Furthermore, ChS decoration of
SVCSNPs improved the oral bioavailability of the SV compared to
SV suspension. Further studies are needed to address the use of
SVCSChSNPs against hepatic cancer using an animal model for
HCC.
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