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Abstract

This study aimed to formulate and optimize solid-dispersion of meloxicam (MX) employing response-surface-methodology
(RSM). RSM allowed identification of the main effects and interactions between studied factors on MX dissolution and
acceleration of the optimization process. 3> full factorial design with 27 different formulations was proposed. Effects of drug
loading percentage (A), carriers’ ratio (B), method of preparation (C), and their interactions on percent MX dissolved after
10 and 30 min (Q;pmin & Q30min) from fresh and stored samples were studied in distilled water. The considered levels were
2.5%, 5.0%, and 7.5% (factor A), three ratios of Soluplus®/Poloxamer-407 (factor B). Physical mixture (PM), fusion method
(FM), and hot-melt-extrusion (HME) were considered factor (C). Stability studies were carried out for 3 months under stress
conditions. The proposed optimization design was validated by 3-extra checkpoints formulations. The optimized formula-
tion was selected via numerical optimization and investigated by DSC, XRD, PLM, and in vitro dissolution study. Results
showed that HME technique gave the highest MX dissolution rate compared to other techniques (FM & PM). At constant
level of factor (C), the amount of MX dissolved increased by decreasing MX loading and increasing Soluplus in carriers’
ratio. Actual responses of the optimized formulation were in close consistency with predicted data. Amorphous form of MX
in the optimized formulation was proved by DSC, XRD, and PLM. Selected factors and their levels of the optimization design
were significantly valuable for demonstrating and adapting the expected formulation characteristics for rapid dissolution of
MX (Q;pmin= 89.09%) from fresh and stored samples.

Keywords 3 full factorial design - hot-melt extrusion (HME) - meloxicam - response surface methodology (RSM) -
Soluplus/Poloxamer-407

Introduction

Amorphous solid dispersions (SDs) technique is demon-
strably the most simple, efficient, and potent approach for
improving the dissolution and bioavailability, particularly for
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drugs with low solubility (1). SDs are defined as molecular
dispersion of poorly water-soluble drugs in inert/biocom-
patible hydrophilic carrier at solid state (2). Formulation of
poorly soluble drugs by SDs is a strategy to tackle dissolu-
tion-rate-limited oral absorption that leads to reduction of
particle size, enhanced wettability, decreased agglomeration,
high porosity, changeability in the physical state, and/or pos-
sibly homogenous dispersion of the drug (3). Until now, only
a few amorphous products are commercially available, dem-
onstrating inherent problems of their efficacy or the physical
instability during shelf-life (4).

Several techniques of SDs have been developed such as
solvent-based methods like spray drying (5), solvent evapo-
ration (6), freeze-drying (7), or melt-based methods (fusion
and hot melt extrusion “HME” (8). The major problem of
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solvent-based methods is the difficulty in the selection of a
common volatile solvent and the need for an extra drying
step. Also, the yield is always low consequently the scale-up
production can be challenging. Accordingly, the preparation
of SDs by solvent methods is limited for laboratory studies.
While at a larger scale, higher cost of preparation, environ-
mental considerations, and the existence of solvent residuals
in the finished product could not be avoided (9).

HME is a process of high shearing and mixing vari-
ous substances using screw elements at an elevated tem-
perature where the drug and carrier(s) are intimately mixed
and melted at a high shearing rate (10). Unlike fusion, the
mechanical energy used in HME together with the short
heating time will not cause any significant decomposition
for most drugs (11).

The flexibility of HME for manufacturing different drug
delivery systems is a favorable technology that altered the
whole outline of pharmaceutical industrial technology (12).
HME is a universally viable alternative to solvent-based
techniques. This is the only dust- and solvent-free technol-
ogy for manufacturing of SDs on a larger scale (13, 14).
Moreover, HME is a fast processing, high degree of auto-
mation, and continuous operation that makes the scale-up
easier (15, 16). Therefore, HME could be considered a cost-
effective method for drug development and production (17).

HME technology is still in its nascent stage with a few
products commercialized in the market. This could be
related to difficulty in manufacture, optimization of vari-
ables, and stability concerns associated with such products
(18, 19). Formulation of innovative blends of the known
approved carriers with plasticizers, surfactants (20), and/or
a novel synthetic carrier, in addition to the above-mentioned
progress obstacles, to reach the market is the major concern
of modern research (21, 22).

Accordingly, the present study investigates the potenti-
ality of applying a novel combination ratio of a new car-
rier with plasticizer to produce HME of meloxicam (MX)
compared to other conventional methods for the first time.
The enhancement of MX solubility and correspondingly
the dissolution through the formation of SDs with various
hydrophilic excipients are widely reported in the literature
(23-25). However, a few reports are traced for formulation
and stability of SDs of MX using the HME technique due
to its excessive degradation and high melting point (26, 27).

MX is a potent selective COX-II inhibitor (NSAID)
so, it is safe for the gastrointestinal tract (28, 29). MX
has low aqueous solubility (belonging to BCS Class II)
which exhibits a slow oral absorption with delayed onset
of action, causing failure to give the expected analgesic
effect in the desired time (29). It is well-known that MX
is nearly totally absorbed after oral administration; how-
ever, its absorption rate is distinctly slow with a T_,, value
greater than 5 h (30). There is a direct relation between
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oral absorption and the gastric emptying rate (GER) of
MX because of its incomplete dissolution in the stomach
(29). Dissolution studies of MX products are carried out
at pH 7.4, while its dissolution at pH 6.4 is much lower,
which might be one of the reasons for late MX absorption
(T> Sh).

Soluplus® (SOL) is a graft copolymer consisting of poly-
vinyl caprolactam—polyvinyl acetate—polyethylene glycol. It
is proposed as one of the newly used carriers for the design
and development of SDs. SOL, compared to traditional solu-
bilizers, has a dual action characteristic, utilized as a matrix
carrier for SDs and a solubilizer through micelles forma-
tion in an aqueous medium. In addition, SOL acts as self-
plasticizers with a suitable Tg (70°C) which allows extrusion
at low temperatures and maintains sufficient rigidness for
adequate storage stability of the SDs (31). Previous studies
reported that extrusion of MX with SOL was processed at
relatively high temperatures which resulted in pronounced
MX degradation (32). Taha et al. (33) successfully devel-
oped a novel combination of Soluplus/Poloxamer solid
dispersion employing HME, which provided a promising
approach for rapid onset of action (in vivo) compared to the
innovator product (33).

Design of experiments (DoE) is an organized method
by which different process parameters are systematically
assorted within predetermined ranges; therefore, their effects
on the response can be assessed and tested for significance
(16). The judicious selection of carriers, drug loading per-
centage, and manufacturing methods for SD formulations
have an ultimate impact on dissolution characteristics and
drug stability in the solid-state and in vivo performance (2).
The effects of different drug loading percentages, manufac-
turing methods, and carrier(s) on the preparation of MX-SDs
could be predicted statistically by response surface meth-
odology (RSM). RSM is strictly related to DOE. RSM is
considered a powerful alternative method to solve problems
by applying statistical modeling to optimize drug formula-
tion. It is a reliable statistical technique and a critical tool
to expect the relation between the independent variables
and responses. After statistical calculation of the regression
model from suitable experimental data, RSM is effective in
optimizing the response function and predicting potential
responses (34). By using RSM, the optimized MX formu-
lae can be predicted depending on the fit of the equation to
the obtained experimental data of numerous variables that
affected the response(s) (35, 36). Furthermore, the multivari-
ate approach of RSM can evaluate the complex interactions
of numerous influencing factors and promotes statistical
interpretation possibilities (37).

The full factorial design is the most efficient way to inves-
tigate a series of intervention components by estimating the
main effects from the average of the other effects with a
greater prediction ability among models (38). However,
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the geometric growth of their samples might be a challenge
when additional variables are added.

The objective of the present study was to optimize the
formulation of SD with the enhanced dissolution of MX in
distilled water employing RSM. The effect of manufacturing
methods (HME, fusion, and physical mixtures), drug load-
ing, and carriers’ ratio (SOL/POLX) as well as the effect
of storage (stability) on product characteristics using a 3°
factorial design will be studied. The independent variables
were the drug loading percentage (A), mixed carriers’ ratio
(SOL/POLX; B), and the SD preparation techniques (C).
The dependent (response) variables investigated were the
percent of MX dissolved from both fresh samples in 10 min
(Q1omin-fresh; Y ) as well as in 30 min (Q3q,,-fresh; Y,),
and stored samples in 10 min (Qgyi,-Stored; Y5) as well as
in 30 min (Q3qyi,-stored; Y,) of MX-SD formulations.

Materials

Meloxicam (MX) powder was kindly provided by Delta-
Pharma (Egypt). Soluplus® copolymer (SOL) (Mwt =
118,000 g/mol, density = 1.08 g/cm3) and Poloxamer-407
(POLX) were kindly supplied by BASF-Chemical Company
(Ludwigshafen, Germany). Polyethylene glycol 6000 (PEG
6000) was provided by Sigma-Aldrich (USA). Purified water
(Millipore-Corporation, USA) was utilized for the prepara-
tion of MX release media. Other used chemicals were of
analytical grade and were bought from Fisher Scientific.

Methods
Preliminary Studies
Screening of Mixed Carriers

Physical mixtures (PMs) of MX (5% w/w) with two different
mixed carriers (SOL/PEG6000 and SOL/POLX), each in a
ratio of (50-50), were carefully mixed by trituration in a
mortar for 5 min. The prepared PMs were screened through
#60 and #45 mesh US standards to get a particle size range
of (250-355 pm) and then stored in labeled glass vials until
required.

Screening of Particle Size

PM of MX (5% w/w) with SOL/POLX matrix system (in a
ratio of 50:50) was screened through #60 and #45 mesh US
standards to get two specified particle size ranges (< 250
pm) and (250-355 pm) and then stored in glass vials until
required.

Experimental Design and Model Development

A 33 full factorial design was created using Design-Expert®
software (version 8), to optimize the effect of the three
formulation factors using four responses (Tables I and II).
Table I lists the factors (independent variables) with their
coded and actual levels encompassed by the full factorial
design. Two numeric continuous factors, drug loading
percentage (A) and mixed carriers’ ratio (B), were tested
at three levels specified as —1, 0, and +1 (Table I). One
categorical factor, method of preparation (C), either PMs,
FM, or HME, was designated as —1, 0, or +1, respectively
(Table I). The following responses (dependent variables)
were analyzed: percent drug dissolved from both fresh for-
mulae at 10 min (Q,; Y;) and 30 min (Qs; Y,), as well as
stored formulae at 10 min (Q,,; Y3) and 30 min (Q;,; Y,)
(Table II). According to the design, a total of 27 runs were
generated and performed (Table II). A second-order poly-
nomial function was selected to explain to the developed
models as follows:

Y pur e ame = Bo + BLA+ BB + P11 A% + ppB* + f1,AB
(D
Where:

Predicted responses for PMs, FM, and
HME, respectively, as types of methods of

YPM, FM, HME

preparation.
Po Intercept
B B, Linear coefficients
Biis P Square coefficient
Bia Interaction coefficient
A,B Independent quantitative variables

Table | The Factors (Independent Variables) and Their Levels
Encompassed by the Full Factorial Design

Variables Low Medium High
Level (—1) Level (0) Level (1)

Numeric variable

A: drug loading percentage 2.5% 5% 7.5%
B: Carriers’ ratio (SOL/POLX 50-50 60-40 80-20
ratio)

Categoric variable
C: Method of preparation PMs FM HME
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The design space was established based on the criteria
of each response and the desirability function. An opti-
mized batch was manufactured from the optimal value in
the obtained design space.

Preparation of Different MX Formulae
MX Physical Mixtures (PMs)

PMs of MX/SOL/POLX, in a predetermined ratio, were pre-
pared by trituration for 5 min in a mortar. The prepared PMs
were screened through #60 and #45 mesh US standards to
get a specified particle size range (250-355 pm) and then
stored in labeled glass vials until required.

MX Solid Dispersions (SDs) by Fusion Method (FM)

Preparation of fusion mixtures (FMs) of MX was carried
out via melting the accurately weighed amounts of drug
and mixed carriers (SOL/POLX) in a hot plate adjusted at a
specified temperature (120°C) using a sand bath. The fused
mixture was left to cool and stored in a vacuum oven for 24
h to be solidified. The produced mass was pulverized using
mortar and pestle, screened through #60 and #45 mesh US
standard to get a specified particle size range (250-355 pm),
and then stored in labeled glass vials until required.

MX-HME

SDs of MX/SOL/POLX, in a specified ratio, were melt-
extruded using a single screw extruder (Y4 inch) with a single
rod die (Randcastle Microtruder-RC025, USA). The intro-
duced PMs formed a molten mass between screw walls and
extruder barrel, in about 1-3 min. The extrusion pressure
was 1 bar, and the residence time was about 3—5 min for
the extrudate to come out for different samples. The four
extruder zones were adjusted at 110, 110, 105, and 105°C for
barrel zones 1, 2, 3, and die-zone, respectively. The screw
rotation was fixed at 30 rpm. The produced extrudate was
collected and left to cool at ambient temperature and then
ground. Finally, the extrudate was screened through #60 and
#45 mesh US standards to get a specified particle size range
(250-355 pm) and then transferred to labeled glass vials and
kept for different analyses.

Evaluation of the Prepared MX Formulae

Drug Content

The assay of MX content was quantitatively analyzed by
a reported HPLC/UV method (39). The HPLC appara-

tus consisted of a multi-solvent delivery system control-
ler (Water 600 E) connected by Waters 2487 dual A UV/

detector and Rheodyne injector P/N 7725i. A reversed-phase
C,s-Symmetry® column (3.9 cm x 150 mm i.d., 5 pm par-
ticle, Waters-Association, USA) was used as the stationary
phase protected by the C,;-Symmetry® guard pre-column.
The composition of the mobile phase was a mixture of
acetonitrile/water (50:50 v/v; pH 3 by glacial acetic acid)
pumped at a 1 mL/min flow rate. Millennium 32 software
was used to analyze the data.

The LLOQ and the HLOQ of the analytical method
were 0.005 and 3 pg/mL, respectively. The accuracy of the
method ranged from 93.37 to 101.85%, which was measured
as the mean percentage recovery. The analytical precision
ranged from 0.0216 to 0.0538% and was determined by the
percentage relative standard deviation (RSD%) of the peak
area ratios.

An equivalent amount of each prepared formula (con-
taining 15-mg MX) was dissolved in 25 mL methanol. The
solution was sonicated and filtered through a 0.45 pm filter
(Millex, USA). Adequate dilution with the mobile phase was
carried out for the produced filtrate followed by analysis at
Amax 360 nm. Fifty-microliter sample was injected; 3 repli-

‘max
cates of each sample were analyzed.

In Vitro Dissolution Test

In vitro dissolution studies of different prepared formulae
(each equivalent to 15 mg MX) were carried out using a
USP apparatus II, paddle dissolution tester (AT8-XTEND,
Sotax, Switzerland). Dissolution studies were carried out
in filtered, degassed 900 mL of distilled water (measured
at 37°C + 0.2°C and was found pH 6.4). The rate of paddle
rotation was fixed at 100 rpm. The dissolution analyses were
performed in triplicates.

At designated time points, samples were collected, fil-
tered, and replaced by a fresh dissolution medium. Analysis
was carried out spectrophotometrically for MX content at
360 nm utilizing UV-spectrophotometer (Beckman-DU650,
USA). MX dissolution rate from each prepared sample was
studied in distilled water for 60 min. MX% dissolved after
10 min (Y ;:Q;omin-fresh) and 30 min (Y,:Qsopin-fresh) were
recorded.

Kinetic Analysis of MX In Vitro Dissolution Data

Different mathematical models were tested for the best
fitting one with the highest regression coefficient (40);
describing the dissolution rate of MX from each formula,
viz., zero-order kinetic (Equation 2) (41), first-order kinetic
(Equation 3) (42, 43), Higuchi square root of time (Equa-
tion 4) (42), and Hixson—Crowell cube root (Equation 5)
(42, 44).
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0, =ky.t )
In (100-Q,) = In 100kt 3)
0, = ky.1' )
(100-0,)""* = (100)"*—kyye.t ®)

where Q, is the percentage (%) drug dissolved in time #;
ko, k;, ky, and kg are coefficient dissolution rate constants
for each described model.

Solubility Studies

To assess the enhancement in MX solubility when formulated
as SDs, solubility measurements were carried out according to
the Higuchi-Connors method (45). A specified weight equal to
an excess amount of 15 mg MX each of pure drug or SDs was
weighed into glass test tubes, and then 10 mL of distilled water
was added. Shaking at 25°C and 100 rpm for 48 h in a temp-
controlled shaking water bath (USA) then filtration through a
0.45-pm filter (Mellix, USA) was conducted. Spectrophoto-
metric analysis was carried out at Amax 360 nm against dis-
tilled water. All solubility tests were performed in triplicates.

Stability Studies

The prepared formulae were stored in closely sealed glass
vials and exposed to stressed conditions set at 40°C + 0.5°C
with 75% relative humidity (RH) for 3 months. MX % dis-
solved from stored samples after 10 min (Q,g;,-stored) and
30 min (Qj;,-Stored) were recorded. Stability studies of
the prepared MX formulae, regarding chemical stability by
HPLC in addition to drug in vitro dissolution characteristics,
were conducted.

Characterization of the Optimized MX Formula

DSC, PLM, chemical stability (via HPLC), and drug in vitro
dissolution studies in 0.IN HCL (pH=1.2), distilled water,
and phosphate buffer pH 7.4 were carried out for characteri-
zation of the optimized MX formula for fresh and 3-month
stored samples. For comparing the dissolution behavior of
the optimized freshly prepared sample with 3-month stored
sample, similarity factor (f;) as proposed by Moore and
Flanner was applied (46).

f, = 50.1og {[1 +(1/n) L = In (R,-T,) 2] - 0.5.100}
Q)
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where n is the number of data time points collected
during the in vitro dissolution test, R, and T, are the
cumulative dissolution percentages dissolved at the
selected (n) time points of the fresh and stored sam-
ples, respectively. FDA suggests that two dissolution
profiles are considered similar if the similarity factor f,
is between 50 and 100 (47).

Differential Scanning Calorimetry (DSC)

Powdered samples (MX-pure, carrier(s), and the optimized
MX formula) were estimated for their thermal behavior by
DSC-Q100 TA-Instruments (USA). Five milligram of each
sample was immediately weighed into pierced aluminum
pans. The heating ramp was in the range of 25-400°C, at
the scaling up rate of 10°C/min. Maintenance of nitrogen
purge was at 20 mL/min throughout each run of the ther-
mal analysis. Fresh and stored samples were studied for
their thermal behavior. The absolute percent crystallinity,
x(t), was calculated from

x(1) = (4H,/AH,,) (7)

where AH, is MX melting enthalpy at time ¢, which is
determined as the ratio of melting enthalpy of the sample
divided by the composition of MX, and AH,, is the melting
enthalpy of 100% crystalline MX at the same heating rate.

X-Ray Diffraction (XRD)

X-ray diffraction patterns of MX, carriers, and the opti-
mized formula (OPT) were obtained using Empyrean
Diffractometer, UK. Samples were irradiated with mono-
chromatized Cu Ka 9 radiation at a voltage of 45 kV and a
current of 30 mA. The samples were scanned over 3°-80°
(20) with a step size of 0.02° (20) and a time constant of
18.87 s/step.

Polarized Light Microscopy (PLM)

Evaluation of the crystallinity of MX was carried out using
the CX41-Olympus microscope (Japan). Suspension of
MX samples (pure MX and optimized MX formula) in
silicone oil was captured as representative PLM images.
Several examination conditions were conducted such as
differential interference contrast, using slightly uncrossed
polarizers.



AAPS PharmSciTech (2022) 23:248

Page70f21 248

Results and Discussion
Preliminary Studies
Screening of Mixed Carriers

Figure 1 depicts the dissolution profiles of different MX-
PMs samples containing 5% MX and their corresponding
DSC thermograms. It was found that MX-based SOL/POLX
(50:50) matrix system showed a higher MX dissolution rate
(~1.5-fold) than SOL/PEG6000 (50:50) system with Qgpmin
values of 34.15% and 20.88%, respectively (Figure 1a). This
might be attributed to the solubilizing effect of the mixed
hydrophilic carriers (SOL/POLX) in the diffusion layer
closely surrounding MX particles.

In (Figure 1b), DSC thermograms of MX-PMs samples
showed a gradual reduction in AH values of MX characteris-
tic melting peak from 49.86 to 32.21% and 25.99% for (MX/
SOL/PEG6000) and (MX/SOL/POLX), respectively. These
results revealed slight drug-carrier interaction, which might
be assigned to the dilution effect of the drug by the carriers
and/or dispersion of the drug in the mixed carriers.

In a previous study by Taha et al., (11) MX (2.5%w/w)-
based SOL/POLX (in a ratio of 70:30) matrix system
showed an enhancement of MX dissolution rate (~10-fold)
in HCL even by the simple physical blending. Therefore,
MX/SOL/POLX system was selected as a promising carrier
matrix system for further characterization studies.

Screening of Particle Size

Figure 2 shows the effect of two different particle size ranges
(<250 pm & 250-355 pm) on the dissolution rate of MX
from the SOL/POLX matrix system. The dissolution profile
of MX was directly proportional to the particle size range;
the percent of MX dissolved in 60 min (Qg) increases with

100 -
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10 A

—o—<250um
—e—250-355um

% MX dissolved
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Fig.2 The effect of particle size on dissolution rate of MX (5% w/w)
from SOL/POLX (50:50) matrix system (mean +SD, n = 3)

increasing particle size range (24.00% and 34.15% from <
250 pm and 250-355 pm, respectively). This could poten-
tially be due to smaller particles that might agglomerate and
form a cake, resulting in incomplete exposure of the drug
substance to the dissolution medium.

Similarly, in previous studies (48, 49), the dissolution of
small particles reduced anomalously compared to the larger
particles. This result was attributed to the observation that
small particles, with poor wettability, had been deposited
on the wall and/or agglomerated together resulting in the
incomplete dissolution of the drug particles. Therefore, the
particle range of 250-355 pm was selected for further opti-
mization design.

Experimental Design

The factors studied (independent variables), such as drug
loading %, mixed carriers’ ratio, and method of prepara-
tion (Table I), were selected based on previous studies
for the preparation of different MX/SOL/POLX systems
(11, 50, 51). Table II summarizes the matrix of 33 full
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Fig. 1 a Dissolution profile of MX (5% w/w) from different PMs samples in a fixed carriers’ ratio of (50:50) (mean +SD, n = 3). b DSC thermo-

grams of pure MX and PMs of MX/SOL/PEG and MX/SOL/POLX
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factorial design, where rows denote the experiments and
their achieved responses at the designated levels of the vari-
ables investigated in this study. The levels of the studied
factors were chosen so that their feasibility and relative dif-
ferences were suitable to have a quantifiable effect on the
response (52).

Model Validation

Analysis of variance (ANOVA) was carried out by Design-
Expert® software computer program (version 8) to analyze
the effect of each studied factor on individual responses
and the adequacy of the suggested model statistically. The
sequential model sum of squares was implemented for 2-fac-
tor interaction (2FI), linear, cubic, and quadratic models for
each response. Design-Expert® computer program recom-
mended a quadratic model as the best fitting of the responses
data (Y, Y,, Y3, and Y,) based on (i) significant p val-
ues resulting from the sum of squares analysis (p values
= 0.0106, 0.0350, 0.0233, and 0.0429 for Y, Y, Y;, and
Y, respectively), demonstrating that the model parameters
were statistically significant at 95% confidence level; (ii)
maximized the adjusted R? values (0.9757, 0.9868, 0.9683,
and 0.9875 for Y, Y,, Y5, and Y, respectively); and (iii)
maximized the predicted R? values (0.9573, 0.9753, 0.9381,
and 0.9764 for Y, Y,, Y3, and Y, respectively) (38, 53).

Adequate precision of the model, the ratio of signal to
noise, and its value > 4 is desirable (54), was also studied.
The adequate precisions were 447.87, 280.75, 577.03, and
264.28 for Y|, Y,, Y5, and Y, respectively, indicating an
adequate signal.

Verification of Model Adequacy

The adequacy of the regression model was also verified
between the predicted versus actual (experimental data)
plots for Y,—Y, as shown in Figure 3. It can be observed
that the predicted values came closer to the actual ones and
all points on the scatterplot followed a straight line. This
implied that the quadratic regression model fitted realisti-
cally, thereby adequately expressing the experimental range
studied (55).

Drug Content

The drug content percentage of different MX-SDs along
with their corresponding PMs is presented in Table II.
The mean drug contents were within the range of 93.53 to
99.62% which complied with the accepted pharmacopeial
limits (56).

@ Springer

MX In Vitro Dissolution Studies

Dissolution testing is essential for the characterization of
in vitro dissolution data of different IR dosage forms dur-
ing product development, scaling up, stability studies, and
post-approval changes (57). MX dissolution rate from each
prepared formula was studied in distilled water for 60 min.
For better comparison, the percent drug dissolved up to 10
min (Qyy,,. fast dissolved stage) and 30 min (Q3gp;,; dis-
solved stage stated by USP; Q;,>70 % (58) from fresh and
stored samples are chosen for release responses evaluation
in the full factorial design.

Q;omin-Fresh (Y,):

Table II reports the percent MX dissolved after 10 min (Y)
which ranged from 9.53 to 88.41% from various suggested
runs. Table III shows that all the main studied factors (A, B
& C; p value = <0.0001) and the quadratic terms of numeric
factors (A% and B?; p value = 0.0263 and 0.0228, respec-
tively) have significantly influenced the percent of the MX
dissolved in 10 min from fresh samples (Y ). Figure 4 shows
a 3-D response surface plot of observed Y, caused by chang-
ing two independent variables. In each figure, the third factor
(method of preparation; C) was kept at a constant level.

Table III and Figure 4 show that drug loading % (A) has
a significant effect on Y, regression (p-value = <0.0001)
with a negative coefficient (—8.48); increasing drug loading
% (A) would significantly decrease Y. At constant carriers’
ratio (B), Y, experienced a significant decrease by increas-
ing drug loading % in the predetermined range (Figure 4).
When drug loading % was changed from 2.5 to 7.5% at carri-
ers’ ratio of (80-20; SOL/POLX), Y, was altered from 30.38
to 17.84% (run 6 and 27), from 41.02 to 26.91% (run 14 and
5), and from 88.41 to 55.96% (run 24 and 12) for PMs, FM,
and HME, respectively (Table II).

Carriers’ ratio (B) exhibited a high magnitude of positive
effect (+9.59) in Y, regression which was highly signifi-
cant (p-value = <0.0001) (Table IIT and Figure 4). In other
words, at constant drug loading % (A), Y, would signifi-
cantly increase by increasing SOL in carriers’ ratio (B) with
upwards curvature in the regression because of the quadratic
part of the relationship (Table II and Figure 4). This observa-
tion was detected in the entire studied range of drug loading
% (2.5%—7.5%). For example, when SOL/POLX ratio was
shifted from (50-50) to (80-20) at 2.5% drug loading, Y,
increased from 11.36% to 30.38% (run 22 and 6), 22.17% to
41.02% (run 26 and 14), and 55.01% to 88.41% (run 23 and
24) for PMs, FM, and HME, respectively (Table II). There-
fore, SDs of MX-based SOL/POLX (80-20) matrix system
showed the highest dissolution rate followed by SOL/POLX
(60—40), and then SOL/POLX (50-50). On the other hand,
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the quadratic term of carriers’ ratio (B) showed a significant
negative effect in Y, regression (—6.25, p-value = 0.0228).
At each level of the categoric variable (C, method of
preparation), the maximum % MX dissolved was achieved at
the high level of SOL in carriers’ ratio (SOL/POLX, 80-20)
and low level of drug loading % (2.5%) (Figure 4) where Y,
was 30.38%, 41.02%, and 88.41% for PM, FM, and HME
technique, respectively. Similarly (11), the percent of MX
dissolved from SD containing SOL/POLX system in a ratio
of (2.3:1.0) was higher than that is containing SOL/POLX
(1.5:1.0) matrix system at a 2.5% MX loading ratio.
Regarding the method of preparation (C, categoric
factor), HME showed the highest coefficient (+22.49),
signifying the highest magnitude on Y, compared to FM
(—6.73) and PMs (—15.76) (Table III, Figure 4). In other
words, HME plays the most significant role in enhancing

MX dissolution among the other studied techniques. At
the low level of both A and B, Y, was 11.36%, 22.17%,
and 55.01% for PM, FM, and HME techniques, respec-
tively. A similar finding was reported by Taha et al. (33),
where the HME technique gave a higher significant effect
on the enhancement of MX dissolution compared to the
FM technique.

It was found that AB interaction was not significant
(p-value = 0.0684), while the interaction of AC and BC vari-
ables showed a highly significant effect (p value= <0.0001
and 0.0002, respectively; Table IIT). The interaction of drug
loading % with each PM technique and FM technique as
well as the interaction of carriers’ ratio with HME technique
has a positive effect in the Y, regression equation. On the
other hand, the interaction of drug loading % with the HME
technique and the interaction of carriers’ ratio with each of
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Table Il P-Value and Estimated Coefficients of the Regression Models for the Studied Responses

YIZQIOmin_freSh Y2: Q30min_freSh

Y;5: Qomin-sStored Y, Qzgmin-stored

p value Prob> F Coef-

p value Prob> F Coef-

p value Prob> F Coef- p value Prob> F Coefficient

ficient ficient ficient estimate
estimate estimate estimate
Model < 0.0001 < 0.0001 < 0.0001 < 0.0001
Intercept 36.59 40.66 36.75 39.95
A. Drug loading % < 0.0001 —8.48 < 0.0001 -9.22 < 0.0001 -7.23 < 0.0001 -8.95
B. Carriers’ ratio < 0.0001 9.59 < 0.0001 6.89 < 0.0001 8.94 < 0.0001 7.48
C. Preparation method < 0.0001 < 0.0001 < 0.0001 < 0.0001
AB 0.0684 —1.66 0.0975 -1.14 0.2873 —1.00 0.0103 -1.83
AC < 0.0001 < 0.0001 < 0.0001 < 0.0001
BC 0.0002 0.0034 < 0.0001 0.0025
A? 0.0263 3.15 0.0183 2.59 0.3238 1.40 0.0339 221
B? 0.0228 -6.25 0.0413 -2.28 0.0099 —7.84 0.1443 -2.82

*Statistically significant: p < 0.05

the PM and FM techniques showed a negative effect in Y,
regression.

Model reduction through the manual exclusion of insig-
nificant terms for Y, was performed. The final empirical
equation for estimating Y, in terms of coded factors can be
expressed by Equations (8, 9, 10):

Y, py = +7.38005 — 5.49222 A + 20.48552 B

8
—0.44171 AB + 0.50376 A> — 2.77913 B> ®)

Y,y = +17.84650 — 5.98042 A + 20.88772 B .
—0.44171 AB + 0.50376 A> — 2.77913 B? ©)

Y, gye = +56.57174 — 10.50330 A + 26.12879 B (10,

—0.44171 AB + 0.50376 A> — 2.77913 B?

Where:

Y ps Yirae Yiuue: Predicted responses for % MX dis-
solved in 10 min (Q;¢in; Y;) from fresh formulae prepared
by physical mixture, fusion method, and hot-melt extrusion,
respectively

A: Drug loading %

B: Carriers’ ratio

AB: Interaction coefficient of drug loading % and carri-
ers’ ratio

Q;omin-Fresh (Y,):

Table IT shows the percent of MX dissolved after 30 min
(Y,) from fresh formulae which ranged from 18.96 to
95.15% in various suggested runs. All the main studied
factors (A, B, and C; p-value = <0.0001) and the quad-
ratic terms of numeric factors (A2 and B%; p-value =0.0183
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and 0.0413, respectively) have significantly affected the
percent of MX dissolved in 30 min from samples (Y,)
(Table III). 3-D response surface plot of observed Y,
caused by changing two independent variables, each at
a constant level of categoric factor, has been presented
graphically in Figure 4.

Table III and Figure 4 show that drug loading % (A)
showed a high magnitude of effect (—9.22) in Y, regression
which was highly significant (p-value = <0.0001) with a
negative effect. In other words, at constant carriers’ ratio
(B), Y, would significantly increase by decreasing drug
loading % (A) with downwards curvature in the regression
because of the quadratic part of the relationship (Table II
and Figure 4). This was experienced for all three studied
carriers’ ratios. At constant carriers’ ratio (B), increasing
drug loading % from 2.5 to 7.5% had caused a considerable
decrease in Y.

Carriers’ ratio (B) showed a significant effect in Y,
regression with a positive coefficient (6.89, p-value =
<0.0001; Table III); increasing SOL in carrier’s ratio
(SOL/POLX) from (50-50) to (80-20) would significantly
increase Qs,;, (Y,) at constant drug loading % (Figure 4).
However, carriers’ ratio (B) showed a significant quadratic
effect with a small negative coefficient (—2.28, p-value=
0.0413).

At each level of the categoric variable (C, method of
preparation), the maximum Q5. (Y,) value was achieved
at the low level of drug loading % (2.5%) and high level of
SOL in carriers’ ratio (SOL: POLX, 80-20) (Figure 4) where
Q3omin (Y,) was 34.22%, 44.64%, and 95.15% for PM, FM,
and HME technique, respectively.

For all the tested formulae, the method of preparation (C;
categoric factor) showed a highly significant effect on Y,
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(p-value = <0.0001; Table III). HME technique showed the ~ both A and B, the percent of MX dissolved in 30 min (Y,)
highest positive coefficient (24.55) relative to FM (—9.50) was 21.67%, 28.20%, and 76.48% for PM, FM, and HME
and PMs (—15.05) (Table II, Figure 4). At the low level of  techniques, respectively.
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AB interaction was not significant (p-value = 0.0975),
while the interaction of AC and BC variables showed a
highly significant effect (p-value = <0.0001 and 0.0034,
respectively; Table III). The interaction of drug loading %
with each of PM and FM techniques as well as the interac-
tion of carriers’ ratio with each of FM and HME techniques
has a positive coefficient in the Y, regression equation,
whereas the interaction of drug loading % with HME tech-
nique and the interaction of carriers’ ratio with PM tech-
nique showed a negative effect in the Y, regression equation.

Model reduction through the manual exclusion of insig-
nificant terms for Y, was performed. The final empirical
equation for estimating Y, in terms of coded factors can be
expressed by Equations (11, 12, 13):

Yaopy = +25.24120 — 4.65673A + 9.36748 B

11
—0.30456 AB + 0.41458 A> — 1.01201 B> (i
Yoy = +30.73446 — 5.58410 A + 11.24682 B "
—0.30456 AB + 0.41458 A2 — 1.01201 B> (12)
Youye = +87.56987 — 10.97456 A 4+ 12.91415 B 13

—0.30456 AB + 0.41458 A> — 1.01201 B>

Where:

Yorur Yorus Youus: Predicted responses for % MX dis-
solved in 30 min (Qj3¢,,i,; Y,) from fresh formulae prepared
by PMs, FM, and HME, respectively

A: Drug loading %

B: Carriers’ ratio

AB: Interaction coefficient of drug loading % and carri-
ers’ ratio

Q;omin-Stored (Y3):

Percent MX dissolved after 10 min (Y5) from stored formu-
lae for 3 months at 40°C/75%RH which ranged from 9.19
to 80.13% in various suggested runs (Table II). All the main
studied factors (A, B, and C; p-value = <0.0001) and the
quadratic terms of (B%; p-value= 0.0099) have significantly
influenced the percent of MX dissolved in 10 min from
stored samples (Y3) (Table III). 3-D response surface plot
of observed Y; caused by changing two independent vari-
ables, at constant of factor (C), has been presented graphi-
cally in Figure 4.

Table III and Figure 4 show that drug loading % (A)
showed a significant effect in Y regression with a nega-
tive coefficient (—7.23, p-value = <0.0001); increasing drug
loading % (A) would significantly decrease Y;. At the con-
stant level of (B), Y; has experienced a significant decrease
by increasing drug loading % in the predetermined range
(Figure 4); when drug loading % was changed from 2.5%
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and 7.5% at carriers’ ratio of (80-20; SOL/POLX), Y; was
altered from 24.91% to 15.24% (run 3 and 9) and 36.77% to
24.09% (run 12 and 18) from 80.13% to 55.05% (run 21 and
27) for PMs, FM, and HME, respectively (Table II). How-
ever, the quadratic term (A%) was not significant (p-value=
0.3238; Table III).

Carriers’ ratio (B) showed a highly significant positive
effect (8.49, p-value = <0.0001) in Y5 regression (Table III
and Figure 4). In other words, at constant drug loading %, Y5
would significantly increase by increasing SOL in carriers’
ratio (B) with upwards curvature in the regression because
of the quadratic part of the relationship (Table II and Fig-
ure 4). This finding was detected in the entire studied range
of drug loading %. While SOL/POLX ratio was shifted from
their low levels (50—50) to their high levels (80-20) at con-
stant drug loading % of 2.5%, Y, increased from 10.77% to
24.91% (run 1 and 3), 20.55% to 36.77% (run 10 and 12) and
47.19% to 80.13% (run 19 and 21) for PMs, FM and HME,
respectively (Table II). Therefore, HME of MX-based SOL/
POLX matrix system (in a ratio of 80-20, level 1) showed
the highest dissolution rate followed by SOL/POLX (60—40,
level 0) then SOL/POLX (50-50, level —1).

At each level of the categoric variable (C, method of
preparation), the maximum MX dissolved was achieved at
the low level of drug loading % (2.5%) and high level of
SOL in carriers’ ratio (SOL: POLX; 80-20) (Figure 4) where
Y, was 24.91%, 36.77%, and 80.13% for PM, FM, and HME
technique, respectively.

For all the tested formulae, the method of preparation
(C; categoric factor) showed a highly significant effect on
Y; (p-value = <0.0001; Table III). HME technique showed
the highest coefficient (+21.75), signifying the dominance
of HME for enhancement of MX dissolution rate relative to
FM (—6.65) and PMs (—15.10) techniques (Table II, Fig-
ure 4). At the low level of both A and B, the percent of MX
dissolved from stored samples in 10 min (Y5) was 10.77%,
20.55%, and 47.19% for PM, FM, and HME techniques,
respectively (Table III).

AB interaction was not significant (p-value = 0.2873).
The interaction of AC and BC variables showed a highly
significant effect (p-value= <0.0001; Table III) where the
interaction of drug loading % with each of PM and FM tech-
niques as well as the interaction of carriers’ ratio with HME
technique has a positive coefficient in the Y; regression
equation, whereas the interaction of drug loading % with
the HME technique and the interaction of carriers’ ratio with
each of FM and PM techniques showed a significant negative
effect on Y, regression.

Model reduction through the manual exclusion of insig-
nificant terms for Y; was performed. The final empirical
equation for estimating Y5 in terms of coded factors can be
expressed by Equations (14, 15, 16):
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Yapy = —0.38616 — 2.67708 A + 21.96363 B

5 X (14)
—0.26704 AB + 0.22454 A> — 3.48270 B

Yy = +8.31842 — 3.34457 A + 23.19877 B s
—0.26704 AB + 0.22454 A> — 3.48270 B> (15

Yaye = +42.48555 — 7.38193 A + 28.96282 B 6

—0.26704 AB + 0.22454 A? — 3.48270 B>

Where:

Yipur Yapas Yague: Predicted responses for % MX dis-
solved from stored samples in 10 min (Q,,;,-stored) from
fresh samples prepared by PMs, FM, and HME, respectively

A: Drug loading %

B: Carriers’ ratio

AB: Interaction coefficient of drug loading % and carri-
ers’ ratio

Q;pmin-Stored (Y ,):

Percent MX dissolved after 30 min from stored samples
(Y,) for 3 months at 40°C/75%RH which ranged from
17.17 to 94.30% in various suggested runs (Table II).
All the main studied factors (A, B, and C; p-value =
<0.0001) and the quadratic terms of (A?%; p-value=
0.0339) have significantly influenced the percent of MX
dissolved in 30 min from stored samples (Y,) (Table III).
3-D response surface plot of observed Y, caused by
changing two independent variables, each at a constant
level of the third categoric factor, has been presented
graphically in Figure 4.

Table III and Figure 4 show that drug loading % (A)
showed a highly significant negative effect (—8.95, p-value =
<0.0001) in Y, regression. In other words, at constant carri-
ers’ ratio, Y, would significantly increase by decreasing drug
loading % (A) with downwards curvature in the regression
because of the quadratic part of the relationship (Table II and
Figure 4). This was experienced for all three studied carriers’
ratios. At the constant B level, shifting drug loading % from
2.5 to 7.5% had caused a significant decrease in Y.

Carriers’ ratio (B) showed a significant effect in Y,
regression with a positive coefficient (7.48, p-value =
<0.0001; Table III); shifting carriers’ ratio from their low
levels (50-50) to their high levels (80-20) would increase
Y, at constant drug loading % (Figure 4). However, the quad-
ratic term (B?) showed a non-significant effect (p-value=
0.1443).

At each level of the categoric variable (C, method of
preparation), the maximum Y, was achieved at the low
level of drug loading % (2.5%) and high level of SOL in
carriers’ ratio (SOL: POLX; 80-20) (Figure 4) where Y,

was 34.24%, 44.70%, and 94.30% for PM, FM, and HME
technique, respectively.

For all the tested formulae, the method of preparation
(C; categoric factor) showed a highly significant effect on
Y, (p-value = <0.0001; Table III). HME technique showed
the highest positive coefficient (+24.22), signifying the
dominance of HME for enhancement of MX dissolution
rate relative to FM (—9.40) and PMs (—14.82) techniques
(Table III, Figure 4). At the low level of both A and B, Y,
was 19.97%, 26.23%, and 71.46% for PM, FM, and HME
techniques, respectively.

AB interaction showed a significant negative effect
(—1.83, p-value = 0.0103; Table III); decline in Y ,-value
when both A and B were in their high or low levels. Moreo-
ver, the interaction of AC and BC variables showed a highly
significant effect (p-value= <0.0001 and 0.0025, respec-
tively; Table III) where the interaction of drug loading %
with each of PM and FM techniques and the interaction of
carriers’ ratio with each of FM technique and HME tech-
nique have a positive coefficient in the Y, regression equa-
tion, whereas the interaction of drug loading % with HME
technique and the interaction of carriers’ ratio with PM tech-
nique showed a negative effect in Y, regression.

Model reduction through the manual exclusion of insig-
nificant terms for Y, was performed. The final empirical
equation for estimating Y, in terms of coded factors can be
expressed by Equations (17, 18, 19):

Y,y = +17.94428 — 3.47336 A + 11.85527 B

) 5 17)
—0.48920 AB +0.35401 A — 1.25138 B

Yoy = +23.15854 — 4.40303 A + 13.79732 B "
—0.48920 AB + 0.35401 A® — 1.25138 B> (18)

Yape = +79.79305 — 9.81887 A + 15.42260 B (19

—0.48920 AB + 0.35401 A> — 1.25138 B?

Where:

Yuprs Yapas Yapye: Predicted responses for % MX dis-
solved from stored samples in 30 min (Qsy,;,-Stored) from
fresh samples prepared by PMs, FM and HME, respectively

A: Drug loading %

B: Carriers’ ratio

AB: Interaction coefficient of drug loading % and carri-
ers’ ratio

These results revealed that MX dissolution rate in 10
and 30 min from different freshly (Y& Y,) and stored
(Y;& Y,) formulae in distilled water were negatively
affected by drug loading % (A) (Figures 5I). Increasing
drug loading % from 2.5 to 7.5% would slow down % MX
dissolved, this counterintuitive result can be explained
by increasing the observed rigidness and stiffness of the
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prepared SD during the HME process with increasing con-
centration of a high melting point drug (MX melting temp
= 255°C). Similarly, Serajuddin et al. (59) reported that
the dissolution rate of carvedilol SD with Kollidon® VA64
prepared by the HME technique decreased with increas-
ing drug loading percentage from 5 and 10% to 20% w/w
drug. On the other hand, (Y,-Y,) were positively affected
by the carriers’ ratio, and the highest dissolution rate was
observed at a high ratio of SOL in the mixed carriers’ sys-
tem (80—20, level 1) (Figure 5II). This could be attributed
to the increasingly solubilizing effect with a high ratio
of SOL in the diffusion layer directly surrounding drug
particles.

It is worth mentioning that all HME formulae exhibited
an enhanced dissolution rate compared to other techniques
(FM and PM) (Figure 5III). This emphasized the superior-
ity of HME to provide the most intimate dispersion of MX
in the carrier(s) matrices and facilitate its transfer to the
amorphous form with magnificent improvement in its dis-
solution (12, 60).

On the other hand, a study by Hughey et al. (32) reported
that HME was not a viable technique for amorphous

dispersion of MX/SOL as it required high processing tem-
peratures of 175°C and yielded only 88% potency.

Previously, an attempt to extrude MX-based SOL pel-
lets by HME with enhanced dissolution and bioavailabil-
ity (in human subjects) was successful (51) . Additionally,
the introduction of a novel carrier combination of SOL/
POLX facilitates the extrusion of MX at lower tempera-
tures and helps to alleviate current limitations imposed
by drug-carrier matrix incompatibilities (33).

Kinetic Analysis of the In Vitro Dissolution Data
of MX:

The results of regression analysis of MX dissolution data
from different prepared formulae before and after stor-
age were summarized in Supplementary Tables I and II.
Twenty-four out of twenty-seven fresh formulae followed
the Higuchi square root of time model as denoted by the
highest regression coefficient () (Supplementary Table I).
This model is dependent on Fickian diffusion, which illus-
trates a direct correlation of the square root of time with
drug release from an insoluble matrix (40). In addition, three
formulae followed the Hixson—Crowell cube root model that
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Fig.5 Coefficient estimates of the studied factors for each response
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characterizes the release of the drug to rely on the change in
the particles’ diameter and surface area with time. It primar-
ily applies in systems that erode or are dissolute by time (44)
(Supplementary Table I), while all stored formulae followed
the Higuchi model (Supplementary Table II).

The Absolute Percent Crystallinity

The absolute percent crystallinity data for prepared sam-
ples were calculated, and values were presented in Table II.
Inverse relationship was observed between absolute per-
cent crystallinity and Q¢i, and Qsq,i,» Where reduction in
the crystallinity value was associated with a considerable
improvement in Q;i, and Qsq.i,. The lowest absolute per-
cent value was observed for the formula in run number 24
(Table II), suggesting greatest amorphousness compared to
the other studied samples.

Solubility Studies

The solubility data were studied to reveal potential correla-
tions between the studied factors and the maximum solubil-
ity (Spax) of MX from PMs and their corresponding SDs
(Table II). The MX-S, .. in distilled water was extremely low
about 10.98 + 0.93 pg/mL at 25°C which is equivalent to
MX-S,,.x reported value of 12 pg/ml (61), while the solubil-
ity of all prepared samples was improved.

Drug loading % (A) has a negative effect on MX-S, .
values; increasing drug loading % (A), at a certain level of
both carriers’ ratio (B) and method of preparation (C), would
decrease MX-S, ., as presented in (Table II).

On the other hand, carriers’ ratio (B) exhibited an obvi-
ous positive effect on MX-S, ., values. In other words, at a
constant level of other factors, MX-S, ., would increase by
increasing SOL in the ratio of the carriers. This could be
ascribed to the high-water solubility of the studied carriers.

Method of preparation (C) clearly influences MX solubil-
ity values where MX-S . at low level of A (-1), increased
by about = 3-, 4-, and 9-fold for PM, FM and HME, respec-
tively. HME plays a pivotal role on enhancing MX-S,,, fol-
lowed by FM and PM.

The result indicated that the combination of the lowest
level (-1) of factor A and the highest level (+ 1) of factor B
when using a HME technique resulted in the highest MX-
S,.ax value. This result complies with the in vitro dissolution
data.

Multiple Response Optimization
A multiple response optimization approach was con-

ducted to obtain the required optimized characteristics that
give the maximum Q;¢.;i, and Qzgi, for both fresh and

stored samples. To simultaneously optimize four different
responses, a multi-criteria decision approach such as numer-
ical optimization by the desirability function was utilized
to estimate the optimum settings for the formulation (34).
The desirability function of the given responses and factors
is the base, on which the numerical optimization tool in the
Design-Expert® software is dependent. Desirability is sim-
ply a mathematical method to find the optimum configura-
tion of the studied factors (62). The desirability function is
an alteration of the response variable from a 0 to 1 scale.
The desirability of 0 symbolized a completely undesirable
response, while 1 symbolized the most desirable response
(63, 64).

The numerical optimization technique was based on max-
imizing all responses Y| (Q;omin-fresh), Y, (Qzgmin-fresh),
Y; (Qomin-stored), and Y, (Qsgmin-Stored) to meet the target
dissolution stated by FDA: Q3y,in = 75%. In the same sec-
tion criteria, the independent variables were set within their
minimum and maximum ranges.

The design space can be supplemented by set the target
responses to meet a rapid dissolution profile (Q3gpin =75%).
The graphical depiction of the overlapping common region
of design space for successful formulation ranges is pre-
sented in Figure 6, which is represented by the yellow area.

The HME formula containing 2.5% drug loading (A; level
—1) and a high ratio of SOL in SOL/POLX (B) of (80-20;
level 1) (run number 24) was selected as the optimized sys-
tem (OPT) with a desirability value of “1” (Figure 6), which
manufactured using combination of analyzed factors in the
range shown in yellow in the design space. In all studied
responses, OPT was the only composition that gave fast dis-
solution (Q;¢,in, =75%) from both fresh and storage samples.

The optimized formula (OPT) was prepared (n = 3), and
the responses (Y ,—Y,) were re-assessed to evaluate the reli-
ability of the suggested optimization model. The predicted
values by the multilevel factorial design were compared with
the experimental results (Table IV). The lower magnitude of
% relative errors (0.76%, —0.01%, 3.33%, and —0.06% for
Y,. Y, Y5 and Y,, respectively) could indicate reasonable
agreements and/or no marked differences between the cur-
rent and previous experimental results. It is evidence of the
high extrapolative ability and robustness of the developed
optimization model (65, 66). According to the results of the
verification phase, OPT was progressed for further charac-
terization studies.

For validation of the model, the calculation of predicted
values of the responses for the 27 runs was carried out and
was found to be in close agreement with the experimen-
tal (actual) values as illustrated in Figure 3. Moreover, the
models were validated through proposed checkpoints (3 for-
mulae, X1-X3; n = 3) that were not involved in the matrix
of the design. Table IV shows that the detected values of
responses of these checkpoints were in close agreement with
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the predicted values of the model (% relative error = <5%),
indicating the validity and practicability of the suggested
models (67). The percent relative error was calculated from
the following equation (67):

Relative error = (predicted value-experimental value) /
(predicted value) Equation (20)

Characterization of the Optimized Formulation
MX Dissolution Rate and Kinetics

Figure 7 illustrates the MX dissolution profiles of the opti-
mized formula (OPT) from fresh and 3-month storage sam-
ples in different pHs. In 0.1N HCL (pH 1.2), MX powder
displayed the slowest dissolution rate of 2.8% in 60 min
as previously reported (51). A promising improvement in
the dissolution of MX was seen with Q;y,,;, of 65.27% and
62.51% from both fresh and 3-month stored OPT samples,

(Y1)=88.7927
(Y2)=94.7974

Design

| Space (g Siorea (v 75%)

B: Carriers ratio
<

respectively. This is assigned to the molecular dispersion of
MX in the studied carriers with improved wettability.

Comparable dissolution profiles were observed with
Q30min 0f 99.73% and 96.99% from fresh and 97.01% and
94.35% from 3-month storage OPT samples in pH 7.4 and
distilled water, respectively (Figure 7). These results ful-
filled the acceptance criterion in the USP and the require-
ment for an IR dosage form (Q > 75% in 30 min) as well
as demonstrated good stability characteristics for 3-month
storage under stress conditions (f,= 81). The enhancement
of MX dissolution rate was attributed to engaging the effects
of the studied drug loading % (A, significant negative effect)
and the studied carriers’ ratio (B, significant positive effect)
using the HME technique. In other words, HME resulted
in the formation of a glassy solution in which the drug was
dispersed molecularly in the carriers’ matrix with improved
wettability (68).
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Fig.6 Design space and desirability 3-D plot and ramps for the optimized formula (OPT)
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Table IV Model Validation by Comparing the Predicted Values with the Observed Experimental Values

Dependent variables (responses)

Independent variables

Check

points

Y4

Y3

Y2

Y1

Percent
relative

Percent  Predicted Experimen- Percent Predicted Experimen-
relative relative

Predicted Experimen-

Percent
relative

(Method Predicted Experimen-

(Mixed

(Drug

tal value

value

tal value

value

tal value

value

tal value

value
(%)

of prepa-
ration)

carriers’
ratio)

loading
%)
2.55
3.84
2.52
2.5

error (%) (%) error (%) (%) error (%)

error (%) (%)

53

46

17
—-0.06

1.

23.59+1.20
28.31+1.13

24
2

55

1.

15.26+0.89
23.80+1.88

15.5

-1.57

1.

25.25+1.13
29.37+1.54

24.9
2

18

1.

16.80+1.96
25.92+2.06
56.03+1.75

17
25.7

PM
PM

1.29
3.43

X1

1.

69.77+0.96
94.30+1.27

-1.36 8.7

—1.67

51.04+2.21
80.13+1.68 3.33

+ 08 235

75.13+2.30
95.15+1.31

-0.94 9.7

-0.79

88.41+1.15 0.76

X2

1.

70.6
94.2

50.2

—1.43
-0.01

74.1

55.6

HME
HME

X3

82.9

95.1

89.1

OPT

The experimental data is given as the mean + SD (n = 3)

It is worthy to mention that the dissolution profile of pure
MX powder and the market product (Mobic®, 15 mg) in
distilled water was previously studied and both products
exhibited very slow dissolution rates (4.90% and 51.71%
in 30 min, respectively) (51). Accordingly, the optimized
formula would guarantee an immediate release pattern with
a faster onset of MX dissolution. The mechanism of MX
dissolution from the optimized formula (OPT) in distilled
water followed the Higuchi square root of the time-release
kinetics model before and after storage based on the highest
regression coefficient ().

DSC Thermogram

Figure 8 shows DSC thermograms of pure MX, SOL,
POLX, the optimized formula (OPT), and its stored sam-
ple. DSC thermogram of pure MX was characterized by a
sharp endothermic peak at 260.87°C (AH= 56.24 J/g), cor-
responding to the melting point (69). SOL is an amorphous
copolymer with a glass transition temperature (Tg) value
of 71.52°C (70), whereas POLX melting endotherm was
detected at 58.59°C (71).

DSC thermogram of the optimized formula (OPT)
showed almost disappearance of the characteristic MX endo-
thermic peak with subsequent reduction in AH-value (Fig-
ure 8). This could be explained by the dispersion of the drug
in the molten carrier(s), the formation of a glassy solution,
and/or the gradual conversion to an amorphous form (72).
The calculated absolute percent crystallinity for the freshly
prepared OPT and the 3-month stored sample was 13.42%
and 15.21%, respectively, revealing the high stability of the
OPT formula even under stress conditions for 3 months.

X-Ray Diffraction (XRD)

Figure 8 shows XRD patterns of MX, SOL, POLX, the
optimized formula (OPT), and its stored sample. MX is
a crystalline drug, as previously reported in the literature
(73), and reveals characteristic high-intensity diffraction
fingerprints at 13.09°, 14.97°, 18.65°, and 25.99° (26).
However, flat pattern peaks with very low intensities were
detected which is characteristic of amorphous SOL(74).
Sharp peaks on the POLX diffractogram at (26) values
of 19.21° and 23.74° with a significant broad halo were
detectable which is a typical distinctive property of POLX
structure with crystalline domains set in the amorphous
regions (75).

The diffraction patterns of the OPT and its stored sample
showed a clear reduction in the intensity of all MX discrimina-
tory peaks (Figure 8); the drug might be dissolved in the carriers’
matrix in an amorphous state as observed in the DSC studies.
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PLM Imaging of the Optimized Formulation

Figure 8 shows morphological observation of MX and the
optimized formula (OPT) utilizing PLM. Crystalline MX
powder clearly showed intense birefringence, while no or
trace birefringence was detected for the optimized MX for-
mula, which confirmed MX amorphous state.

Conclusion

For the first time, successful application of 3* full factorial
design of RSM in the optimization of formulations of MX/
SDs, for studying the dissolution enhancement of MX/SDs.
This allowed the understanding of the outcome of factors’
interaction and prediction of responses, showing how these
factors can affect MX dissolution before and after storage.
The design showed a good prediction capability after valida-
tion. The derived polynomial equations and 3-D response
surface plots aid in predicting the values of the selected
independent variables which can achieve the optimum dis-
solution profiles. The optimized formulation prepared by
the HME technique using a novel combination of carriers
SOL:POLX (80:20), as per the optimization design, success-
fully succeeded to give a stable and fast dissolution profile.
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