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Introduction: Hepatitis C virus (HCV) is a significant public health concern that threatens
millions of individuals worldwide. Daclatasvir (DAC) is a promising direct-acting antiviral
approved for treating HCV infection around the world. The goal of this study was to
encapsulate DAC into novel polyethylene glycol (PEG) decorated bilosomes (PEG-BILS)
to achieve enhanced drug delivery to the liver.

Methods: DAC-loaded BILS were primed by a thin film hydrating technique. The study of
the impact of various formulation variables on the properties of BILS and selection of the
optimal formulation was generated using Design-Expert®™ software. The optimum preparation
was then pegylated via the incorporation of PEG-6-stearate (5% w/w, with respect to the lipid
phase).

Results: The optimum PEG-BILS formulation, containing PL:SDC ratio (5:1), 5 mg cho-
lesterol, and 30 min sonication, yielded spherical vesicles in the nanoscale (200+15.2 nm),
elevated percent of entrapment efficiency (95.5£7.77%), and a sustained release profile of
DAC with 35.11£2.3% release. In vivo and drug distribution studies revealed an enhanced
hepatocellular delivery of DAC-loaded PEG-BILS compared to DAC-unPEG-BILS and
DAC suspension, where DAC-PEG-BILS achieved 1.19- and 1.54 times the AUC, 4 of
DAC-unPEG-BILS and DAC suspension, respectively. Compared with DAC-unPEG-BILS
and DAC suspension, DAC-PEG-BILS delivered about 2 and 3 times higher DAC into the
liver, respectively.

Conclusion: The innovative encapsulation of DAC-PEG-BILS has a great potential for liver
targeting.

Keywords: antiviral drug, nanodrug delivery system, bile-based nanovesicles, Box—
Behnken approach, liver targeting parameters, pharmacokinetic, bioavailability

Introduction

One of the most serious infections that elicits a high level of concern for public health
is the hepatitis C virus (HCV), which threatens millions of individuals worldwide." It
is the most critical cause for the development of liver cirrhosis, liver failure, hepato-
cellular carcinoma, and, finally, liver transplantation.” The HCV treatment landscape
has been advancing rapidly over the past 10 years.® A new direct-acting antiviral drug,
daclatasvir (DAC), is approved for use in over 60 countries around the world for
treating HCV infection in adults® as it has a rapid declining effect on HCV-RNA,
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where it targets two steps in the process of viral replication
by inhibiting HCV non-structural protein NS5A.* DAC is
said to be a biopharmaceutical classification system class II
compound (low solubility/high permeability).*

The major problems with standard pharmacological
treatment are the inability to deliver a sufficient amount
of active therapeutic agent to the diseased liver and the
undesirable systemic effects.” Thus, distinct liver targeting
can be accomplished using specific drug transporters such
as vesicular nanocarrier systems. There are two ways by
which targeting of nanocarriers may be achieved, namely
passive and active targeting.
based
nanocarrier’s size and general surface properties, such as

The passive targeting strategy is on the
surface charge, degree of hydrophobicity, and non-specific
adhesion, which guide them towards certain organs.® To
successfully reach the hepatocytes, the circulating nanocar-
rier should exhibit a small particle size with a diameter
smaller than the liver sinusoidal fenestrations (up to 150—
200 nm).>” However, upon systemic administration, nano-
carrier formulations will encounter a series of biological
obstacles during in vivo transport.® One of these obstacles
is the disintegration of conventional nanocarriers by the
collective effects of gastric acid, intestinal bile salts, and
pancreatic lipase,” leading to decreasing concentrations of
intact vesicles and payload leakage.'® Another obstacle is the
fast undefined phagocytic engulfment of conventional and
unpegylated nanocarriers from the blood by the immune
system cells. This results in a very shortened half-life and
accumulation of these vesicles in the organs of the reticu-
loendothelial system (RES), eg, liver, spleen, and lung.'”

Modified stabilized nanovesicular carriers called bilo-
somes (BILS) are formulated by embedding the bile salts
within the lipid bilayers; this results in fabricating stable
vesicles capable of opposing the destruction by the bile
salts in the gastrointestinal tract. This stability offered by
bile salt vesicles was ascribed to the repulsion between the
bile salts enclosed in the vesicle bilayer and the intestinal
bile salts present in the gastrointestinal tract, hence offer-
ing a strong barrier against the hostile environment in the
gastrointestinal tract for the entrapped drug."'

For elongation of the in vivo circulating lifetime of
drug carriers, the use of “stealthy” molecules is an ade-
quate technique. A stealthy modified carrier is capable of
escaping recognition by the mononuclear phagocyte sys-
tem (MPS), thus avoiding rapid clearance by the human
body. The phagocytic rate is mainly affected by the
hydrophilicity and lipophilicity of the surface of the

nanovesicles. As the lipophilic nature of the surface of
the nanovesicles increases, there will be a powerful pha-
gocytic effect due to the strong bond between the parti-
cle and opsonin. Therefore, to elongate the in vivo
circulation time of nanoparticles, it is essential to modify
the nanoparticle surface to make it more hydrophilic. To
address this problem, various hydrophilic polymers,
including poly(vinyl alcohol), poly(N-vinylpyrrolidone),
poly(2-oxazoline), and poly(ethylene glycol) (PEG), and
zwitterionic polymers, such as poly(carboxybetaine
methacrylate),'” have been introduced to yield more
MPS

reuptake.'>'* PEG is one of the most hydrophilic mole-

hydrophilic nanoparticles and to decrease
cules that is commonly used as an example of a stealthy
polymer. The PEGylation of nanovesicles results in
a reduction in their electrostatic charge, by forming an
aqueous layer surrounding them, thus avoiding their
renal clearance. In addition, PEG chains are character-
ized by being flexible and stretchable. When opsonin
attracts PEGylated vesicles, the PEG chains will be
compressed and condensed, resulting in the conversion
of their original conformation to a steric hindered state,
thus preventing the attraction between opsonin and the
particles and, hence, avoiding their uptake by the MPS.'?

To the best of our knowledge, the previous literature lacks
satisfactory data about any targeting drug delivery of DAC to
the liver. Thus, this investigation was established to achieve
two major goals. The first one was to formulate small-dia-
meter DAC ultra-deformable BILS with a modified
surface by covalent attachment with a flexible hydrophilic
polymer, such as polyethylene glycol (PEG). Accordingly, to
reach this goal, several variables affecting the properties of
BILS were investigated to identify the optimal bilosomal
formulation employing the Box—Behnken design approach
using Design-Expert” software followed by pegylation of the
selected optimal formulation. For the second goal, in vivo
pharmacokinetic and drug distribution investigations of the
PEG-BILS were performed in comparison to unPEG-BILS
and DAC suspension.

Materials and Methods

Materials

Daclatasvir (DAC), dialysis cellulosic membrane (12,000
14,000 molecular weight cut-off), acetonitrile (HPLC grade),
methanol (HPLC grade), ethanol (95%), and torsemide (IS)
were received from Sigma-Aldrich (Cairo, Egypt), PEG-
6-stearate  (Superpolystate™) was kindly supplied by
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Gattefossé (Lyon, France), L-o-phosphatidylcholine'® (soy-
bean lecithin), sodium deoxycholate (SDC), and cholesterol
(CH) were purchased from Acros Organics (Cairo, Egypt).
All other chemical reagents and solvents were of analytical

grade and were commercially obtainable.

Preparation of DAC-Loaded BILS

A thin film hydration technique was adopted to prepare
DAC-loaded BILS.!® In brief, in a clean, dry, round-bottom
flask containing chloroform, PL, DAC, bile salt (sodium
deoxycholate), and CH were dissolved. The resultant organic
phase was removed by evaporation using a rotary evaporator
(Rotavapor, Heidolph VV 2000; Heidolph Instruments,
Kelheim, Germany) under a temperature of 60°C and
reduced pressure for 45 min until a thin, dry film was
achieved. Subsequently, the obtained dry film was rehydrated
for 15 min at room temperature with 10 mL saline phosphate
buffer pH 7.4, under a rotation speed of 60 rpm. Then, the
flask containing hydrated crude dispersion was sonicated
using a UH-100B ultrasonic processor sonicator (Tianjin
Automatic Science Instrument, Nanyang, China) to produce
DAC. The formed opalescent dispersion of BILS was stored
at 4°C until characterization.

To prepare PEGylated BILS, PEG-6-stearate (5% w/w,
with respect to the total weight of the lipid phase) was
added to the organic solution after dissolving PL, DAC,
bile salt (sodium deoxycholate), and CH, then completing
all the procedures mentioned in the previous paragraph.

Characterization and Optimization of
DAC-Loaded BILS

Determination of Particle Size Polydispersity Index
(PDI) and Zeta Potential (ZP)

The average particle size and PDI of the formulated dis-
persions were measured using a Zetasizer Nano ZS
(Malvern Instruments, Malvern, UK) using the dynamic
light scattering technique. In brief, the samples were
diluted 15 times using deionized water, to obtain an effi-
cient light scattering intensity, then the temperature was
maintained at 25°C. The sample was exposed to laser light
beam that was adjusted to 633 nm and scattered with an
incident angle of 90°.'®!” Determination of ZP was per-
formed using the same instrument. The approach analyzes
the electrophoretic motion of the particles in an electrical
field using the same diluted sample. All measurements

were carried out three times.'®

Determination of DAC Entrapment Efficiency
Percent (EE%)

The EE% of DAC in BILS was obtained indirectly by adopt-
ing the cooling centrifuge method.'® Thus, the free DAC
(non-entrapped drug) in the vesicular dispersion medium
was measured by separation of the supernatant from the
formulated bilosomal nanovesicles. In brief, for a duration
of 1 h, the bilosomal dispersion was centrifuged using
a cooling centrifuge (Sigma Laborzentrifugen, Germany)
adjusted to 14,000 rpm and 4°C. Then, the supernatant was
separated, diluted, and filtered using a nylon syringe filter of
0.45 um. The concentration of non-entrapped DAC was then
(Shimadzu uv
Spectrophotometer [1601/PC] Kyoto, Japan) by determining
the UV absorbance at A, 317 nm. The drug EE% was then
calculated referring to the following equation:

obtained spectrophotometrically

Total amount B Total amount
of DAC of free DAC
EE = - 100
(%) Total amount of DAC .

(1

In Vitro Release Studies

The in vitro release of DAC from BILS was investigated
using the dialysis method.'®?® In brief, I mL volumes of
DAC-loaded BILS dispersions containing 1 mg drug were
placed in plastic cylindrical tubes with two opening ends; one
end was strongly sealed with presoaked cellulose membrane
(12,000-14,000 cut-off mol. wt) representing the permeation
area, and the other end was attached to the shaft of the USP
dissolution tester (apparatus one; Hanson Research,
Chatsworth, USA) and lowered into a vessel containing
1000 mL phosphate buffer (pH 6.8) with 0.75% Brij 35.
The temperature was adjusted to 37°C and stirred with
a rotation speed of 75 rpm. All of the previous conditions
were adjusted as per FDA guidelines for in vitro
dissolution.”' According to the prearranged plan, 5 mL sam-
ples were withdrawn at a fixed time interval for 24 h and were
replaced with the same volume of fresh buffer to retain the
sink condition. The amount of DAC released from BILS was
measured by a UV spectrophotometer at A, 317 nm.

Experiments were repeated three times.

Optimization of BILS by Box—Behnken Statistical Design
Optimization was carried out following the Box—Behnken
design to determine the variables that may influence the
characteristics of a new drug delivery system. The Box—
Behnken design is a famous template for response surface
methodology as it requires three levels only for each
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experimental factor and only a few of all the possible
combinations. In this design, the region of the experiment
is expressed as a cube, and experiments are carried out at
points corresponding to the midpoint of each edge and
replicated experiments at the center of this multidimen-
sional cube. The entire design is composed of 15 experi-
mental runs that consist of 12 factor runs and three
replications at the center point.”? In this study, formula-
tion of a suitable delivery system for DAC-loaded BILS
was generated by constructing a design with the aid of
Design-Expert software (version 8, Stat-Ease, MN, USA).
The chosen factors and the levels used were explored
depending on preliminary trials (data not shown) to deter-
mine the probable ranges of the independent variables.
This design is suitable for explicating the main, interac-
tion, and quadratic effects of the independent variables on
the characteristics of the prepared formulation.>>** The
polynomial equation produced by the Box—Behnken
experimental design is introduced below.

Y = by + biA+ byB + b3C + b124B + bi3AC + b3 BC
+ b1 1A% + by B* + b33 C?

where Y is the dependent variable response related to each
factor—level combination; (Y;) is particle size, (¥3) is EE
%, and (Y3) is % drug release; by is an intercept;25 by, bs,
and b3 are regression coefficients; by,, b3, and b3 are
interaction coefficients, while by, by,, and b;; are quad-
ratic coefficients produced from the resultant experimental
values of response from experimental runs; and 4, B, and
C are the coded intensity of independent variables, where
the PL:SDC ratio (4) and CH amount (B) are formulation
variables, while (C) is the sonication time, which is
a process variable introduced as low (—1), medium (0),
and high (1+4), as described in Table S1.

Characterization of Optimized

DAC-Loaded BILS After Being PEGylated
Determination of PS, PDI, ZP, EE%, and Percent Drug
Release

The same procedures previously described for the charac-
terization of un-PEGylated BILS in Determination of
Particle Size, Polydispersity Index (PDI), and Zeta
Potential (ZP) section were adopted.

Transmission Electron Microscopy

The inherent morphology and size of optimized DAC-
unPEG-BILS and DAC-PEG-BILS were assessed using
a CMI10 transmission electron microscope (Philips,

Eindhoven, Netherlands), with 100 kV accelerating vol-
tage. Before measuring, distilled water was used to dilute
the sample. On a carbon-coated copper grid, a droplet of
the sample was added and was left to stand at room
temperature for 90 s to make a thin film, with any excess
sample being removed using filter paper. Phosphotungstic
acid (2% w/v) was used to negatively stain the vesicles for
5 min and then the grid was allowed to dry at room
temperature before the examination. The sample was
viewed and photomicrographs were taken at appropriate

magnification.'®%¢

In Vivo Pharmacokinetic Study
Experimental Animals

The pharmacokinetics and biodistribution of the orally
administered PEG-BILS containing DAC were compared
with orally administered DAC-unPEG-BILS and conven-
tional DAC suspension. The Animal Ethics Committee of
the Faculty of Pharmacy, Cairo University (P1/2130),
approved the protocol of the in vivo studies. All the
experimental steps for drug administration, and blood
and tissue assembly followed the 8th edition of the
Guide for the Care and Use of Laboratory Animals
reported in 2011 by the United States National Academy
of Sciences. A total of 144 male albino Wistar rats, in the
weight range 180-200 g, were received from the Animal
House of the Faculty of Pharmacy, Nahda University
(Beni-Suef, Egypt), and used in the in vivo studies.

Drug Administration and Biological Sample
Collection

The albino Wistar rats were stored in well-spaced cages
with suitable ventilation and provided with a healthy and
fixed diet. Eighteen Wistar rats were randomly assigned to
three groups of the same number (ie, six rats in each
group). DAC was administered in a dose of 60 mg/kg.?’
The first group received an oral suspension (6 mg/mL) of
DAC in phosphate buffer (pH 6.8). Animals in the second
group were given unPEG-BILS containing an equivalent
amount of drug dose. The third group was given PEG-
BILS containing an equivalent amount of drug dose. The
formulations were orally administered in suspension form,
followed by a sufficient volume of drinking water. Then,
multiple blood samples (1-2 mL) were taken by retro-
orbital venous plexus puncture at fixed time intervals of
0.5, 1, 2, 3, 4, 6, and 24 h. Blood samples were collected
in heparinized Vacutainer tubes. Samples were centrifuged
at 3500 rpm for 10 min at 4°C to separate plasma. The
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separated plasma was placed directly into 5 mL plastic
tubes and kept frozen at —20°C to be available for drug
analysis.

Tissue Distribution Studies

The remaining 126 rats were randomly distributed into three
groups, each comprising 18 rats. Each rat in the first group
was administered a single oral dose of 60 mg/kg of DAC
suspension. Animals in the second group were given unPEG-
BILS containing an equivalent amount of drug, while ani-
mals of the third group received PEG-BILS containing an
equivalent amount of drug dose. After 0.5, 1, 2, 3, 4, 6, and
24 h of dosing, three rats from each group were anesthetized
with chloroform then slaughtered by cervical dislocation.
Livers were removed directly after cervical dislocation at
various times, then blood was washed off with saline solution
and soaked up with dry tissue paper; using a homogenizer, 1
g of separated liver was homogenized (Yellow-Line disper-
ser, IKAs Works, USA) in saline phosphate buffer (pH 7.4,
3 mL). The supernatant of the liver homogenate was obtained
by centrifugation at 6000 rpm at 4°C for 30 min. Finally, it
was stored at —70°C until analysis.*®

Chromatographic Conditions

Quantitative analysis of the plasma concentrations was
carried out using a liquid chromatography—tandem mass
spectroscopy (LC-MS/MS) method.”® The detection was
performed using an LC system (AB Sciex, USA) con-
nected to a Triple Quad API-4000 mass spectrometer
(AB Sciex, Canada) equipped with a Turbo Ion Spray™
interface at 350°C. Quantitation was conducted by MS/MS
detection in positive ion mode for both DAC and torse-
mide internal standard (IS). The chromatographic separa-
tions were carried out on a Sunfire CI8 column
(50x2.1 mm packed with 5 pum particle size, Waters,
Milford, MA, USA). The mobile phase was pumped with
an isocratic elution program containing 80% acetonitrile
and 20% of 0.01 M ammonium formate pumping at a flow
rate of 1 mL/min. Detection of the ions was carried out in
the multiple reactions monitoring (MRM) mode, monitor-
ing the transition of m/z 739.338 — 565.300 for DAC
and m/z 348.956 — 264.300 for IS. The other mass
spectrometry>’ parameters for the analysis were as fol-
lows: the declustering potential, energy of the collision,
and collision exit potential were 151, 59, and 20 V for
DAC and 76, 24, and 8 V for IS, respectively. Data
acquisition was carried out with the aid of Analyst 1.6
software (AB Sciex) to monitor all parameters.

Sample Preparation for Analysis

For each plasma sample, 100 pL of IS (from a stock
solution of 1000 ng/mL concentration) in addition to
0.5 mL plasma was vortexed for a duration of 1 min,
followed by the addition of 4 mL ethyl acetate, then
vortexed again for 1 min. The upper organic layer was
separated by centrifugation using a cooling centrifuge for
10 min at 2500 rpm and 4°C (model 2-16PK; Sigma).
Then, the supernatant was transferred in a clean test tube
and filtered using a Millipore filter of 0.22 pm. For com-
plete solvent evaporation, the test tube was placed in
a concentrator for 45 min at 60°C. Subsequently, 200 pL
of the mobile phase was used to reconstitute the obtained
dry residues. The sample was vortexed for 5 min, then the
supernatant was separated by centrifugation for 10 min at
3000 rpm, and finally, 10 pL of this clear supernatant was
injected into the column for detection.

Pharmacokinetic and Statistical Analysis
Non-compartmental pharmacokinetic analysis was per-
formed to generate all the pharmacokinetic parameters
using PK-Solver, a freely available menu-driven add-in
program for Microsoft Excel.’’ The trapezoidal method
was used to calculate the area under the curve (AUC)
from 0 to 24 (AUCy 54, ng.h/mL) of the plasma concen-
tration (Cp) as a function of time (7).*°

Evaluation of Targeting Efficiency
The in vivo targeting efficiency of the prepared PEG-
BILS, unPEG-BILS, and DAC suspension to the liver
after orally administration was evaluated by calculating
the following targeting parameters.>?

liver AUC(g_y4) after oral

adminstraion of DAC
PEG — BILS

Re(1 = 2
e(Intake rate) liver AUC(y_4) after oral @)
adminstraion of
DAC Suspension
Te(Drug targeting _ AUC Liver g4 3)
efficiency) AUC Plasmay_o4)
Ce(Peak _ Liver Cyyx DAC PEG — BILS

concentration ratio) — Liver Cq DAC Suspension

4)

Statistical Analysis
All the results achieved from the experiment were pre-
sented as mean + SD. Statistical analysis was performed
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with a one-way ANOVA test using SPSS® software ver-
sion 22 followed by Tukey’s post-hoc test, where a value
of p<0.05 was considered statistically significant.*

Results and Discussion
Preparation and Optimization of

DAC-Loaded BILS
DAC-loaded BILS formulations were prepared to adopt

a three-factor, three-level Box—Behnken statistical design
(Table 1) with the aid of Design-Expert software (version
10, State-Ease, Minneapolis, MN, USA). All individual
and interactive effects of independent variables were
investigated, All the responses recorded for the 15 runs
were fitted to various models using Design-Expert soft-
ware and it was observed that the best-fitting model was
quadratic (»p<0.0001). Table S2 presents a summary of the
regression analysis results for Y7, Y,, and Y3 responses for
fitting to the quadratic. Three-dimensional response sur-
face plots produced by the Design-Expert software are
presented in Figure 1, which demonstrate the interaction
effects of the independent variables on the responses,
besides their benefit in investigating the effects of two
factors on one response at a time. Figure S1 quantitatively
illustrates the comparison of the generated experimental
values of the responses against their predicted values.

Fitting of Data to the Model

Adequate precision calculates the signal-to-noise ratio to
confirm that the model can be applied to navigate the
design space.®* As presented in Table S2, a ratio greater
than 4 (the desirable value) was obtained in all responses.
Also, to measure the applicability of the model to predict
a response value, the predicted R* was calculated. It was
concluded that the predicted R* was in reasonable accor-
dance with the adjusted R* value as the difference between
them is approximately 0.20.'%-*

Effect of Formulation Variables on Particle Size (Y))

Nanomaterial-based medicine can provide great opportu-
nities to enable drugs to reach their target sites, either
passively or actively.*®> Table 1 presents the particle size
values of the formulated BILS as the z-average diameter,
which represents the mean hydrodynamic diameter of the
particles.’® The BILS were in the nanoscale range, as their
particle size ranged between 290+10 and 480+5 nm. The
influence of PL:SDC (4), CH amount (B), and sonication
time (C) on the PS of the BILS is graphically illustrated as
3D response surface plots in Figure 1A. Statistical analysis
showed that PL:SDC (4) had a significant effect on PS
(»<0.0001). As per the polynomial equation, Table S2, the
particle size was directly dependent on the effect of PL:
SDC (A4); as the ratio of PL:SDC was raised, the particle

Table | Observed Box—Behnken Experimental Runs of DAC-Loaded BILS with Their Actual and Predicted Experimental Values of Y|,

Y,, and Y3
Runs Independent Variables Dependent Variables PDI
A B C Y, (Mean * SD) Y, (Mean t SD) Y; (Mean  SD)
Actual Predicted | Actual | Predicted | Actual | Predicted
| 3:1 15 30 312£16 304.8 87+3.39 87.5 43+1.24 43.2 0.30
2 3:1 0 10 395£19 402.5 85+2.65 85 47+2.02 45.7 0.30
3 7:1 30 10 48015 472.5 95+1.79 95 33+3.61 327 0.20
4 5:1 0 5 4081 | 402.6 90+1.73 90 39£1.15 41.7 0.20
5 5:1 15 10 310£11 316.6 97x1.40 96.3 394235 39.2 0.30
6 5:1 30 30 290+10 295.0 95+1.78 95 35£1.50 36.7 0.20
7 7:1 0 10 47017 468.0 89+1.93 89.5 40+2.14 40.2 0.50
8 5:1 30 5 390+14 390.0 97+1.94 97.5 35+2.74 342 0.20
9 3:1 30 10 370+26 371.7 89+1.92 88.5 371401 38.2 0.30
10 5:1 15 10 320+26 316.6 97+1.37 96 41+3.05 39.2 0.30
I 7:1 15 30 385+14 387.0 92+1.41 92 38+2.00 37.7 0.30
12 7:1 15 5 475+13 482.0 93x1.21 92.5 354225 35.2 0.27
13 3:1 15 5 40017 397.8 86+2.47 86 41+2.83 40.7 0.29
14 5:1 0 30 31048 309.6 94+2.24 93.5 44+4.00 44.2 0.29
I5 5:1 I5 10 320+18 316.6 95+2.89 96.3 41+4.11 39.2 0.30

Notes: A: ratio of PL:SDC; B: cholesterol amount (mg); C: sonication time (min); Y;: particle size (nm); Y,: EE (%); Y3: drug release (%).

https:
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Figure | Response surface plots for the effect of ratio of PL:SDC (A), CH amount (B), and sonication time (C) on (Y)) particle size, (Y,) EE%, and (Y3) % drug release.

size was increased. It was noticeable that a ratio of 7:1
produced particle sizes ranging from 385+14 to 480+15
nm. The decrease in vesicles size with the increasing
amount of SDC in the BILS lipid bilayer led to an increase
in flexibility and a reduction membrane tension between
the aqueous and lipid phases, which resulted in vesicles
with a small particle size in the nanoscale.”> Our findings
are the same as the results reported by Guan et al, who
stated that the smaller ratio of PL:SDC was the most
significant factor in producing small particle size of pro-
bilosomes containing cyclosporine A.>” Also, our findings
are in agreement with Ahad et al, who found that elevation
in the ratio of PL:SDC led to a decrease in the particle size
of liposomes consisting of bile salt.*® Moreover, sonica-
tion time (C) exhibited a negative significant influence on
BILS particle size, according to the statistical analysis
(»<0.0001), where prolonging the duration for which the
sample was exposed to sonication in the last stage of BILS
development led to a direct decrease in the particle size.
This was in accordance with the findings of de Freitas

et al, who stated that upon preparation of small unilamellar
vesicles, increasing sonication time resulted in decreasing
both particle size and PDI values.*® El-Say et al claimed
that the most critical factor affecting particle size was the
sonication time; supporting this claim, there was an
inverse relationship between sonication time and particle
size upon preparation of niosomes uploaded with
diacerein.*' However, the amount of CH (B) did not sig-
nificantly BILS
(»=0.0764).

Concerning the homogeneity of the fabricated BILS,

influence the vesicle size of the

all of the BILS formulations were characterized by having
a mono-dispersed size distribution, as their PDI ranged
from 0.2 to 0.3 (Table 1).

Effect of Formulation Variables on EE%

The potential of the formulated BILS to retain a high
amount of DAC is critical for its potential manipulation
as a successful liver targeting delivery system.
The percent of DAC entrapped within the BILS ranged

from 85+2.65% to 97+1.40% (Table 1). The influence of

International Journal of Nanomedicine 2021:16

6419

Dove:


https://www.dovepress.com
https://www.dovepress.com

El-Nabarawi et al

Dove

PL:SDC (4), CH amount (B), and sonication time (C) on
the percent of DAC entrapped within the BILS is graphi-
cally illuminated as 3D surface plots in Figure 1B.
Concerning the PL:SDC (4), statistical analysis proved
that this variable significantly affected EE% (p=0.0004).
As per the polynomial equation (Table S2), the effect of
PL:SDC (4) was in direct relation to EE%, where EE%
was increased with the increase in the PL:SDC ratio (ie,
the increase in PL:SDC ratio was accompanied by
a decrease in the amount of bile salt used). Our findings
are in agreement with Chen et al, who claimed that the
maximum EE% was found at a ratio 3:1 PL:SDC while
the minimum was at ratios of 5:1 and 6:1 PL:SDC, upon
preparation of liposomes containing a bile salt uploaded
with fenofibrate.*! This could be explained on the basis
that, upon increasing the bile salts concentration, drug
solubility increases in the dispersion medium owing to
the coexistence of mixed micelles and vesicles, and con-
sequently lessening the EE%.'® Another possible expla-
nation for lowering the DAC entrapped in BILS,
introduced by Aburahma, was the fluidizing effect of
bile salts on the vesicles’ lipid bilayers, since, at elevated
bile salt concentration, the loss of the entrapped drug
occurred."!

With respect to CH amount (B), factorial ANOVA
revealed that this variable was significantly affecting EE
% (p=0.0004). As per the polynomial equation (Table S2),
the EE% was directly dependent on the effect of CH
amount (B). It was clearly shown from our results that
raising the amount of CH caused a simultaneous enhance-
ment in EE%. Our results are in consonance with Khalil
et al and El-Nabarawi et al, who claimed that there was an
increase in the EE% of BILS with the increasing amount
of CH."”** CH is well known for enhancing the hydro-
phobicity and rigidity of lipid bilayer membranes, leading
to highly ordered vesicles with significant membrane sta-
bility accompanied by limited drug permeability and con-
sequently higher drug retention.'®*?

Matloub et al proposed another explanation for the
increase in the EE% of BILS upon increasing the amount
of CH, which was that CH can eliminate gel-to-liquid
phase transition of the surfactant bilayer, consequently
increasing the microviscosity of the vesicle’s membrane.
This makes the hydrophobic bilayer more stable, prevent-
ing leakage of drug and increasing the vesicles’ EE%.* In
contrast to the significance of the previous two variables,
sonication time (C) had an insignificant effect on the EE%
of prepared BILS (p=0.473).

Effect of Formulation Variables on Percent Drug
Release

In vitro release studies are a very important parameter as
they reflect the in vivo execution of a drug delivery sys-
tem. However, their main limitation is the absence of the
entire simulation of in vivo digestion, and they do not
consider the probability of vesicular destruction under
physiological conditions."'

As shown in Table 1, the slow release of DAC from all
bilosomal formulations over 24 h ranged from 33+3.61%
to 47+£2.02%. This may be due to the colloidal nature of
BILS as drug reservoirs.** Another explanation is the high
affinity of DAC for the hydrophobic ingredients in the
formulations, which is in agreement with Mohsen et al,
who claimed that the slow release of silymarin from BILS/
liposome was due to its high affinity to the lipophilic
nature of these vesicles.*’

ANOVA results showed that all three variables, PL:
SDC (4), CH amount (B), and sonication time (C), had
a significant effect on the percent of DAC released from
the BILS, which is graphically presented in 3D surface
plots in Figure 1C. Regarding PL:SDC (4) and CH amount
(B), both of these had a significant negative effect on DAC
release from the BILS, which was observed from their
polynomial equation (Table S2), where the increase in
the ratio of PL:SDC (4) was accompanied by a decrease
in the amount of bile salt, leading to a decrease in DAC
release from BILS. This result is in accordance with the
findings of El-Nabarawi et al, who claimed a notable
improvement in dapsone release from BILS upon increas-
ing the bile salt concentration from 0.25 to 0.5 M.'” The
presence of bile salt embedded in the BILS bilayer leads to
drainage of the lipophilic drug and facilitates its release.?
Further, when the bile salt is embedded between the vesi-
cles’ bilayers, they were converted into mixed micelles,
leading to an increased solubility rate of DAC and aug-
menting its release.'!

The CH amount (B) exhibited a negative significant
effect on % DAC release (p<0.0001). Our results agree
with the findings of Khalil et al** and Ruckmani and
Sankar, who reported a remarkable decrease in drug

1.*¢ A possible reason for this

release at a higher CH leve
is that incorporation of CH during the preparation of the
vesicles enhanced lipid packing and decreased fluidity and
deformability of the lipid bilayers, thus enhancing bilayer
rigidity, reducing drug leakage, and making the vesicles
more stable.>*** Khelashvilia et al offered an interpreta-

tion for the mechanical stiffness enhancement of the
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vesicles’ membranes upon the incorporation of CH.*” He
suggested that, the composition of the CH molecule, which
consists of a planar ring with four fused steroid rings
attached to a hydroxyl group and a hydrophobic tail,
allows CH to be self-oriented inside the bilayer, where
the steroid ring will align parallel to the hydrocarbon
chains of the membrane PL, the hydroxyl group will
make a hydrogen bond with the polar head groups of the
PL, and the rigid steroid ring will interact with the hydro-
carbon chains, which will result in opposing the splay
mode of deformation between pairs of lipids and CH.
This explanation is in line with Ayee and Levitan’s
report.*®

On the other hand, the duration of sonication was
proved to exhibit a positive significant effect on %
DAC release, and it is clearly shown in Table 1 that as
the sonication time was increased, the percent of drug
release was also increased. The reason for the positive
effects of sonication parameters was introduced by Harbi
et al, who claimed that this increase was a reflection of
the vesicular sizes; upon decreasing the vesicular sizes,
the lamellar diffusion areas will increase resulting in
higher drug release.*” These findings are also supported
by El-Helw and Fahmy, who reported a remarkable
improvement in fluvastatin release, rationalizing it by
claiming a connection between the size of the particles
and the percent of drug release from BILS; the smaller
size generated from a long sonication time will be
accompanied by a higher surface area, resulting in an
enhanced release rate.””

Optimization

The optimized DAC-loaded BILS formulation was chosen
depending on the point prediction method of Box—
Behnken design, where the desirability function was
applied to select the most robust formulation that met the
of all within the stated
Figure S2A—C presents several essential

required goal responses
limitations.>
graphs: the graph of the desirability bar (Figure S2A),
the associated 3D desirability graph (Figure S2B), and
the contour desirability graph (Figure S2C) of the opti-
mized formulation. The DAC-loaded BILS formulation
showed a desirability of 0.825 for all of the responses.
The Design-Expert software generated an optimized
preparation based on the results of experimental runs.
The specified values of the independent variables, PL:
SDC ratio, cholesterol amount, and time for sonication of
the optimized formulation, were 5:1, 5 mg, and 30 min,

respectively. The optimized BILS depending on the
affirmed formulation result in a vesicle of size 285+10.8
nm, EE% of 93+5.67%, and % release of DAC 45+7.13%.
As presented in Table S3, the actual values of the optimum
preparation were highly in agreement with the predicted
ones, resulting in a limited percentage of prediction error,
ranging from 1.07% to 4.44% for various responses, con-
firming the accuracy and adequacy of the given mathema-
tical model for dependent response speculation. This
this the further
investigation.

makes optimum formulation for

Characterization of Optimized
DAC-Loaded BILS After PEGylation
Particle Size, Polydispersity Index (PDI), and Zeta
Potential Measurement

The inclusion of PEG produced a significantly smaller
particle size (200+15.2 nm) compared with the un-pegy-
lated (unPEG) variants (285+10.8 nm), which is empha-
sized by the TEM micrograph in Figure 2. This
phenomenon was explained by Detampel et al, who
claimed that the contribution of PEG-200 led to lipid
bilayer dehydration, which enhanced the lateral packing
of the fatty acid acyl chains and resulted in smaller particle
size.”! Another reason, introduced by Shehata et al, was
that PEG may provide an aqueous layer on the BILS
surface, which results in limiting the aggregation of PEG
BILS because of steric hindrance.’® This reduction in
aggregation resulted in the production of BILS of smaller
size than the unPEG BILS. This was in accordance with
the results produced by Davarpanah et al and Tsermentseli
et al.”*** Concerning PDI, the dispersion is considered to
be mono-dispersed, as the PDI was 0.227+0.015, which
was less than 0.35.> In this study, the obtained ZP value
of optimized PEG-BILS was —25+2.6 mV, which is on the
negative side due to the immobilization of polyethylene
glycol to the bilosomal surface.’*>® This negative ZP has
also been reported in previous studies formulating differ-

ent PEG nanocarriers.?>>>%7

Entrapment Efficiency

There was a slight increase in DAC EE% in the case of
PEG-BILS in comparison to unPEG-BILS (95.5+7.77% and
93+5.67%, respectively). This may be accredited to the PEG
coat on the outer surface of the lipid bilayer resulting in an
enhancement of the drug entrapped within the bilayer. These

. . .. . 4
results are in agreement with similar studies.”*®
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Figure 2 Transmission electron micrograph of unPEG-BILS (A) and PEG-BILS (B) optimum formulation.

Transmission Electron Microscopy

TEM was conducted to investigate the morphology of
unPEG-BILS and PEG-BILS. As observed in Figure 2,
the examined sample exhibited homogeneous, discrete
spherical particles with a lipid bilayer and with the
absence of any irregular vesicles. The particle size of the
vesicles measured by Zetasizer was typically in accor-
dance with that obtained using TEM.
a higher magnification demonstrated that the vesicles of
PEG-BILS exhibited a smooth surface and sharp edges,
with the coexistence of a PEG coat (lighter shade) framing

the BILS. This is
19,20,59

In addition,

in accordance with previous
findings.

In Vitro Drug Release Study

The % release of DAC from PEG-BILS was decreased
compared to unPEG-BILS, as shown in Figure S3 (35.11
+2.3% and 45.21+7.13%, respectively). This slow release
in PEG-BILS could be due to the presence of a PEG

corona on the BILS surface, which retarded DAC diffu-
sion from the BILS interior owing to the fast movement of
the PEG hydrophilic chain.®® In addition, PEG-BILS
exhibited high negative ZP, which may result in enhanced
BILS stability and diminished BILS membrane fusion,
hence lowering the DAC release out of BILS. The above
results, suggest that DAC-loaded PEG-BILS would be
stable in the blood circulation and would be released at
a slow rate at the target site.”®

Plasma Pharmacokinetics Study

Figure 3 illuminates the mean plasma concentration versus
time profiles of DAC received after a single administration
of DAC suspension, unPEG-BILS, and DAC-PEG-BILS
in rats. The plasma concentration—time data were analyzed
using the Excel Add-Ins program PK Solver software.
Table 2 presents the estimated mean pharmacokinetic
parameters calculated by the non-compartmental fitting
of the concentration—time data of DAC with the related

E 1600 o —o~DAC Suspension
[=T)] T
£ 1400 1
N ~»~DAC-unPEG- BILS
= 1200
S 1000 DAC-PEG- BILS
(=)
= 800
-g m
£
= 400
g 200
=
S o
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Time (h)

Figure 3 Mean plasma concentration—time curves of DAC in rats after oral administration of DAC suspension, DAC-unPEG-BILS, and DAC-PEG-BILS at a dose equivalent

to 60 mg/kg of DAC (n=6).
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Table 2 Pharmacokinetic Parameters of DAC Suspension, DAC-unPEG-BILS, and DAC-PEG-BILS in Rat Plasma Following Oral

Administration (n=6)

Parameters DAC Suspension DAC-UnPEG-BILS DAC-PEG-BILS
ty, (h) 11.40£0.14 13.80£0.98° 15.46+0.35> °

Trmax (h) 1.0£0.16 2.0£0.44* 2.0+0.39°

Crnax (ngmL™") 1300£122.12 1333£541.27 1468+115.41>°
AUC, 54 (h.ngmL™") 14,892+437.61 19,238466.61° 22,943+212.39* °
AUMCg 54 (ngh2mL™") 113,350£437.61 146,037+527.32° 183,496+374.58 ©
MRTo 24 (h) 7.6£0.2 7.6£0.35 8.00.18% °

CL (Lh™h 0.8+0.02 0.6+0.05° 0.5+0.05> °

Notes: Values are means + SD. Using one-way ANOVA followed by Tukey'’s post-hoc test, *p<0.05 vs DAC suspension; °p<0.05 vs DAC-unPEG-BILS.

variability parameters. From Figure 3, it is clear that DAC-
PEG-BILS delivered a greater amount of DAC to the rats’
plasma relative to DAC-unPEG-BILS and DAC suspen-
sion. The calculated AUC( 4 of DAC-PEG-BILS was
significantly higher (»p<0.05) than those of DAC-unPEG-
BILS and DAC suspension (22,943, 19,238, and 14,892 h.
ng/mL, respectively). In other words, DAC-PEG-BILS
achieved 1.19 and 1.54 times the AUC(_,4 compared to
that obtained by DAC-unPEG-BILS and drug suspension,
respectively. This may be attributed to deferred elimina-
tion of DAC when included in PEG-BILS, as shown in
Table 2, where there was a significant prolongation in the
elimination half-life and a remarkable decrease in the
clearance. This may be due to the presence of PEG on
the surface of the BILS. PEG is well known for its ability
to create steric hindrance on the vesicles by the formation
of a hydrolayer. This prevents vesicles from coming into
contact with antibodies, opsonin, and proteases, subse-
quently limiting the rate of phagocytosis and degeneration.
Moreover, the clearance of PEGylated vesicles was
decreased through the kidney, which was accredited to
the increase in the hydrodynamic volume, resulting in an
increase in the plasma half-life of the drugs, as reported
previously.®'

Drug Distribution
The goal of this study was to enhance the delivery of DAC in
the liver, and this was the reason for studying the distribution
behavior of DAC after loading into PEG-BILS, compared to
DAC-unPEG-BILS and DAC suspension. As demonstrated
in Figure S4, the mean liver concentration—time profile of
DAC-PEG-BILS, DAC-unPEG-BILS, and DAC suspension
was protracted after oral manipulation to rats. The most
essential pharmacokinetic parameters in rat liver are shown
in Table 3. As shown in Figure S4, the concentration of DAC
suspension in liver tissue attained a peak at 2 h and then
decreased quickly. In contrast, the concentration of DAC in
DAC-PEG-BILS and DAC-unPEG-BILS in the liver
declined more slowly than that of DAC suspension. The
AUC( 4 values in DAC-unPEG-BILS and DAC-PEG-
BILS were 2- and 3-fold higher, respectively, than the DAC
suspension in the liver (p<0.01). These results suggest that
the PEG-BILS is a promising drug carrier to the liver.
Referring to the AUC(_,4 of various deliveries in the
liver and the plasma, the liver targeting parameters were
estimated as demonstrated in Table 4. The intake rate (Re)
of DAC-unPEG-BILS and DAC-PEG-BILS in the liver
was 2+0.07 and 340.04, respectively, implying that deli-
vering DAC to the liver was significantly enhanced by the

Table 3 Pharmacokinetic Parameters of DAC Suspension, DAC-unPEG-BILS, and DAC-PEG-BILS in Rat Liver Following Oral

Administration (n=6)

Parameters DAC Suspension DAC-UnPEG-BILS DAC-PEG-BILS
Crnax (ngmL™") 1205+13.32 1596+20.39* 1938+ 14.41> ©
Trnax (h) 2+0.09 2.7+021° 3+0.17* ®
AUC,_p4(h.ngmL™") 9673+13.69 20,698+ 16.32° 29,895+19.39* ©
ty, (h) 11£0.14 13.46+0.14° 15.66+0.14* ®
CL (Lh™") 1.20£0.1 | 0.57+0.03° 0.40.04* ®

Notes: Values are means + SD. Using one-way ANOVA followed by Tukey's post-hoc test: *p<0.05 vs DAC suspension; °p<0.05 vs DAC-unPEG-BILS.
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Table 4 Hepatic Specific Targeting Parameters After Oral Administration of DAC Suspension, DAC-unPEG-BILS, and DAC-PEG-BILS

in Rats (n=6)
Parameters DAC Suspension DAC-UnPEG-BILS DAC-PEG-BILS
AUC,_p4(ng:h.mL™") 9673+13.69 20,698+16.32 29,895+19.39
Re - 2+0.07 3+0.04
Te 0.64+0.01 1.07+0.06 1.30+0.05
Ce - 1.32+0.03 1.61+0.09

Abbreviations: AUC, area under the plasma concentration—-time curve; Ce, peak concentration ratio; Re, intake rate; Te, targeting efficacy; Re, liver AUCy 54 BILS/liver

AUC,»4 suspension; Te, AUCye/ AUCjasma; Ce, liver (Craxsis/liver (Crmax)suspension-

DAC being entrapped in PEG-BILS. This result is in
agreement with previous findings.®*

According to Gupta and Hung, liver targeting can be
appraised by drug targeting efficiency (7e) depending on
the knowledge of the AUC. As revealed in Table 4, the 7e
values of the liver in the case of PEG-BILS were 1.30
+0.04 times higher than those of DAC-unPEG-BILS
(7e=1.07+0.06) and DAC suspension (7e=0.64+0.01).
Here, a value of Te>1 indicates higher selectivity of the
PEG-BILS for the liver.”’

The peak concentration ratio (Ce) reflects the ability of
a delivery system to change the biodistribution. The Ce
value of DAC-PEG-BILS in the liver was raised by
a factor of 1.21 compared to DAC-unPEG-BILS.
Accordingly, it could be derived that PEG-BILS had
a priority to accumulate DAC in the liver. All of these
results demonstrate that DAC-PEG-BILS had a much bet-
ter liver targeting potential compared to DAC-unPEG-
BILS and DAC suspension.

The implementation of nanoparticles is restricted by
their rapid discrimination by the RES. They are removed
from the bloodstream within minutes after dose adminis-
tration, based on their size and surface properties.** In our
investigation, even at 24 h after oral administration of the
PEG-BILS, the accumulation of DAC in the liver was
high. However, the DAC concentration in blood was
observed in a lower amount at 24 h. This indicated that
DAC-PEG-BILS were not rapidly removed from the
blood. This suggested that DAC-PEG-BILS had avoided
being recognized rapidly by Kupffer cells, and subse-
quently remained in the blood. This may be due to the
existence of PEG on the BILS surface, which created
steric hindrance on the vesicles so that they could avoid
being engulfed by phagocytosis and degraded. Therefore,
the drug uploaded in PEG-BILS has a great potential for
liver targeting. However, further long-term studies are
required on suitable animal models to confirm the super-
iority and tolerability of the fabricated PEG-BILS.

Conclusions

In this study, BILS was fabricated as a nanocarrier for
hepatocyte-specific delivery of DAC for the management
of hepatitis C. DAC-loaded BILS were formulated by
adopting a thin film hydrating technique. Surface mod-
ification of bilosomes with PEG was applied to the
The DAC-PEG-BILS
were characterized by having high EE sustained release

optimized BILS formulation.

and small particle size. The bioavailability of the DAC-
PEG-BILS was comparable to DAC-unPEG-BILS and
DAC suspension, and the results revealed a superior
increase in the concentration of DAC in plasma, delay
in its clearance, and a prolonged release attribute in vivo
for DAC-PEG-BILS. In addition, biodistribution studies
proved that DAC-PEG-BILS introduced much more
DAC into the liver and had a reasonably high concentra-
tion that lasted for a long time in comparison to DAC-
unPEG-BILS and DAC suspension. Thus, the obtained
results prove that bilosomes modified with PEG may
possess the ability to be promoted as a successful
method for specific targeted delivery of DAC to the liver.
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