Drug Design, Development and Therapy

3

Dove

ORIGINAL RESEARCH

Custom fractional factorial designs to

develop atorvastatin self-nanoemulsifying and
nanosuspension delivery systems — enhancement
of oral bioavailability

Fahima M Hashem'
Majid M Al-Sawabhli?
Mohamed Nasr!
Osama AA Ahmed3*

'Department of Pharmaceutics

and Industrial Pharmacy, Faculty

of Pharmacy, Helwan University,
Cairo, Egypt; 2Holding Company

for Biological Products and Vaccines
(VACSERA), Giza, Egypt; *Department
of Pharmaceutics and Industrial
Pharmacy, Faculty of Pharmacy, King
Abdulaziz University, Jeddah, Saudi
Arabia; ‘Department of Pharmaceutics
and Industrial Pharmacy, Faculty

of Pharmacy, Minia University, Minia,
Egypt

Correspondence: Osama AA Ahmed
Department of Pharmaceutics and
Industrial Pharmacy, Faculty of Pharmacy,
King Abdulaziz University, PO Box
80200, Jeddah 21589, Saudi Arabia

Tel +966 2 640 0000 Ext 22251

Email caahmed@kau.edu.sa

This article was published in the following Dove Press journal:
Drug Design, Development and Therapy

19 June 2015
Number of times this article has been viewed

Abstract: Poor water solubility of a drug is a major challenge in drug delivery research and
a main cause for limited bioavailability and pharmacokinetic parameters. This work aims to
utilize custom fractional factorial design to assess the development of self-nanoemulsifying drug
delivery systems (SNEDDS) and solid nanosuspensions (NS) in order to enhance the oral delivery
of atorvastatin (ATR). According to the design, 14 experimental runs of ATR SNEDDS were
formulated utilizing the highly ATR solubilizing SNEDDS components: oleic acid, Tween 80,
and propylene glycol. In addition, 12 runs of NS were formulated by the antisolvent precipitation—
ultrasonication method. Optimized formulations of SNEDDS and solid NS, deduced from the
design, were characterized. Optimized SNEDDS formula exhibited mean globule size of 73.5 nm,
zeta potential magnitude of —24.1 mV, and 13.5 ps/cm of electrical conductivity. Optimized
solid NS formula exhibited mean particle size 0f 260.3 nm, 7.4 mV of zeta potential, and 93.2%
of yield percentage. Transmission electron microscopy showed SNEDDS droplets formula as
discrete spheres. The solid NS morphology showed flaky nanoparticles with irregular shapes
using scanning electron microscopy. The release behavior of the optimized SNEDDS formula
showed 56.78% of cumulative ATR release after 10 minutes. Solid NS formula showed lower
rate of release in the first 30 minutes. Bioavailability estimation in Wistar albino rats revealed
an augmentation in ATR bioavailability, relative to ATR suspension and the commercial tablets,
from optimized ATR SNEDDS and NS formulations by 193.81% and 155.31%, respectively.
The findings of this work showed that the optimized nanocarriers enhance the oral delivery and
pharmacokinetic profile of ATR.

Keywords: nanostructures, optimization, experimental design, fractional factorial design

Introduction
Reduction of mortality and morbidity of hyperlipidemia requires the development of
promising delivery systems in order to enhance the oral delivery and bioavailability
of hyperlipidemia drugs.! Atorvastatin (ATR) is a cholesterol-lowering drug which
belongs to the class of synthetic hydroxymethylglutaryl coenzyme A (HMG-CoA)
reductase inhibitors, known as statins. Blood levels of cholesterol, low-density
lipoprotein, triglyceride, and very low-density lipoproteins are reduced after ATR
treatment. On the other hand, ATR increases high-density lipoproteins in patients
with a wide variety of dyslipidemias.??

Recently, attention has been drawn toward self-nanoemulsifying drug delivery
systems (SNEDDS) and solid nanosuspensions (NS) for improving the oral
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bioavailability of Biopharmaceutics Classification System
(BCS) class II drugs via enhancing their solubility. SNEDDS
are uniform preconcentrate of oils, surfactants, and
co-surfactants that form nanoemulsion with 20-200 nm size
range upon dilution with no need to perform a dissolution
step. SNEDDS spread instantly in the gastrointestinal tract
(GIT) fluids. GIT fluids and their motility provide the nec-
essary dispersion of the nanoemulsion.** The anhydrous
nature of SNEDDS allows for the oral administration of
the drug in soft or hard gelatin capsules. These nano-sized
droplets offer enhancement in dissolution rates and hence
bioavailability of poorly water soluble and lipophilic
drugs.+1011

Solid NS is a colloidal dispersion of drug with suitable
stabilizer(s) that shows particle sizes below 1 um to main-
tain long-term colloidal stability.'>'* Solid NS are usually
produced in liquid media, but stability issue is still one of
the critical aspects to be considered.'*!” Dispersed system
stabilizers act by accumulation at the interface of drug par-
ticles to reserve steric or ionic barriers. Accordingly, NS
physical stability and in vivo behavior rely significantly on
the type and amount of stabilizer used in the preparation of
NS.!" The aim of this study was to improve ATR oral bio-
availability by using custom fractional factorial design to
formulate and optimize nanocarriers of ATR using SNEDDS
and NS technologies.

Materials and methods

Materials

ATR (CAS number 134523-03-8) was kindly supplied by
Egyptian International Pharmaceutical Industry Company,
Egypt. Oleic acid (99.99%), polyoxyethylene sorbitan
monooleate (Tween 80), propylene glycol 99.5%, poloxamer
407, maltose, and other solvents were obtained from Sigma-
Aldrich® (St Louis, MO, USA).

Formulation and characterization
of SNEDDS-loaded ATR

Construction of ternary phase diagram

Self-emulsifying systems were prepared with varying con-
centrations of oleic acid, Tween 80 (surfactant), and pro-
pylene glycol. Two grams of each mixture was prepared by
mixing SNEDDS components in a 10 mL capped glass vial.
The components were mixed by vortex mixer for a minute.
Nanoemulsification formation efficiency was assessed by
adding 100 mg of each mixture to 20 mL double distilled
water, followed by mixing using a magnetic stirrer. Only clear
or slight bluish dispersions with no precipitation of the drug,

as inspected visually, were considered in the nanoemulsion
region of the diagram.!*?® The area of nanoemulsion forma-
tion was identified and phase diagram was plotted using

TriDraw® software.?'2*

Formulation of ATR SNEDDS

After identification of the self-emulsifying region, formula-
tions that form nanoemulsion within 1 minute and have a
clear or slight/transient bluish appearance after dissolving
10 mg of ATR were considered. The selected formulations
were included in the factorial design after passing thermo-
dynamic stability studies such as centrifugation, heating—
cooling and freeze—thaw cycles as previously reported.

Formulation of ATR NS

ATR solid NS were prepared using the antisolvent
precipitation—ultrasonication method.?® ATR was dissolved
completely in methanol and the methanolic solution was then
passed through a 0.45 um filter (Millipore®, Massachusetts,
MA, USA) to remove the possible impurities. The antisolvent
phase was prepared by dispersing a specific concentration of
stabilizer in distilled water. At room temperature, 3 mL of
methanolic solution was quickly injected by a syringe into
50 mL of antisolvent and mixed using Ultra Turrax® high
shear homogenizer (Ika®, Staufen, Germany) at a specific
speed, according to the design, for 10 minutes at room
temperature. Drug particles precipitated from the antisol-
vent were also sonicated for a designed period. During the
process, the temperature was controlled at 4°C—8°C using
an ice bath. Then, the NS samples thus prepared were stirred
using magnetic stirrer, Cimarec® (Thermoscientific, NJ,
USA), at room temperature for 12 hours to remove methanol.
The formulations were subjected to centrifugation at 20,000
rpm at 8°C and followed by freeze drying for 72 hours using
mannitol as a cryoprotectant.

Factorial design of SNEDDS and NS formulations

Custom fractional factorial design was constructed in this
work using statistical package JMP 7.1 software (SAS; SAS
Institute, Cary, NC, USA). For ATR SNEDDS, the factors
studied were: oil percent (X), surfactant percent (X,), and
co-surfactant percent (X,). For ATR NS, the factors studied
were: stabilizer concentration percent (X,), homogeniza-
tion speed in rpm (X,), and sonication time in minutes (X,).
Levels for each formulation variable were designed. The
selected responses for both designs were mean globule or
particle size in nm (Y,) and zeta potential in mV (Y,). The
third response (Y,) for SNEDDS formula was conductivity
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(us/cm) and for NS was the yield percent. The factor lev-
els of each design are presented in Table 1. Fourteen and
12 experimental runs were formulated for ATR SNEDDS
and NS, respectively.

Characterization of the optimized

formulations

Particle size and zeta potential measurement

Laser diffraction technique using Zetatrac® particle size ana-
lyzer (Microtrac Inc, PA, USA) was used to measure mean
particle size and zeta potential of optimized SNEDDS and NS
samples. Hundred milligrams of optimized SNEDDS or NS
samples were mixed with 10 mL of purified water at 25°C.

Electron microscope investigation

The morphology of the optimized SNEDDS globules and
solid NS was visualized by transmission electron microscope
(TEM) (Jeol® JEM-100CX electron microscope, Japan
Electron Optics lab., Tokyo, Japan) and scanning electron
microscope (SEM) (Jeol® JXA-840A, Japan), respectively.

In vitro ATR release

In vitro dissolution test was conducted in a dissolution
apparatus United States Pharmacopeia (USP) type 2,
(Erweka®, Heusenstamm, Germany). The temperature
was maintained at 37°C+0.5°C, and the stirring rate was
100 rpm. Size one soft gelatin capsules, each contain-
ing 500 mg of optimized SNEDDS formula loaded by
10 mg ATR, were used. Solid NS optimized formula equiva-
lent to 10 mg of ATR was used. Optimized SNEDDS and

NS formulae were dispersed in 900 mL of phosphate buffer
saline (pH 6.8) (dissolution medium). Aliquots, each of 3 mL,
were withdrawn from the dissolution medium at selected
time intervals and replaced with an equivalent amount of
fresh dissolution medium. Samples were then filtered through
a 0.45 um syringe filter (Millipore®) immediately before
dilution, or when necessary. Concentrations of ATR were
determined using a validated high performance liquid chro-
matography (HPLC) method reported by Kurakula et al.?’ The
dissolution experiments were carried out in triplicate.

Pharmacokinetic study of the optimized formulations
Animals used for pharmacokinetic study were adult female
Wistar albino rats weighing 200-250 g. All animals had
free access to food, pellet diet, and tap water ad libitum,
and were maintained at a relative humidity of 65%—85%,
a temperature of 23°C-25°C, and in a schedule of 12 hours
light/dark cycle. The use of animals was approved by the
local Institutional Review Board for Preclinical and Clinical
Research (approval date December 23, 2014) who ensured
the care and use of animals conformed to Guiding Principle
in Care and Use of Animals (DHEW publication NIH 80-23)
and stick to the “Principles of Laboratory Animal Care”
(NIH publication #85-23, revised in 1985).24% Animals were
divided into four groups, with six animals in each group. The
first group was orally administered with ATR suspension.
The second group was orally administered with SNEDDS
optimized formula. The third group was orally administered
with optimized NS formula. The fourth group was orally
administered with suspension of commercial ATR tablets.

Table | ATR SNEDDS and NS experimental runs showing factor combinations

Run Factors
SNEDDS NS
Oil Surfactant Co-surfactant Stabilizer Homogenization Sonication
concentration (%)  concentration (%) concentration (%) concentration (%) speed (rpm) time (seconds)
| 25 55 20 0.1 10,000 30
2 25 55 20 0.1 10,000 300
3 20 70 10 0.1 20,000 30
4 20 60 20 0.1 20,000 300
5 20 50 30 0.5 10,000 30
6 15 75 10 0.5 10,000 300
7 10 80 10 0.5 20,000 30
8 10 60 30 0.5 20,000 300
9 10 20 70 | 10,000 30
10 10 30 60 | 10,000 300
I 10 40 50 | 20,000 30
12 5 75 20 | 20,000 300
13 5 20 75
14 5 90 5

Abbreviations: ATR, atorvastatin; SNEDDS, self-nanoemulsifying drug delivery systems; NS, nanosuspensions.
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The animal groups under study were administered ATR dose
equivalent to 25 mg ATR/kg body weight. All groups were
administered orally using a ball-tipped feeding needle. Blood
samples (0.25 mL) were withdrawn at 0.0, 0.25, 0.5, 1, 2,
4,6, 8, 12 and 24 hours in micro-centrifuge tubes. Samples
were analyzed using reported HPLC method.?”

Results and discussion

Mathematical experimental design and
formulation of ATR SNEDDS and NS

Enhancing the poor oral bioavailability of antihyperlipidemic
drugs is strongly recommended in order to overcome the ris-
ing problems associated with increasing levels of low-density
lipoprotein and total serum cholesterol in hypercholester-
olemia and mixed dyslipidemia cases. This work mainly
focused on improving the oral delivery of the poorly water
soluble drug ATR utilizing SNEDDS and NS technologies
using custom fractional factorial design.

For SNEDDS formulations, highest solubility of ATR
in all components of nanoemulsion, which were a variety
of oils, surfactants, and co-surfactants, were examined
(data not shown). It is reported that the highest solubility
of ATR in the oil phase is more imperative for the nano-
emulsion formulation than drug solubility in surfactant or
co-surfactant due to the prospective dilution of the entire
formula in GIT and possible reduction of surfactants or
co-surfactants leading to drug precipitation.’* Results
showed that oleic acid recorded the highest ATR solubility.
For surfactants, Tween 80 recorded the highest ATR solu-
bility. This could be due to the high hydrophilic-lipophilic
balance (HLB) of Tween 80 (HLB 15). This value enhances
nanoemulsion formation efficiency. For co-surfactants,
the inclusion of co-surfactant in nanoemulsion provides
the interfacial film with sufficient flexibility for different
curvatures required to form nanoemulsion over a wide
range of composition.>* Propylene glycol recorded the
highest ATR solubility. Accordingly, the designed emul-
sifying system contained oleic acid as an oil component,
Tween 80 as a surfactant, and propylene glycol as a co-
surfactant. Ternary phase diagrams were designed in order
to demonstrate regions of nanoemulsion formation. Vari-
able proportions of oil, surfactant, and co-surfactant were
tested. The shaded regions reflect the nanoemulsification
behavior (Figure 1). More shaded areas indicate enhanced
ability of self-nanoemulsification.!*?* All these formulae
contain sufficient content of oil components to ensure that
appropriate ATR dose is achieved in the solubilized form.
This guarantee is a must as the focus is about enhancing

Tween 80 (%)
100

100 9 8 70 60 50 40 30 20 10

Oleic acid (%) Propylene glycol (%)

Figure | Ternary phase diagrams of ATR SNEDDS with the composition of various
components.

Notes: Shaded yellow area shows formation of clear or slight bluish dispersions
with no precipitation of the drug in the nanoemulsion region.

Abbreviations: ATR, atorvastatin; SNEDDS, self-nanoemulsifying drug delivery
systems.

the bioavailability of the drug that shows poor aqueous
solubility. The range of oil content was 5%—25%, for all
ternary phase diagrams series. Surfactant content was in the
range of 20%-90%. For co-surfactant, the range extended
from 5% to 75%.

According to custom fractional factorial design of
SNEDDS and solid NS, the factor combinations yielded
various values of observed mean responses. The observed
responses are shown in Table 2. According to custom

Table 2 Observed responses of all formulations of experimental

design
Run SNEDDS Solid NS

YI YZ Y3 YI YZ Y3
| 97.7 -26 12 556 —4.61 98.1
2 98.8 -22.7 I 315.1 —6.45 93.5
3 146.6 -25.7 14 451.3 2.07 91.3
4 123.7 —24.15 I5 499.5 —6.02 92.9
5 141.6 -23.1 15 434 272 97
6 158.5 -21.8 14.2 311.2 422 93.5
7 142.3 -17.8 12 247.8 8.00 92.9
8 98.6 -22.3 12.3 461 4.03 96.3
9 163.8 -20 13 3344 -7.32 88.9
10 151.2 -19.3 I 3294 —6.31 85.6
I 93.4 -17.6 1.5 269.1 0.6 85.3
12 110.3 -16.5 12 612 3.57 91.4
13 128.5 -3 9
14 133.7 -14.6 I

Notes: Y, for SNEDDS, mean globule size (nm); Y, for SNEDDS, zeta potential
(mV); Y, for SNEDDS, conductivity (us/cm); Y, for NS, mean particle size (nm); Y,
for NS, zeta potential (mV); Y, for NS, yield (%).

Abbreviations: SNEDDS, self-nanoemulsifying drug delivery systems; NS, nano-
suspensions.
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Table 3 Analysis of variance (ANOVA) results of multiple regression analysis of the investigated responses

Response SNEDDS NS
model ANOVA for responses Y =Y, ANOVA for responses Y -Y,
df Sum of Mean F ratio P-value df Sum of Mean F ratio P-value
squares square squares square
Y, 5 6,035.8 1,207.2 5.9 0.0143 7 145,524.5 20,789.2 13.6 0.012
Y, 5 207.4 41.5 I 0.002 7 294.7 42.1 9.3 0.024
Y 5 27.2 5.4 39 0.0435 7 180.5 25.8 51.8 0.0009

Notes: Y, for SNEDDS, mean globule size (nm); Y, for SNEDDS, zeta potential (mV); Y, for SNEDDS, conductivity (is/cm); Y, for NS, mean particle size (hm); Y, for NS,

zeta potential (mV); Y, for NS, yield (%).

Abbreviations: df, degrees of freedom; SNEDDS, self-nanoemulsifying drug delivery systems; NS, nanosuspensions.

fractional factorial design, the factor combinations yielded
various values of observed mean responses. SNEDDS
results for Y, were in the range 67.7-170.9 nm for runs
1 and 3. Zeta potential (Y,) showed range values of —11.3 (run
13) to =26 mV (run 1). The highest value for conductivity
(Y,) was achieved by runs 3 and 8. Solid NS results for Y
were in the range 247.8-712.9 nm for runs 7 and 12. Zeta
potential (Y,) showed the highest value 8 (run 7) and the
lowest value —8.61 mV (run 1). The highest value for yield
(Y,) was achieved by run 1.

Analysis of variance (ANOVA) according to the data
of the responses (Y ~Y,) for both SNEDDS and solid NS
is shown in Table 3. According to ANOVA, evidence of a
regression effect is considered for P-value of 0.05 or less.
All P-values listed indicated a significant effect of the inde-
pendent factors on all responses. The estimated effects and
associated P-values for all the three responses are shown in
Table 4. Most of the P-values showed a significant effect

of the independent factors and combined factors on the
responses (Table 4).

Quantile—quantile relationships of plotting the measured
against the predicted parameters showed linear correlations,
with R? ranging from 0.71 to 0.87 for SNEDDS and from
0.94 to 0.99 for NS. These values indicate method valid-
ity for prediction of the investigated dependant variables
within the selected space of the design (Figure 2). Pareto
charts, shown in Figure 3, are used to demonstrate the
effect of the independent variables and their interactions
on the dependant variables. These effects were arranged in
decreasing order of importance. Pareto chart was marked
with a vertical reference line at the critical P-value of 0.05.
Statistical significance is considered when the effect passes
the vertical reference line. A positive sign illustrates a direct
relationship of the variable with the response. On the other
hand, a negative sign showed inverse relationship. SNEDDS
charts showed that increasing oil percent (X) increases mean

Table 4 Estimated effects and associated P-values for all three responses

Responses Factors
X, X, X, X,.X, XX, X,.X,

SNEDDS

Y, Estimated effect —25.84076 1.263 |.644 0.364 0.415 —0.056
P-value 0.0085* 0.0016* 0.0035* 0.0082* 0.0055* 0.0026*

Y, Estimated effect 1.667 —0.085 -0.018 —0.030 —-0.033 —0.001
P-value 0.137 0.0479* 0.748 0.060 0.052 0.484

Y, Estimated effect -1.749 0.0817 0.033 0.026 0.029 —0.0002
P-value 0.0215* 0.0064* 0.3464 0.0156* 0.0116* 0.8470

NS

Y, Estimated effect —34.625 22.370 22.108 19.014 65.932 81.166
P-value 0.0665 0.1189 0.1221 0.2404 0.0088* 0.0020*

Y, Estimated effect 0.693 2.551 —0.637 1.398 1.726 -0.813
P-value 0.4091 0.0143 0.3587 0.1362 0.0831 0.2565

Y, Estimated effect 2.625 0.060 —1.820 1.632 0.341 —1
P-value 0.0009* 0.8159 0.0017* 0.0053* 0.3145 0.0146*

Note: *Significant effect of factors on individual responses. Y, for SNEDDS, mean globule size (nm); Y, for SNEDDS, zeta potential (mV); Y, for SNEDDS, conductivity (us/
cm); Y, for NS, mean particle size (nm); Y, for NS, zeta potential (mV); Y, for NS, yield (%).
Abbreviations: SNEDDS, self-nanoemulsifying drug delivery systems; NS, nanosuspensions.
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Figure 3 Standard Pareto charts showing the effects of independent variables and their combined effects on the designed responses of SNEDDS and NS formulations.
Abbreviations: SNEDDS, self-nanoemulsifying drug delivery systems; NS, nanosuspensions.

particle size and conductivity significantly. The variation in
the droplet size may be attributed to variations in penetration
of oil molecules into the surfactant alkyl chain region that
affects film flexibility, which influences surface curvature,
and consequently globule size.** In addition, zeta potential
is significantly related inversely to oleic acid percent. This
is could be attributed to the unionized nature of oleic acid
(pK,=9.85) at the investigated pH (7.2), which has a prominent
effect in reducing SNEDDS surface charge with the increase
in oleic acid percent.

NS revealed that the mean particle size is significantly
affected by the magnitude of X -X,. Also, there is propor-
tional relation between zeta potential and the magnitude of
X In the absence of stabilizer, particles do not possess
sufficient zeta potential and aggregation is spontaneous.’’
Aggregation is attributed to the absence of sufficient steric
barrier or electric repulsion that are responsible to maintain
stability of the nanostructured formulations. Yield is affected
inversely by stabilizer concentration. This may be related
to the fact that increasing in stabilizer concentration over
the optimized value in the media will hinder the loading of
more ATR inside.

The prediction equations for SNEDDS (Equations 1-3)
and NS (Equations 4—6) including the individual effects of
the independent variables and their interaction terms were
generated using the mathematical regression models for the
observed responses Y, Y,, and Y ,, respectively. Theoretical
values of the responses were obtained by the substitution of
X=X, values in Equations 1-6.

Y, (SNEDDS) = —25.841X, +1.263X, + 1.644X
+X,[0364X, ]+ X [0416X,] (1)
+X,[-0.056X, ]

Y, (SNEDDS) = 1.667X, —0.086X, —0.018 X,
+X,[-0.031X, |+X,[-0.034X, ] (2)
+X,[-0.001X, |

Y, (SNEDDS) = ~1.749X, +0.081X, +0.033X,
+x [0.026%, ]+ X [003%,]  (3)
+X,[-0.0002X, ]
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After analyzing the effect of independent variables
(X,—X,) on the responses (Y ~Y,) for both SNEDDS and

solid NS, levels of these factors were specified by utilizing
optimization process and desirability function. Accordingly,
SNEDDS predicted values of Y , Y, and Y, were 70.7 nm,
—25.3 mV, and 13 ps/cm, respectively. Solid NS predicted
valuesof Y, Y,,and Y, were 253.2 nm, 7.2 mV, and 95.4%,
respectively. These predicted values were deduced for
SNEDDS at X, 0f24.7%, X, of 54.4%, and X, 0f20.9%. For
solid NS, these predicted values were deduced at X , X, and
X, levels of 0.6%, 12,000 rpm, and 50 seconds, respectively.
To confirm the output predictions, fresh formulations of
ATR SNEDDS were prepared with the specified predicted
values, ie, optimized levels of factors, oil percent of 24.7%,
surfactant percent of 54.4%, and co-surfactant percent
of 20.9%. For ATR solid NS, stabilizer concentration of
0.6%, homogenization speed of 12,000 rpm, and sonication
time of 50 seconds were the specified predicted values for
NS formulation. These optimized levels yielded SNEDDS
formulation with globule size of 73.5 nm, zeta potential
of —24.1 mV, and conductivity of 13.5 us/cm. For solid NS,
260.3 nm as mean particle size, 7.4 mV as zeta potential
and 93.2% as yield were obtained. The close agreement of
observed and predicted values demonstrated the reliability of
the optimization procedure in predicting the characteristics
of ATR nanocarriers.

Smaller sizes of dispersed drug in oil globules offer a
greater surface area and faster release of ATR and enhanced
absorption and bioavailability. Nanoemulsions are sug-
gested to penetrate deep into tissues through fine capillaries
due to their sub-cellular size. This will offer enhanced delivery
of therapeutic agents to target sites in the body.*>*? Zeta poten-
tial of the optimized formulation exhibited —25.3 mV, which
indicates stability of the system. For submicron particles, the
value of zeta potential is an indication of the degree of electro-
static repulsion of the dispersed phase, and hence its stability
in the dispersion medium. Higher zeta potential values, either
negative or positive, will indicate the stability of the disper-
sion as it will resist aggregation.?>*° Electrical conductivity
gives an indication about stability and nature of formulation
(o/w or w/0).%53* The results indicate that the formulation was
o/w type. Electrical conductivity is directly related to water
percentage in the SNEDDS formula. The higher the electrical
conductivity, the more will be the percentage of water, which
allows more freedom for mobility of ions.** In case of w/o
systems, the external phase is oil, which hinders the mobility
of ions and no electrical conductivity is recorded.

The optimized poloxamer 407 stabilized NS was suc-
cessfully formulated and assayed for mean particle size
and zeta potential. The lyophilized formula showed white
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Figure 4 TEM image of optimized SNEDDS formula (A) and SEM image of optimized NS formula (B).
Abbreviations: TEM, transmission electron microscope; SNEDDS, self-nanoemulsifying drug delivery systems; SEM, scanning electron microscope; NS, nanosuspensions.

color, markedly friable in comparison to raw ATR, with
more flowable and brittle consistency. Optimized solid NS
formula exhibited mean particle size of 253.2 nm, 7.2 mV
of zeta potential, and 95.4% as yield. The relatively low
zeta potential value could affect the stability of ATR NS
formulation, which may affect the storage of the prepared
NS formula. This may require the fresh preparation of NS
before use. The environment where NS are spontaneously
formed, due to the technique used, is fully critical. This
may be correlated to the theory of crystallization and steps
of particle size formation that include particle nucleation,
molecular growth, and agglomeration or aggregation. Each
step has its rate that critically affects the size of the final
particle. Also, the driving force of this process is supersatu-
ration which affects nucleation rate and diffusion-controlled
growth rate.*

The globules of SNEDDS formula appeared as discrete
spheres as shown in TEM images of Figure 4A. All drop-
let sizes taken were consistent with data analyzed using
particle sizing apparatus. The SEM image of the solid NS
formula showed flaky irregular shapes (Figure 4B). It is clear
that the antisolvent precipitation—ultrasonication method is
able to produce ATR in nano-sized particles.

In vitro ATR release
The release behavior of the optimized formulations was
graphically plotted (Figure 5). Dissolution of hard gelatin
capsules filled with the optimized SNEDDS and solid NS
formulations was performed.

The percent cumulative ATR release from SNEDDS
formula was 56.78%, 82.92%, and 86.53% after 10, 30, and
60 minutes, respectively. Results showed almost graphical

plateau after 10 minutes. In general, it was concluded that
the dissolved ATR in SNEDDS of nano-sized globule size
facilitates the release of ATR from the optimized formula
and increased dissolution rate. This finding may enhance oral
bioavailability of ATR due to enhanced dissolution rate. The
greater dissolution of ATR in the oily phase may be due to the
reduced droplet size and subsequently can enhance surface
area that attains an enhanced release rate. Solid NS formula
showed lower rate in the first 30 minutes compared with ATR
SNEDDS formula (Figure 5). The formula of solid NS was
able to release 53.3% of drug within 60 minutes.

The potential of nanoparticles in enhancing dissolution
rate and subsequently bioavailability is attributed to pro-
nounced reduction in particle size with increased surface
area, enhanced solubility, and amorphous nature of the
drug in the preparation.*! Nanonization process improves
both the solubility and the dissolution rate.*' According
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Figure 5 In vitro release of optimized SNEDDS and NS formulations.
Abbreviations: SNEDDS, self-nanoemulsifying drug delivery systems; NS, nanosus-
pensions; ATR, atorvastatin.
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10,000 Parameter ATR ATR ATR solid Commercial
suspension [ SNEDDS | nanosuspensions | tablets

9,000 C,.. (ng/mL) 1,793.74 8,099.21 | 5,909.89 1,780.82
T (DF) 1 1 2 2

8,000 AUC,_ (ng/mL*hr) | 31,304.85 84,612.17 | 53,783.13 30,249.74
K, (hr=1) 0.0058 0.00029 0.00046 0.04

7,000 T,, (hr) 17.34 22.207 13.511 19.28

6,000 MRT (hr) 24.68 25.82 17.12 24.28

5,000

4,000

3,000

ATR concentration (ng/mL)
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Figure 6 Means of plasma concentrations-time profiles and in vivo pharmacokinetic parameters (inset) of optimized ATR SNEDDS and optimized ATR solid NS versus ATR

suspension and commercial tablets.
Note: Data represent the mean value * standard deviation (n=6).

Abbreviations: ATR, atorvastatin; SNEDDS, self-nanoemulsifying drug delivery systems; NS, nanosuspensions; me, Maximum plasma level; AUC[H, area under curve; hr, hour;

K,, elimination rate constant; T, ,, half life time; MRT, mean residence time.

to the Noyes—Whitney equation only the dissolution rate
increases with surface area.** According to previous studies,
the Ostwald—Freundlich and Kelvin equations show that this
no longer applies at the nanoscale particle size, below 1 um
or preferably less than 0.1 um, where the extreme curvature
of the particles leads to an increase in dissolution pressure
and hence solubility.!344

Pharmacokinetic study of the optimized formulations
Means of plasma concentrations-time profiles of the
optimized formulations of SNEDDS and solid NS were
displayed in Figure 6. The pharmacokinetic parameters
were calculated using Kinetica software (Kinetica 5.0.11,
Thermo Fisher Scientific Inc., Waltham, MA, USA). The
pharmacokinetic study showed significant rise in maxi-
mum plasma level (C_ ) and area under curve (AUC[OW])
of the investigated optimized formulations versus ATR
suspension and marketed ATR tablets (P<<0.05). C_  of
ATR was 1,793.74, 8,099.21, 5,909.89, and 1,780.82 ng/
mL from suspension, optimized SNEDDS, optimized NS,
and commercial tablets, respectively (Figure 6, inset table).
AUC,, , values exhibited significant enhancement of oral
ATR bioavailability of optimized SNEDDS formula and
optimized NS by 170.28% and 71.80%, respectively, in

comparison with the oral suspension. Accordingly, these
results indicated that optimized ATR SNEDDS and NS
formulations improved the pharmacokinetic parameters of
the water insoluble drug ATR.

Conclusion

Custom fractional factorial design was utilized to optimize
the clear region area of SNEDDS components ternary phase
and NS formulations parameters. The development of opti-
mized ATR SNEDDS and NS formulae can significantly
improve the pharmacokinetic profile and bioavailability of
ATR by 93.81% and 55.31%, respectively, relative to ATR
suspension and the commercial tablets. Formulation of ATR
SNEDDS showed significant improvement to pharmacoki-
netic parameters and bioavailability compared with NS
formula. The results in this study concluded that optimized
ATR nanocarriers enhanced dissolution characters and oral
delivery of ATR compared with ATR suspension and com-
mercial ATR tablets.
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