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Abstract: This study aimed to develop an optimized depot injectable atorvastatin (ATR)
biodegradable in situ gel (ISG) system with minimum initial burst using a central composite
design. The factors selected were poly (D, L-lactide-co-glycolide) (PLGA) concentration (X)),
molecular weight of polyethylene glycol (PEG) (X,), and PEG concentration (X,). The inde-
pendent variables were the initial burst of ATR after 2 (Y) and 24 hours (Y,). The optimized
formulation was investigated using scanning electron microscopy, Fourier transform infrared
spectroscopy, and in vitro drug release in phosphate-buffered saline of pH 7.4 for 72 hours.
The in vivo pharmacokinetic study of the optimized ATR-ISG and the corresponding PEG-
free ATR-ISG were conducted by intramuscular injection of a single dose (2 mg/kg) of ATR
in male New Zealand White rabbits. A double-blind, randomized, parallel design was used in
comparison with those of the marketed ATR tablet. Statistical analysis revealed that PLGA
concentration and the molecular weight of PEG have pronounced effects on both Y, and Y.
The optimized formulation was composed of 36.10% PLGA, PEG 6000, and 15.69% PEG,
and exhibited characteristic in vitro release pattern with minimal initial burst. Incorporation
of PEG in the formulation causes a slight decrease in the glass transition temperature value
of PLGA, leading to a slight change in Fourier transform infrared spectroscopy spectrum due
to possible interaction. Moreover, scanning electron microscopy photomicrograph showed
smooth surface with disappearance of the cracks which characterize the surface of PEG-free
formulation. The pharmacokinetic data for the optimized depot injectable ATR-ISG showed
a significant (P<<0.05) decrease in maximum plasma concentration from 547.62 to 346.84 ng/
mL, and increasing time to reach the maximum plasma concentration from 12 to 72 hours in
comparison with the marketed tablet. The optimized ATR-ISG formulation has shown minimal
initial drug burst which confirms the suitability of the ISG system in the prolongation of drug
release in patients with chronic long-term therapy.
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Introduction

Sustained release drug delivery systems provide several advantages over the regular
formulations such as better patient comfort and compliance, prolonged drug delivery,
decreased dosing frequency, and minimum side effects.! In situ gel (ISG) system is a
special class of polymeric sustained release systems that is manufactured as a liquid
and solidifies after administration.>* It consists of a biocompatible biodegradable
hydrophobic polymer that is dissolved in a water miscible/partially miscible, biocom-
patible solvent.** The drug is dissolved or suspended in the polymeric matrix. Poly
(D, L-lactide-co-glycolide) (PLGA) is one of the commonly used polymers utilized in
this system. It possesses many useful properties among which are the biocompatibility,
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biodegradability, and the availability of PLGA-based mar-
keted products, Atridox® and Eligard®.

One of the major disadvantages associated with the
ISG system is the initial drug burst.’> It is characterized
by an initial high drug release rate at the beginning of the
administration process, an effect that results in a plasma
elevated drug concentration that may exceed the maximum
effective concentration and may cause tissue irritation. The
main cause for this phenomenon is the fast distribution of
the administered drug during the sol/gel (solidification)
transformation process.®’ Other factors that could contribute
to this behavior are uneven distribution of the drug inside
the polymeric matrix® and the rapid diffusion of the drug
adsorbed on the surface of the polymer.® Some efforts have
been made to overcome this problem. Among these are the
use of hydrophobic solvents,'™!" choice of PLGA of higher
lactide rather than glycolide ratio,'? use of higher polymer
concentration and molecular weight,'>* and incorporation
of plasticizer or surfactant.'!s

Atorvastatin (ATR) is a synthetic widely used cholesterol-
lowering agent, which belongs to the drug class known
as statins. Its mechanism of action involves inhibition of
the enzyme 3-hydroxy-3-methyl-glutaryl-coenzyme A
(HMG-CoA) reductase which catalyzes the conversion of
HMG-CoA to mevalonate in the process of cholesterol bio-
synthesis.'® It has been reported that only 12%—14% of the
drug is bioavailable following 40 mg oral dose.!” The drug is
subject to extensive first-pass metabolism in both the gut wall
as well as in the liver cells.'® Its bioavailability is affected by
parameters such as solubility, dissolution rate of the drug,
gastrointestinal tract permeability, high intestinal clearance,
and first-pass metabolism.

So, the aim of this study was to develop an optimized
depot injectable long-term therapy of ATR formulation with
a low initial drug burst using a biodegradable PLGA with
different molecular weight polyethylene glycol (PEG) in
different concentrations. Intramuscular administration of
this formulation could be considered as an alternative for
the commercially available drug oral daily tablets. This will
avoid the drug peroral first pass effect, enhance the drug bio-
availability, and is expected to achieve better patient comfort
and compliance due to decreased drug dosing frequency.

Materials and methods

Materials

ATR calcium was kindly supplied as a gift sample from
SAJA Pharmaceuticals Co., Ltd. (Jeddah, Kingdom of Saudi
Arabia). N-methyl-2-pyrrolidone (NMP) was purchased from

Acros organics (Thermo Fisher Scientific, Waltham, MA,
USA). PEG 200, 400, 1000, 4000, and 6000 were procured
from Fluka AG (Buchs, Switzerland). PLGA lactide:glycolide
(50:50), molecular weight 30,000—60,000 Da with intrinsic
viscosity 0.45 dL/g, was obtained from Sigma-Aldrich Co.
(St Louis, MO, USA). All materials used were of analytical
grade and were used without further modification.

Methods

Preliminary study

Preparation of PEG-free ISG formulations

Three ISG formulations using different PLGA concen-
trations of 20%, 30%, and 40% were prepared. Briefly,
the specified amount of polymer was dissolved in NMP
in scintillation glass vials and kept shaking in a thermo-
statically controlled water bath shaker (Model 1031; GLF
Corp., Burgwedel, Germany) at room temperature until a
homogeneous clear solution was obtained. ATR in a con-
centration of 10% was added to the resulting polymeric
solution and the vials again were kept shaking until com-
plete dissolving of the drug.

Preparation of ATR-ISG formulations

Utilization of central composite design

Three different independent variables, namely, PLGA
concentration (X,), PEG molecular weight (X,), and PEG
concentration (X,), were investigated for their effect on the
initial drug release after 2 (Y,) and 24 hours (Y,). Central
composite design was utilized in the development of ATR-
ISG formulations with different levels of X, X,, and X,
using Statgraphics Centurion XV version 15.2.05 software
(StatPoint Technologies Inc., Warrenton, VA, USA). The
design was implemented to get polynomial equations that
relate the independent variables to the dependent responses.
The design was performed to minimize the dependent
responses (Y, and Y,). Table 1 summarizes the independent

Table | Independent and dependent variables in a central
composite experimental design

Independent variables Levels
PLGA concentration, % (X)) 20 30 40
Molecular weight of PEG (X,) | 2 3
PEG concentration, % (X,) 5 10 15
Dependent variables Constraints

Low High Goal
Initial burst after 2 hours, % (Y,) 11.97 39.61 Minimize
Initial burst after 24 hours, % (Y,) 21.32 49.36 Minimize

Note: PEG of low molecular weight was coded |, PEG of medium molecular weight
was coded 2, and PEG of high molecular weight was coded 3.
Abbreviations: PEG, polyethylene glycol; PLGA, poly (D, L-lactide-co-glycolide).
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variables with their levels and the dependent variables with
their constraints to perform the central composite design.

Preparation of ATR-ISG with PEG

Sixteen formulations were prepared by the same method
described above. For low molecular weight PEG, 200 and
400, the specified amount was added after obtaining a clear
polymeric solution while for high molecular weight PEG
the vials were subjected to probe sonication using Sonic
Vibramcell™ (Sonic & Materials Inc., Newtown, CT,
USA) under ice cooling for 30 seconds to facilitate dissolv-
ing PEG. Each formula was subjected to in vitro release
study utilizing the same conditions mentioned above. The
resulting composition of ATR-ISG formulations with the
observed and predicted responses of these formulations is
listed in Table 2.

Evaluation of the prepared ATR-ISG formulations
Spectroscopic evaluation of ISG ingredients

Pure ATR, PLGA, PEG, their physical mixture, and the
optimized formulation after it had been dried and crushed,
which were used in the preparation of ATR-ISG, were studied
for any possible interaction that may have occurred using
Fourier transform infrared spectroscopy (FTIR).

Fourier transform infrared spectra were recorded on
Perkin Elmer Spectrum One FTIR spectrometer (Shelton,
CT, USA) using KBr discs with a 2 cm™ resolution in the
range of 4,000—400 cm™" and the spectra are displayed in
Figure 1.

In vitro release study

A quantity of the formulation equivalent to 10 mg ATR was
injected into 900 mL phosphate-buffered saline (PBS) of
pH 7.4 in a USP dissolution tester apparatus II, DT 700, Erweka
GmbH (Heusenstamm, Germany) at 37°C and a rotation speed
of 100x g. Aliquots of 2 mL were withdrawn at 0.5, 1, 2, 4, 6,
8,10, 12,24,48, and 72 hours and replaced with an equivalent
amount of fresh PBS to maintain a sink condition. The in vitro
release study for the optimized formulation was extended for
10 days to get a complete picture about the release profile. The
samples withdrawn were analyzed spectrophotometrically at
243 nm using Jenway 6715 UV-Visible spectrophotometer
(Jenway, Stone, UK). A regression equation of a standard
calibration curve was developed with the same medium to
quantify the drug released. The experiment was carried out
in triplicate and the release profiles of all formulations are
presented in Figure 2. The release data of the optimized ATR-
ISG formulation were analyzed using different kinetic models
to designate the mechanism of drug release.'*

Characterization of the optimized ATR-ISG
formulation

The optimized ATR-ISG formulation was examined for clar-
ity, color, and pH. Syringeability, which is the force required
to push the prepared polymeric drug solution through the
syringe needle, was also evaluated using universal syringe
rig (Stable Micro Systems, Surrey, UK).?* These character-
istics of the optimized formulation were compared to the
corresponding PEG-free formulation.

Table 2 Composition of atorvastatin in situ gel formulations and their observed and predicted responses

Formulation X, (%) X, X, (%) Y, Y, Y, Y,
Observed* Predicted Observed* Predicted

Fl 20 4,000 15 23.55 23.10 36.84 36.69
F2 40 400 5 30.79 31.89 40.26 42.95
F3 40 4,000 5 17.24 18.82 23.55 26.83
F4 30 6,000 10 11.97 16.11 21.32 22.54
F5 30 1,000 1.59 25.13 26.46 32.63 31.03
Fé6 40 400 15 14.74 21.69 27.11 33.09
F7 46.82 1,000 10 25.87 21.21 42.90 36.82
F8 20 400 15 32.90 31.97 45.92 45.17
F9 30 200 10 39.61 34.56 48.03 43.23
FI0 20 4,000 5 31.45 25.15 36.05 32.61
FIl 20 400 5 35.26 37.17 4421 46.42
Fl12 13.18 1,000 10 31.45 35.19 49.36 51.85
FI3 40 4,000 15 13.03 11.77 21.97 22.29
Fl4 30 1,000 18.41 18.42 16.17 28.16 26.17
FI5 30 1,000 10 20.66 20.93 27.63 27.28
Flé 30 1,000 10 21.05 20.93 26.32 27.28

Note: *The observed values of Y, and Y, represent the mean of three determinations and standard deviation <5% of the mean.
Abbreviations: PEG, polyethylene glycol; PLGA, poly (D, L-lactide-co-glycolide); XI, PLGA concentration; Xz. molecular weight of PEG; Xz' PEG concentration; YI, initial

burst after 2 hours (%); Y,, initial burst after 24 hours (%).
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Figure | Fourier transform infrared spectra of atorvastatin, PEG, PLGA, physical mixture, and the dried in situ gel formulation.
Abbreviations: PEG, polyethylene glycol; PLGA, poly (D, L-lactide-co-glycolide); Egy, energy.
Surface morphology evaluation of pH 7.4 and kept in the buffer at 37°C. After 24 hours

The surface characteristics of the optimized ATR-ISG  the sample was collected, dried at room temperature, and
formulation and the corresponding PEG-free ISG formu-  subjected to characterization using SEM (Philips XL30;
lation were studied using scanning electron microscopy  FEI, Hillsboro, OR, USA) and SEM photomicrographs
(SEM). Each formulation was injected separately into PBS ~ were recorded.
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Figure 2 In vitro release profiles for ATR-ISG formulations prepared according to a central composite design.

Notes: (A) CCD formulations and the corresponding PEG-free formulation with 20% of PLGA; (B) CCD formulations and the corresponding PEG-free formulation with
30% of PLGA; (C) CCD formulations and the corresponding PEG-free formulation with 40% of PLGA; (D) CCD formulations with different % of PLGA and the optimized
formulation. As a result of overlapping, error bars are omitted for clarity.

Abbreviations: ATR, atorvastatin; CCD, central composite design; ISG, in situ gel; PEG, polyethylene glycol; PLGA, poly (D, L-lactide-co-glycolide) acid.
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In vivo and pharmacokinetic study

Male New Zealand White rabbits with an average weight of
2.5 kg were provided by King Fahd Medical Research Center
(Jeddah, Saudi Arabia). Animals were maintained at a tem-
perature between 18°C and 22°C and low relative humidity
(less than 30%). The study was carried out in accordance
with procedures approved by Research Ethics Committee
at the Faculty of Medicine, King Abdulaziz University the
local Institutional Review Board for Preclinical & Clinical
Research who ensured the care and use of experimental
animals conformed to the EU Directive 2010/63/EU on the
protection of animals used for scientific purposes, and Guid-
ing Principle in Care and Use of Animals (DHEW publication
NIH 80-23), and the “Principles of Laboratory Animal Care”
(NIH publication #85-23, revised in 1985). During the experi-
ment, animals were given full access to normal standard diet
and tap water ad libitum. The animals were housed two per
cage in standard rabbit cages maintained at 22°C+3°C under
a 12-hour light and 12-hour dark cycle and were acclimatized
at least 1 week prior to the start of the experiment. Rabbits
were divided into three groups of six animals per group and
kept fasted for at least 24 hours prior to the experiments. The
first group received the marketed ATR tablet (reference); the
second group was injected intramuscularly with the opti-
mized ATR-ISG formulation into the right gluteus maximus
muscle; while the third group was injected intramuscularly
with PEG-free ISG formulation into the same muscle. The
dose of ATR administered to the animals was calculated
according to Reagan-Shaw et al.> Considering the human
dose of 20 mg/day for a 70 kg adult, the dose for rabbits was
2 mg/kg/day. Blood samples (0.5 mL) were collected from
the marginal ear vein at 0.5, 1, 2, 4, 8, 12, and 24 hours, and
after 2, 3, 4, 5, 6, and 7 days. The collected samples were
deproteinized with acetonitrile. The plasma drug concen-
tration in each sample was calculated after analyzing the
samples using ultra-performance liquid chromatography
mass spectroscopy (UPLC MS/MS Acquity TQ 3100; Waters
Corporation, Milford, MA, USA) equipped with ACE 5 C8
Column (50x2.1 mm, 5 um). Quantification of the drug in
the plasma was according to the method depicted by Gajula
et al*® with slight modifications. An injection volume of 5 UL
was introduced into the autosampler. The mobile phase used
was a mixture of 0.2% acetic acid buffer, methanol, and
acetonitrile (20:16:64, v/v/v) that was delivered at a flow
rate of 1.0 mL/min into the mass spectrometer’s electrospray
ionization chamber. Quantitation was achieved by MS/MS
detection using an API-3200 (Applied Biosystems MDS
Sciex, Concord, Canada) mass spectrometer, equipped with a
turbo ion spray interface at 400°C. The ion spray voltage was

setat 3,500 V. The common parameters were nebulizer N, gas
temperature: 350°C and drying N, gas flow: 200 mL/min.

Pharmacokinetic analysis
Different pharmacokinetic parameters were estimated from the
obtained drug plasma concentration values using Kinetica™
software (Version 4; Thermo Fisher Scientific). Maximum
plasma concentration, time to reach the maximum plasma con-
centration (t__ ), and mean residence time were determined.
The measured drug plasma concentrations were also used to
calculate the area under the plasma concentration—time curve
from time zero to the last concentration time point (AUC, )
and the area under the plasma concentration—time curve from
time zero to infinity (AUC_ |
ing to the trapezoidal rule while AUC

). AUC,  was calculated accord-
o Was calculated by the
sum of AUC,  and the last measured concentration divided
by the elimination constant (C/k ). The obtained data were
statistically analyzed using GraphPad Prism 6 (GraphPad
Software, Inc., La Jolla, CA, USA) to verify the differences
between the tested groups. Two-way analysis of variance
followed by Tukey’s multicomparison test was used to assess
the difference and a P-value <0.05 was considered to be sta-
tistically significant. In addition, the 95% confidence level is
considered for testing. Each test animal was compared with
the reference individually at the respective time point.

Results and discussion

To discover the optimal concentration of the used polymer
(PLGA) and its effect on the initial burst of the drug from
the formulation, three preliminary formulations with 20%,
30%, and 40% PLGA were prepared. The in vitro release of
these formulations was studied for 72 hours and the release
profile displayed a high initial burst release phase followed by
an approximately steady state release phase (Figure 2A—C).
The initial burst release stage is mainly due to the lag time
between administration of the drug polymeric liquid state for-
mulation and solidification to form the ISG system.*!* Other
possible mechanisms for this phenomenon are related to the
fast release of the drug adsorbed at the surface and irregu-
lar distribution of the administered drug in the polymeric
matrix.3’ The second phase is a diffusion control release stage
which is usually slower than the initial phase.?”?

PLGA is a widely used biodegradable biocompatible
polymer that hydrolyzes in the body into lactic and glycolic
acid.” It is approved by the US Food and Drug Administration
as a safe compound in therapeutic formulations.?”” A polymer
concentration in the range of 20%—40% was chosen as a fast
release and high initial drug burst is obtained when polymer
concentration less than 20% is used. Ahmed et al® studied the
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effect of polymer concentration on haloperidol release from
PLGA in situ implant and reported a similar finding. PLGA is
available in different lactide to glycolide ratios, 50:50, 65:35,
75:25, and 85:15. Polymer rich in lactide results in a highly
hydrophobic polymer which degrades slowly and absorbs
less water.’® High molecular weight polymer results in a
polymeric solution that is difficult to inject due to its higher
viscosity, while low molecular weight polymer produces a
polymeric solution with a high rate of water absorption and
polymer erosion.’! So, PLGA 50:50 of molecular weight
30,000-60,000 Da with intrinsic viscosity of 0.45 dL/g in
0.1% in CHCI, at 25°C was chosen as a good candidate for
controlling the release of the drug in this study.

Tan et al'® have illustrated the effect of incorporation of
PEG 400 into a PLGA-based ISG system. They reported
a reduction in the initial burst release probably due to its
plasticizing action. In another study, PEG 400 was used as a
plasticizer to reduce aspirin initial burst from a PLGA-based
ISG forming system.?? Ibrahim et al'* also reported a similar
finding after incorporation of 10%—-30% PEG 400 to meloxi-
cam in situ implant formulations prepared with PLGA. The
solubilizing effect of PEG could be another possible mecha-
nism for this effect. PEG permits homogeneous distribution
of the administered drug in the prepared PLGA matrix, the
effect that decreases adsorption of the drug particles at the
polymeric matrix. Biocompatible surfactant such as pluron-
ics, tweens, spans, and chromophores have also been proven
to influence the initial burst release from a PLGA-based ISG
system.'?33 PEG could play the same role as these aforemen-
tioned surfactants. The plasticizing effect of PEG could be
attributed to the decrease in the glass transition temperature
of PLGA from 48°C to about 45.5°C for both PLGA-PEG
2000 and PLGA-PEG 4000 derivatives.*

Deadman et al** defined the initial burst release as the percent
of total drug released in the first 24 hours. Different research-
ers evaluated the drug initial burst by estimating the amount
released at the first 2448 hours.*'2323%37 Other researchers

determined the initial burst release at the first 2 hours.'

Spectroscopic evaluation of ISG
ingredients

FTIR spectrum of pure ATR showed characteristic bands at
2,955.15, 1,313.56, 3,059.15, 1,564.97, 3,403.27, 1,656.97,
751.62 and 696.95, and 1,104.39 cm™! for C—H-stretching,
C—N-stretching, C—OH-stretching alcoholic group, C=0O-
stretching amidic group, N-H-stretching, C=C-bending,
C—F-stretching, and OH-bending, respectively, as depicted in
Figure 1. Mixing the drug with PEG in the form of physical

mixture showed no considerable change in the spectrum of the
pure drug while some changes in the characteristic peaks of the
drug were noticed in the optimized formulation due to possible
interaction of PEG with PLGA. This was obvious in the amidic
group, C—OH-stretching alcoholic group, and C—H-stretching.
Incorporation of PEG causes slight decrease in the glass transi-
tion temperature value of PLGA from 48°C to about 45.5°C
as previously illustrated by Alimohammadi et al.** Also, the
plasticizing effect of PEG previously mentioned is based on the
reduction of the attractive forces among the polymer chains.
These effects could explain the decrease in the drug burst effect
after incorporation of PEG in the formulation.

Response surface methodology for

optimization of ATR-ISG formulation

A central composite design with three factors in three levels
was implemented to study the influence of three different
formulation parameters on ATR initial burst release after 2
(Y,) and after 24 hours (Y,), and evaluate the main effects,
interaction effects, and quadratic effects of these factors on
the dependent variables. The concentration of PLGA (X)),
molecular weight of PEG (X,), and concentration of PEG
(X,) were selected as the independent variables.

The in vitro release profiles for the prepared formulations
in comparison with PEG-free formulations are depicted in
Figure 2. The drug release profile from PLGA ISG system
usually exhibits a triphasic pattern: an initial fast release stage
lasting for minutes or hours, followed by a slow stage of drug
release lasting for days or weeks, and finally a rapid phase of
drug release.® Compared with PEG-free formulations with
different concentration of PLGA depicted in Figure 2A—C, all
the 16 formulations proposed by the central composite design
exhibited low initial ATR release burst which confirms the
impact of PEG on controlling the initial burst of ATR from
the ISG formulations.

Estimation of quantitative effects of the selected
factors
To estimate the quantitative effects of the selected factors,
statistical analysis of central composite statistical design
batches was carried out by multiple regression analysis and
two-way analysis of variance using Statgraphics software.
Table 3 shows the estimated effects of the selected factors,
F-ratios, and associated P-values for the two responses
resulting from analysis of variance.

Based on these results, X, had a significant antagonistic
effect on both Y and Y, with P-values =0.032 and 0.0156,
respectively. It was also found that X, had a significant
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Table 3 Estimated effects of factors, F-ratio, and associated P-values for the initial drug release after 2 hours (Y,) and 24 hours (Y,)

Factor Y, Y,
Estimate F-ratio P-values Estimate F-ratio P-values

X, -8.310 7.72 0.0320* -8.932 .17 0.0156*
X, -10.97 13.46 0.0105* —12.303 21.19 0.0037*
X, -6.122 4.19 0.0866 -2.891 1.17 0.3208
X2 5.14 2.00 0.2067 12.058 13.81 0.0099*
XX, -0.525 0.02 0.8975 —1.153 0.11 0.7526
X X, -2.5 0.41 0.5459 —4.308 1.52 0.2636
X 3.110 0.73 0.4246 3.959 1.49 0.2683
XX, 1.575 0.16 0.7008 2.663 0.58 0.4747
X2 0.271 0.0l 0.9429 0.932 0.08 0.7836

Note: *Significant effect of factors on individual responses, P<<0.05.

Abbreviations: PEG, polyethylene glycol; PLGA, poly (D, L-lactide-co-glycolide); X, PLGA concentration; X,, molecular weight of PEG; X, PEG concentration; Y , initial
burst after 2 hours (%); Y, initial burst after 24 hours (%); X2 X% and X, are the quadratic terms for the factors; X X,, X, X,, and X, X are the interaction terms between
the factors.

antagonistic effect on both responses (P=0.0105 for Y and
P=0.0037 for Y,). On the other hand, X, had no significant
effect on both Y and Y,. In addition, Y, was significantly
affected by the synergistic effects of the quadratic term
of X, (P=0.0099). Finally, it was found that the interac-
tion terms of X X, X X,, and X, X, and the quadratic
term of X, and X, had no significant effect on the studied
responses.

Statistical analysis and mathematical modeling of
experimental data

Analysis of variance for the obtained results revealed that only
the PLGA concentration (X ) and molecular weight of PEG
(X,) had a significant pronounced effect (P-value <0.05) on
the initial burst after 2 hours and after 24 hours. This effect
was displayed in the standardized Pareto charts for Y, and
Y, (Figure 3A and B).

On the analysis of the obtained values for the responses
regarding initial burst after 2 hours (Y) and initial burst after
24 hours (Y,), the mathematical model for each response was
generated and is shown in Equations 1 and 2.

Y, =74.456-1.655X, ~12.493X, 0.286X, +0.026X 2
~0.026X,X, —0.025X X, +1.555X 2 +0.158X X,
+0.005X 2 (1)

Y,=108.866-3.518X, ~15.002X, +0.098X,, +0.06X >
~0.058X X, -0.043X, X, +1.979X * +0.266X X,
+0.019X 2 )

These equations imitate the quantitative influence of the
formulation variables on Y and Y, responses. By increas-
ing the concentration of PLGA and using PEG with high
molecular weight, the initial burst after 2 hours (Y) and after
24 hours (Y,) was decreased as illustrated in the response
surface plot in Figure 4.

A Standardized Pareto chart for Y, B Standardized Pareto chart for Y,
X, = ' ) ' ' ' ' '
X1
x,|
XX, |

2°7°3

X
X
o -III

1 2 3 4
Standardized effect

o

1 3 4 5

2
Standardized effect

Figure 3 Standardized Pareto charts for the effect of the studied variables on Y, and Y,.

Notes: Standardized Pareto chart for initial burst at 2 hours (%) (A). Standardized Pareto chart for initial burst at 24 hours (%) (B).

Abbreviations: PEG, polyethylene glycol; PLGA, poly (D, L-lactide-co-glycolide); X, PLGA concentration; X,, molecular weight of PEG; X;, concentration of PEG; Y, initial
burst at 2 hours (%); Y2. initial burst at 24 hours (%); XIXI, X2X2. and X3X3 are the quadratic terms for the factors; XIXZ, X‘Xs. and XZX3 are the interaction terms between
the factors.
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Figure 4 Estimated response surfaces with contour plots (three-dimensional) showing the effect of the studied variables on Y| and Y,.
Abbreviations: PEG, polyethylene glycol; PLGA, poly (D, L-lactide-co-glycolide); Y , initial burst at 2 hours (%); Y,, initial burst at 24 hours (%).

Optimization of the formulation variables

To develop an optimized ATR-ISG formulation with lower
Y, and Y, values of 11.70% and 21.12% respectively, the
multiple response optimization was performed using Stat-
graphics software. According to this optimization process, the
predicted values of X, X, and X, at maximum desirability
of' the responses that fulfill the requirement of optimized for-
mulation were 36.10%, PEG 6000, and 15.69%, respectively.
This optimized formulation was prepared and evaluated to
verify the validity of the model. The predicted model values
for Y, and Y, were 15.7% and 25.15%, respectively, while
the observed values for Y, and Y, were 18.75% and 28.52%,

respectively (Figure 2D), which seem to be very close to the
predicted ones that indicate validity of the model.

Characterization of the optimized

formulation

The PEG-free formulation was clear and of yellowish brown
color. This color is mainly attributed to the color of PLGA
polymer since the solvent used, NMP, is a colorless liquid.
The pH was almost neutral and exhibited a value of 7.54
which is approximately the pH value of NMP of 7.7-8 as
previously reported.?* Incorporation of PEG in the optimized
formulation does not significantly affect the clarity, color, or
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Figure 5 Scanning electron microscopy photomicrographs for ATR-ISG surface:
(A) PEG-free formulation and (B) the optimized ATR-ISG formulation.
Abbreviations: ATR-ISG, atorvastatin in situ gel; PEG, polyethylene glycol.

even the pH. It was noticed that the viscosity of the prepared
ISG formulation slightly increased after incorporation of the
specified quantity of PEG. This was confirmed by measuring
the syringeability which was slightly reduced and resulted in
a slightly higher force required to push the syringe plunger.
Syringeability of both formulations, optimized and PEG-free,
was within the acceptable range as previously mentioned.*

SEM photomicrographs of the optimized ATR-ISG for-
mulation and the corresponding PEG-free ISG formulation are
illustrated in Figure 5. As is clear from the figure, PEG-free
ISG formulation showed a cracked surface (Figure 5A)
whereas the incorporation of PEG in the optimized formula-
tion leads to disappearance of these cracks as indicated by the
smooth surface (Figure 5B). This finding assumes successful-
ness of the technique and the benefit of incorporation of PEG
in reducing the drug burst effect due to decrease in the glass
transition temperature of PLGA with subsequent pronounced
plasticizing action as previously illustrated.

Kinetic analysis of in vitro release data

Kinetic analysis for the studied ISG formulations proposed
by the central composite design and the optimized formula-
tion revealed that all the studied ISG formulations were in
concordance with the Higuchi diffusion model (data not
shown). Previous studies indicate that Higuchi diffusion
model is used to describe the drug dissolution and release
from different types of modified release dosage forms such
as transdermal and matrix type tablets.?'*%3 Such behavior
may also be expected for the release kinetics of ATR ISG

system during the release behavior of the drug from PLGA
in phosphate-buffered saline (PBS) exhibited Fickian diffu-
sion mechanism. The calculated n values were less than 0.5
indicating case I transport, Fickian diffusion mechanism.

In vivo and pharmacokinetic study in
rabbits

The plasma concentration versus time curve is shown in
Figure 6 and the pharmacokinetic parameters are listed in
Table 4.

The maximum plasma concentration values reached
547.62,367.47, and 346.84 ng/mL after oral administration
of ATR tablet and intramuscular injection of both PEG-free
ATR-ISG formulation and optimized ATR-ISG formula-
tion, respectively. The t _values were 12, 48, and 72 hours
for oral ATR tablet, PEG-free ATR-ISG formulation, and
the optimized ATR-ISG formulation, respectively, while
the mean residence time values were 41.421, 62.866, and
79.652 hours for the same groups, respectively. The area under
the time—concentration curve total for the optimized ATR-ISG
formulation was found to be 35,932 ng/mL-hour, which was
significantly (P<<0.05) greater than that of the marketed ATR
tablet (29,185.6 ng/mL-hour). These results are in good agree-
ment with the observed values for t _ and mean residence
time. From the pharmacokinetic data obtained, it was found
that the optimized ATR-ISG formulation has lowered the
initial burst, extended the t _, increased the mean residence

- Reference (ATR tablet)
-+ Optimized ATR-ISG formulation
-+ PEG free ATR-ISG formulation

600 1

500 1
400
3001

200 14

100

Mean plasma ATR
concentration (ng/mL)

0 30 60 9 120 150 180
Time (hours)

Figure 6 Plasma concentration versus time curve of ATR following the intramuscular
injection of optimized ATR-ISG formulation and its corresponding PEG-free ISG
system in comparison with the oral administration of the same dose of marketed
tablet.

Notes: The data represent the mean * standard deviation (n=6). *Significant
difference between the optimized ATR-ISG formulation and the reference ATR tablet
(P<<0.0001); #Significant difference between the optimized ATR-ISG formulation and
the corresponding PEG-free ISG formulation (P<<0.0001).

Abbreviations: ATR, atorvastatin; ISG, in situ gel; PEG, polyethylene glycol.
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Table 4 Pharmacokinetic parameters after the intramuscular injection of optimized ATR-ISG and PEG-free ATR-ISG in comparison
with the oral administration of a single dose (2.5 mg/kg) of the marketed ATR tablet

Pharmacokinetic Marketed oral PEG-free ATR-ISG Optimized ATR-ISG
parameters ATR tablet formulation formulation

C,.. (ng/mL) 547.62 367.47 346.84

T .. (h) 12 48 72

AUC,__ (ng/mL-h) 29,025.9 31,699 35,635.6

AUC_  (ng/mL:h) 159.781 492.349 296.343

AUC__ (ng/mL-h) 29,185.6 32,1914 35,932

MRT (h) 41.4206 62.8655 79.6521

AUMC,__ (ng/mL-h?) 1.177x10° 1.926x10¢ 2.807x10¢

AUMC_ _ (ng/mL-h?) 31,407.1 97,956 54,819.5

Note: Data represent the mean value of six determinations.
Abbreviations: ATR, atorvastatin; AUC, area under the time—concentration curve; C__, maximum plasma concentration; ISG, in situ gel; PEG, polyethylene glycol; MRT,

mean residence time; T, time to reach C__ . AUC,_, area under the time-concentration curve from time zero to 7 days; AUC__, area under the time-concentration curve
from time 7 days to infinity; AUC__, area under the time-concentration curve from time zero to infinity; AUMC, area under the moment curve.
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