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The hot melt extrusion (HME) technique was proposed to prepare solid dispersions (SDs) of the high melting point
meloxicam (MLX) for the first time. Extruded MLX/SDs (EXT) prepared by HME were compared with fusion (FUS)
and physical mixture (PM) using different ratios of Soluplus® (SOL) to Poloxamer (POLOX), with MLX kept constant
at 2.50% (w/w). Accelerated and bench stability studies were conducted for 6 and 12 months, respectively. MLX/SDs
were evaluated by in vitro dissolution tests, drug content, differential scanning calorimetry (DSC), and polarized light
microscope (PLM). The existence of MLX in an amorphous state in EXT samples was observed by DSC/PLM. All
batches improved dissolution in contrast to pure MLX, with the highest dissolution rate observed for EXT samples at
different carriers’ ratios. In the SOL–POLOX ratio of 2.3:1.0, the EXT samples showed about 20.7-, 1.9-, and 1.7-folds
increases in dissolution compared to plain drug, PM, and FUS, respectively. Most of the stored samples maintained
their stability and successfully inhibit MLX recrystallization after 12 months of bench storage, as well as 6 months at
40°C/75% RH. However, EXT samples with a high ratio of SOL stored at 40°C/75% RH for 6 months showed gradual
MLX recrystallization and a significant decrease in dissolution. The HME provided a continuous, solvent-free, ecofriendly manufacturing process for the successful production of MLX/SDs. A novel combination of SOL and POLOX
proved their efficiency in facilitating the extrusion of SDs at a lower temperature for the first time in the literature.
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INTRODUCTION
A wide range of new active pharmaceutical ingredients
(APIs) exhibit poor water solubility and high permeability, hence
belong to the Biopharmaceutical Classification System (BCS) class
II category and as a result suffer from limited in vivo therapeutic
effects (Amidon et al., 1995). Improvement of solubility is still
a challenge for researchers in both drug discovery and product
development. Various strategies are applied nowadays to solve
this problem with the attention being drawn to the application of
solid dispersions (SDs) technology (Raimi-Abraham et al., 2015).
This technology allows the dispersion of a poorly soluble drug
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in hydrophilic carriers, with increasing wettability and improving
dissolution and bioavailability (Raimi-Abraham et al., 2015).
Various techniques are employed to obtain SDs, such as fusion
(FUS), spray drying, solvent coprecipitation, comilling, and hot
melt extrusion (HME) (Maniruzzaman et al., 2012; Sekikawa et al.,
1983; Van den Mooter et al., 2006; Vilhelmsen et al., 2005; Won
et al., 2005).
However, a major concern for the production of SDs
is the lack of physical stability during storage. The excessive
free energy of the amorphous solid led to nucleation and
crystal growth which in turn affect the thermodynamic stability
upon storage (Lalkshman et al., 2008; Liu et al., 2010). This
characteristic thermodynamic instability phenomenon is known
as recrystallization. Recrystallization reduces the dissolution and
solubility of the API, subsequently decreasing bioavailability. Few
drug products prepared via the SDs approach have reached the
market, mostly due to physical and/or chemical instability and
scaling-up problems (Duncan, 2002; Serajuddin, 1999).
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HME provides a continuous, solvent-free, and ecofriendly manufacturing process for preparing a dispersion or glass
solution of the drug in the carrier. The mechanical energy exerted
together with the short heating time will not cause any significant
decomposition for most drugs (Breitenbach, 2002; Kumar et al.,
2008; Verreck et al., 2006).
Proper carrier selection is an important aspect in SDs
preparation via HME as the glass transition temperature (Tg)
or melting temperature (Tm) of carriers should be carefully
considered. A major HME drawback involves high melting point
drugs (above 200°C), which require high-processing temperatures
leading to drug and/or carrier degradation and limit the application
of such technique to low melting point drugs (LaFountaine
et al., 2016). Up until now, published information on the methods
employed to overcome degradation during extrusion of high
melting point drugs as well as the availability of carriers in the
pharmaceutical market to assess in extrusion process is still
limited (Haser et al., 2017).
Meloxicam (MLX), a cyclooxygenase-2 inhibitor, is one of
the most promising non-steroidal anti-inflammatory drugs used for the
treatment of various inflammatory conditions, including rheumatoid
arthritis, postoperative pain, and osteoarthritis (Lugar et al.,
1996; Pairet et al., 1998). MLX, a class II BCS drug, is poorly soluble
in water, with solubility at pH 1.2 and 4 equals to 0.6 μg/ml, and it
has pKa values of 1.1 (hydroxyl group) and 4.2 (thiazole group). The
main drawback of MLX is its slow oral absorption, caused by its
limited solubility in the acidic solution, triggering treatment failure
in severe pain conditions (Lipscomb et al., 1998; Türck et al., 1996).
Addressing MLX dissolution problems under acidic conditions is of
prime significance for achieving a rapid therapeutic effect.
The enhancement of MLX/SDs dissolution in gastric pH
was reported previously utilizing hazardous solvents like dioxane/
ethanol and dichloromethane/methanol using solvent evaporation
(Shi et al., 2019), freeze drying (Ochi et al., 2016; Suzuki et al.,
2018), and spray drying (Shazly et al., 2015) techniques. Data
employing the HME technique for the preparation of MLX/SDs
are limited up until now. MLX has a melting point of 255°C
and tends to degrade at a high processing temperature (Follonier
et al., 1994; Hughey et al., 2011), thus preparation of MLX/SDs
via HME is still considered a major challenge.
One of the most promising carriers suitable for the
HME process, Soluplus® (SOL), is an amphiphilic copolymer of
polyethylene glycol (PEG) 6,000, vinylcaprolactam, and vinyl
acetate. SOL is considered to be a member of the fourth generation
of SDs by acting as a matrix polymer for solid solutions, as well
as surface-active solubilizers, allowing micelle formation in
water, thus maintaining supersaturation of poorly soluble drugs
in the GIT (gastro-intestinal tract) (Hardung et al., 2010). The
use of SOL as a carrier to enhance dissolution of the BCS class
II drugs has been reported before in the literature (Guo et al.,
2014; Linn et al., 2012; Nagy et al., 2012), with an unproductive
attempt previously described for the extrusion of MLX using SOL
(Hughey et al., 2011).
The addition of plasticizing copolymer with SOL to
facilitate the extrusion at a lower temperature is quite favorable
(Andrews et al., 2008; Repka et al., 1999; Schilling et al., 2007).
Poloxamers 407 (POLOX) (polyoxyethylene-polypropyleneblock copolymer), a nonionic surface-active/wetting agent, is
employed in the present study due to its low melting point (below

60°C), plasticizing effect, and oral safety (Collett et al., 2009;
Ghareeb et al., 2009; Newa et al., 2007, 2008).
Taha et al. (2020) evaluated the rate and extent of MLX
absorption from SDs prepared by the HME and FUS techniques
using SOL/POLOX as mixed carriers, against the innovator
product (Mobic®) in four healthy humans. The HME samples
proved to be an ideal alternative for enhancing MLX’s rapid onset
of action compared to Mobic® with Tmax value (1.5 hours), almost
equal to the reported intramuscular injection (Taha et al., 2020).
The aim of the present study was to employ the challenging
approach of HME for the preparation of MLX in SDs and for the
improvement of its acidic dissolution using a novel combination of
SOL/POLOX as mixed carriers. SDs prepared by HME were compared
with the conventional FUS technique and the physical mixture
(PM). Solid-state characterizations employing differential scanning
calorimetry (DSC) and polarized light microscope (PLM) were
carried out to examine the drug-carrier interaction and amorphization,
respectively. The present study also explored, for the first time, the
effect of the long-term bench storage on MLX/SD stability, in parallel
with short-term accelerated storage. Stored formulae were assessed for
the MLX content, in vitro dissolution tests, DSC, and PLM.
MATERIALS AND METHODS
Materials
Plain MLX was kindly donated from Delta Pharma
(Cairo, Egypt). Polyvinyl caprolactam-polyvinyl acetate-PEG graft
copolymer, Soluplus® (SOL) (Mw = 118,000 g/mol, density = 1.08 g/
cm3), Poloxamer (Lutrol® F127) (POLOX) were provided by BASF
SE (Ludwigshafen, Germany). All other reagents and solutions were
of analytical grade, except for acetonitrile, ethyl acetate, and methanol
which were of HPLC (High Performance Liquid Chromatography)
grade, purchased from Merck (Germany). Milli-Q purified water
(Millipore Corp., Billerica, MA) was used to prepare the dissolution
medium.
Methods
Preparation of MLX/SOL/POLOX SDs
SDs were prepared by two different methods: HME
and FUS, using different SOL–POLOX ratios. The percentage
of MLX was kept constant at 2.50% (w/w) for all formulae. The
prepared SDs were compared to the plain MLX powder as well as
their respective PMs.
Hot melt extrusion (HME) technique
SDs of MLX/SOL/POLOX were processed using HME
at different mixed carriers’ ratios (SOL/POLOX) of 1.0:1.0,
1.5:1.0, and 2.3:1.0 for EXT-0, EXT-I, and EXT-II, respectively
(Table 1). A Randcastle Microtruder RC-025 (Randcastle Extrusion
Systems, Inc., Cedar Grove, NJ) ¼ inch single screw extruder with
a single rod die was employed. The temperatures of the extruder
barrel zones and die were controlled as follows: Zone 1 = 120°C,
Zone 2 = 120°C, Zone 3 = 115°C, and Die = 105°C. Extrusion
pressure was below 1 bar and the screw rotation was set at 30 rpm.
PMs were simultaneously melted, homogenized, and extruded in
the chamber. Then, the extrudates were collected and cooled at
room temperature and ground. Finally, SDs were passed through #
45 mesh sieve (US standard sieves, Fisher Brand, Pittsburgh, PA)
to obtain a uniform particle size range of 355–425 um.
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Fusion (FUS) technique

Drug dissolution studies

Mixed carriers with different ratios (cf. Table 1) were
blended with MLX, followed by the melting of each formula in a
hot plate on a sand bath maintained at 65°C until a homogenous
mixture was obtained. The fused mixture was cooled at room
temperature and kept in a vacuum oven overnight to solidify. The
solidified mass was ground in a mortar and sieved to obtain a
particle size range of 355–425 µm. The FUS mixtures were coded
as FUS-I (1.5:1.0) and FUS-II (2.3:1.0) for two different ratios of
SOL:POLOX, respectively.

Dissolution tests

Preparation of PMs
PMs containing MLX/SOL/POLOX were prepared by
mixing, using a mortar and pestle, for 5 minutes till a uniform
mixture was obtained. The mixtures were then passed through a
sieve (# 45 mesh US standard). PM-I and PM-II were prepared in
the same weight ratios as the FUS mixtures (Table 1).
Analysis of drug content
The assay of the MLX content in the prepared SDs
was evaluated by an HPLC method reported previously (Emara
et al., 2016). The HPLC apparatus consisted of Waters’ 600 E
multisolvent delivery system controller equipped with a Rheodyne
injector P/N 7725i and a UV-visible spectrophotometer (Beckman,
DU-650, Golden Valley, MN). A reverse-phase symmetry C18
column (particle size 5 μm, 3.9 cm × 150 mm i.d.) was used. The
mobile phase was prepared from a mixture of acetonitrile/water
(50:50, v/v, pH 3.0). Samples equivalent to 15 mg of MLX were
dissolved in 25 ml of methanol and appropriately diluted and the
drug content was determined by HPLC at λ = 360 nm. The flow rate
and injection volume were 1 ml/minutes and 50 ul, respectively.
The calibration curve was linear (R2 ≥ 0.999) over the tested range,
with LOQ (limit of quantification) of 5 ng/ml. Inter- and intraday
coefficients of variation for MLX were found to be ≤10%.
Characterization of the prepared SDs
Differential scanning calorimetry (DSC)
Thermograms for pure forms of MLX, SOL, POLOX,
and their SDs were obtained. The samples were sealed in aluminum
pans and analyzed using a Shimadzu DSC-50 (Kyoto, Japan).
Thermal analysis was carried out using a heating ramp in the
range of 20°C–400°C at 10°C/minutes under nitrogen purge (20
ml/minutes). The absolute percent crystallinity, x(t), is determined
as follows:
x(t) = (ΔHt/ ΔHm)
where ΔHt is the melting enthalpy of MLX at time t, which is
calculated as the ratio of melting enthalpy of the sample divided
by the composition of MLX, and ΔHm represents the melting
enthalpy of 100% crystalline MLX at the same heating rate (Hsu
et al., 2015; Yang et al., 2010).
Polarized light microscope (PLM) observation
Representative PLM images of MLX samples were taken
using a CX41 microscope (Olympus Co. Ltd., Tokyo, Japan).
Samples were examined under various conditions including
differential interference contrast and slightly uncrossed polars by
using a red wave compensator.
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In vitro dissolution studies (n = 3) of MLX powder,
PMs, and the prepared SDs (each equivalent to 15 mg MLX)
were conducted in filtered, degassed 900 ml of 0.1 N HCl (pH
1.2) at 37°C ± 0.2°C using a USP (United States Pharmacopeia)
apparatus II, paddle dissolution tester (AT8, XTEND, Sotax,
Switzerland) with paddle rotation of 100 rpm. At designated time
points, the samples were drawn and filtered through a 0.45 um
filter, replaced by the fresh dissolution medium, and then analyzed
using UV spectrophotometry at 351 nm for MLX.
Dissolution data analysis
Mathematical models of release kinetics
The release kinetic models of different SDs were
evaluated using the following equations (Costa and Lobo, 2001;
Shoaib et al., 2006):
Zero-order kinetic model = Mt/ M∞ = M0 + k0.t

First-order kinetic model = ln (100- Mt) = ln 100 − k1.t
Second-order kinetic model = 1 / (100 – Mt) = k2.t

Higuchi square root of time kinetic model = Mt / M∞ = Mo + kH.t 1/2
Hixson–Crowell’s cube root kinetic model = (M∞) 1/3 – (M∞ − Mt)
1/3
= kHC.t,

where Mo, Mt, and M∞ are the amount of drugs dissolved at the
beginning, at time t in the dissolution period, and the total mass of
drug dissolved at an infinite time (typically taken to be the mass of
drug available in the sample), respectively. The coefficients ko, k1,
k2, kH, and kHC represent the zero-order, first-order, second-order,
Higuchi, and Hixson–Crowell’s rate constants, respectively.
Dissolution efficiency (DE) determination
Percent dissolution efficiency (% DE) was also evaluated
to compare the relative performance of different SDs (Anderson
et al., 1998; Emara et al., 2014; Khan and Rhodes, 1972). The
magnitude of % DE at 60 minutes (% DE60) for each formula was
computed as the % ratio of area under the dissolution curve up to
the time t to that of the area of the rectangle described by 100%
dissolution at the same time. % DE is expressed as follows:
% DE = [AUC0t / Q 100.t].100.
Mean dissolution time (MDT) determination
For further comparison of dissolution profiles of the
prepared SDs, MDT was calculated, as described by (Costa and
Lobo, 2001), according to the following equation:
MDT = ∑ n j=1 [t^j.∆Mj] / ∑ n j=1 ∆Mj,
where j is the sample number, n is the number of dissolution
sample times, t^j is the time at the midpoint between tj and tj−1, and
ΔMj is the additional amount of drug released between tj and tj−1.
Drug stability studies
To investigate the effects of temperature, humidity, and
the duration of storage on the final SDs, the stability of the stored
samples was assessed. The selected formulae were sealed in a
closed glass container and tested for accelerated conditions in a
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stability chamber (40°C ± 0.5°C with 75% RH (relative humidity))
for 3 and 6 months, as well as room temperature (18°C–33°C)
for 12 months. The stored samples were evaluated by DSC, PLM,
drug content, and dissolution profile comparison.
The comparative dissolution profiles of stored samples
were compared with initial data of freshly prepared ones by
calculation of the similarity factor (ƒ2), according to the following
equation:
ƒ2 = 50. log {[1+ (1/n Σ t=1 n (Rt – Tt) 2] −0.5. 100},
where n is the number of time points, Rt is the percentage of drug
dissolved from the reference product, and Tt is the percentage
dissolved from the comparison product at different time points.
The ƒ2 value is 50–100 for similarity and ≤50 for dissimilarity in
the dissolution profiles (Costa and Lobo, 2001; Food and Drug
Administration, 1997; Moore and Flanner, 1996).
RESULTS AND DISCUSSION
Feasibility assessment of SOL:POLOX as mixed carriers for
SDs

In the present study, several trials have been carried
out to select appropriate copolymer to be mixed with SOL for
assisting extrusion at a lower temperature, and hence, coaddition
of POLOX with SOL successfully enabled extrusion at 125°C.
Drug content
The percentages of drug content of various MLX/SDs as
well as their corresponding PMs were within the range of 98.76 ±
8.08% to 102.94 ± 7.64%, which indicates acceptable uniformity
of content for all prepared formulae.
Dissolution of MLX PMs
Figure 1 presented the in vitro dissolution profiles of
different MLX samples, and Table 2 showed the MLX dissolution
rate in 5, 15, and 60 minutes (Q5, Q15, and Q60, respectively), as
well as the % DE at 60 minutes (% DE60) and MDT.
According to Figure 1 and Table 2, plain MLX powder
displayed the lowest dissolution rate of 2.8% in 60 minutes, with
% DE60 value of 2.3%. This might be attributed to poor solubility

MLX is a high melting point drug (Tmax of 255°C)
and degrades near its melting point, thus presenting significant
challenges for thermal processing. Proper selection of a carrier is
an important criterion for the formulation of SDs containing high
melting point drugs (Hughey et al., 2011). SOL has a low Tg value
(approximately 70°C) and possesses the following characteristics:
a wide range of extrusion temperature, excellent flowability, and
extrudability; thus, it can help to dissolve MLX below its melting
point (Zhang et al., 2013).
In the present study, SOL was used as a primary
solubilizing carrier for the development of solid solutions.
POLOX was incorporated as a plasticizer to improve the
wettability and lower the viscosity of the drug-carrier blend and
to enable smooth extrusion at a lower temperature and to ensure
final product stability. A ratio of 2.50% w/w drug was selected for
the preparation of SDs.
Processing HME parameters
The uniqueness of the HME technology lies in its
simplicity and economy. HME processing parameters were
optimized (i.e., feed rate, the screw speed, and extrusion
temperatures) to yield extrudates with acceptable characteristics.
In the present study, the best outcome was achieved
with temperatures ranging from 105°C–125°C. The extruder
barrels stopped below 90°C due to high torque, and the extrudates
became molten above 140°C, leading to the inability to produce
uniform continuous mass. The minimum screw speed to maintain
a continuous process was found to be 30 rpm.
A previous attempt to extrude 10% MLX with 90%
copovidone was carried out and the results stated that a minimum
barrel temperature of 140°C and a screw speed of 200 rpm were
required for amorphization of the MLX powder (Haser et al.,
2017). Another trial was conducted by Hughey et al. (2011), for
feasible extrusion of MLX:SOL (1.0:9.0); their results clarified
that the minimum extrusion temperature of 175°C was necessary
for drug amorphization, and the obtained extrudates were
significantly dark indicating drug decomposition.

Figure 1. Dissolution profiles of MLX/SOL/POLOX from (A) PMs, (B) SDs
prepared by FUS, and (C) SDs prepared by hot melt extrusion (EXT) at different
ratios of mixed carriers (mean ± SD, n = 3).
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and wettability, as well as the agglomeration of the drug during the
dissolution test that caused the powder to float on the surface of
the dissolution media.
The PMs showed a 10-fold increase in the MLX
dissolution when compared to the plain drug (Fig. 1A). PMs
containing SOL:POLOX in both ratios [1.5:1.0 (PM-I) and 2.3:1.0
(PM-II)] dissolved 28.67% and 29.88% of the drug at 60 minutes,
respectively. The addition of SOL–POLOX as mixed carriers
increased the solubility of plain MLX even by simple physical
blending.
The increase in MLX dissolution when physically mixed
with hydrophilic SOL in the presence of POLOX as a plasticizer
could be ascribed to the increasingly solubilizing effect of mixed
carriers in the diffusion layer closely surrounding drug particles.
A previous study by Hughey et al. (2011) confirmed that the
equilibrium solubility of the MLX powder increased by 15-fold in
the presence of SOL as a matrix polymer. However, another study
by Shi et al. (2019) showed a limited dissolution of PMs of MLX/
SOL in pH 1.2, 4.5, 6.8, and 7.4 compared to plain MLX.
Dissolution of MLX SDs prepared by FUS method
The dissolution of MLX from FUS-II containing a high
ratio of SOL to POLOX (2.3:1.0) at the initial dissolution phase
was relatively faster than FUS-I (1.5:1.0 SOL to POLOX), i.e., %
Q15 equals to 29.32% and 20.17%, respectively (Fig. 1B), while
at the end of dissolution test, both formulae showed comparable
results (Fig. 1B). SDs prepared by the FUS technique illustrated
a marginal increase in MLX dissolution in contrast to PMs
(Fig. 1A and B). FUS-I and FUS-II attained Q5 values of 16.37%
and 27.03%, compared to 9.1% and 10.91% from PM-I and PM-II,
respectively (Table 2). The total % DE60 was equal to 26.49, 30.31,
Table 1. Composition of various MLX SDs and PMs. Percentage of MLX was
kept constant at 2.50% (w/w) for all formulations.
Formulations

Ratio of SOL:POLOX (w/w)

EXT-0a

1.0:1.0

EXT-I

1.5:1.0

EXT-II

2.3:1.0

FUS-Ib

1.5:1.0

FUS-II

2.3:1.0

PM-I

c

1.5:1.0

PM-II

2.3:1.0

EXT = hot melt extrusion; bFUS = fusion melt; cPM = physical mixture.

a
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19.43, and 20.78, with MDT values of 12.93, 7.05, 19.34, and
18.28 for FUS-I, FUS-II, PM-I, and PM-II, respectively (Table 2).
Usually, the thermodynamic state of the API in the
resulting SDs has a pronounced impact on its dissolution rate. This
was clearly observed during the MLX dissolution from FUS, where
its dissolution rate was significantly higher compared to MLX
alone, as well as the PMs, which might be due to the beginning
of the amorphization step leading to dissolution enhancement of
MLX from FUS samples.
Generally, it can be concluded from Figure 1A and B
that physical mixing or melting of MLX with SOL–POLOX led
to an increase in MLX dissolution, while the increasing ratio
of hydrophilic SOL in such systems did not alter its dissolution
rates. Also, the difference between dissolution rates of MLX from
physical and FUS mixtures was obvious in the early phases of
dissolution.
Dissolution of MLX SDs prepared by HME method
The dissolution profile of the MLX from extruded
samples was directly proportional to the amount of SOL present in
these systems. Figure 1C and Table 2 showed that the percentage
of MLX dissolved in both early (% Q15) and late (% Q60) stages
of dissolution was in the descending order of EXT-II > EXT-I >
EXT-0 samples containing SOL–POLOX at the ratio of 2.3:1.0,
1.5:1.0, and 1.0:1.0, respectively. Total % DE60 values from EXT0, EXT-I, and EXT-II were 19.23, 34.16, and 53.37, respectively
(Table 2). Also, MDT values were in the expected rank order of
EXT-II ˂ EXT-I ˂ EXT-0.
It was quite clear that all HME samples exhibited
enhanced dissolution compared to all tested formulae. For SDs
containing a high ratio of SOL to POLOX (2.3:1.0), the dissolution
of MLX from EXT-II reached 58.05% in 60 minutes, which was
about 20.7-, 1.9-, and 1.7-folds higher than that of the plain drug,
PM-II, and FUS-II, respectively (Fig. 2). Similarly, for SDs
containing a lower ratio of SOL to POLOX (1.5:1.0), the increase
in the percentage of MLX dissolved was in the order of EXT-I >
FUS-I > PM-I > plain MLX.
These results clearly categorize the superiority of HME
over the FUS technique for the enhancement of MLX dissolution rate.
HME provides the most intimate dispersion of MLX in the carrier
mixture and its transfer to the amorphous form with subsequent
enhancement in its dissolution. Moreover, the EXT formulae were
successfully extruded below the melting point of MLX (255°C),
which ensure the thermostability of the final product. A previous
study reported that the preparation of amorphous dispersion of

Table 2. Percent drug dissolved in 5 (% Q5), 15 (% Q15), and 60 (% Q60) minutes, total percent DE in 60 minutes (% DE60), and
MDT for MLX PMs and SDs (each value represents a mean ± SD, n = 3).
Formulations

% Q5

% Q15

% Q60

% DE60

MDT

PM-I

9.91 ± 0.11

12.11 ± 1.61

28.67 ± 2.30

19.43 ± 1.34

19.34 ± 2.34

PM-II

10.91 ± 2.00

14.44 ± 2.05

29.88 ± 1.19

20.78 ± 3.00

18.29 ± 2.00
12.93 ± 1.89

FUS-I

16.37 ± 1.80

20.17 ± 1.18

33.76 ± 3.00

26.49 ± 2.89

FUS-II

27.03 ± 2.98

29.32 ± 3.76

34.34 ± 4.15

30.31 ± 4.66

7.05 ± 1.48

EXT-0

5.57 ± 1.33

12.74 ± 1.18

33.01 ± 2.00

19.23 ± 2.15

25.45 ± 1.37

EXT-I

8.30 ± 1.18

24.93 ± 1.99

50.57 ± 3.00

34.16 ± 4.00

19.48 ± 3.00

EXT-II

49.41 ± 3.66

53.99 ± 2.91

58.05 ± 2.19

53.37 ± 4.18

4.03 ± 1.18
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MLX/SOL by HME required processing temperatures of 175°C and
yielded only 88% potency (Hughey et al., 2011).
Mechanism of Dissolution
The release kinetic models of different SDs were
evaluated, as previously described (Costa and Lobo, 2001; Shoaib
et al., 2006). The regression parameters obtained after fitting
various release kinetic models to the in vitro dissolution data
were presented in Table 3. The best suited kinetic model for most
formulae was the Higuchi square root time model, indicating
diffusion-restricted release, with R2 values nearer to 1.0. Only EXTII followed the Hixson–Crowell kinetic model, which describes
the release from systems where there is a change in surface area
and/or diameter of particles or tablets (Altamimi and Neau, 2017).

the ratio of 2.3:1.0. A slight shift of MLX melting endotherm was
detected for all tested samples with a gradual reduction in energy
of enthalpy. The enthalpy value of MLX from PM-II was 25.89
J/g, whereas it attained a value of 24.11 J/g for FUS-II, while
for EXT-II, the energy of enthalpy further decreased to 18.59
J/g, clearly indicating a higher amorphization degree of MLX
by the HME method compared to FUS method. The reduction
of the drug melting peaks in all studied SDs was attributable to
the gradual conversion of the drug to the amorphous form and/or
its dissolution in the melted carriers before reaching its melting
temperature; these results correlated with the enhanced in vitro

Differential scanning calorimetry
The DSC scan of plain MLX, SOL, POLOX, and the
prepared SDs was conducted to investigate the solid state of the
drug and/or drug-carrier interaction and the results were shown
in Figure 3. The DSC thermograms showed a pure crystalline
endothermic peak of MLX at 261.92°C with an enthalpy (∆H)
of 45.56 J/g. SOL exhibited a glass transition temperature at
74.28°C (Hardung et al., 2010; Nagy et al., 2012). Also, a melting
endotherm of POLOX 407 at 59.49ºC was shown in Figure 3.
Figure 3 also showed the DSC thermograms of SDs prepared by
HME (EXT-II), FUS-II, and PM-II containing SOL to POLOX in

Figure 2. Dissolution profiles of MLX/SOL/POLOX prepared by hot melt
extrusion (EXT) and FUS methods against PMs at SOL:POLOX in the ratio of
2.3:1.0 (mean ± SD, n = 3).

Figure 3. DSC thermograms of MLX, SOL, and POLOX in pure forms, PMs,
and fresh SDs. The ratio of SOL to POLOX is 2.3:1.0.

Table 3. In vitro dissolution kinetic models for different MLX formulae.
Formulae codes

Kinetic model

MLX

PM-I

PM-II

FUS-I

FUS-II

EXT-0

Zero order

R2

0.883

0.949

0.929

0.817

0.884

0.952

0.908

0.964

First order

R2

0.884

0.960

0.947

0.847

0.895

0.967

0.948

0.966

Second order

R2

0.886

0.970

0.962

0.874

0.904

0.976

0.978

0.959

Higuchi square root of time

R2

0.979

0.977

0.984

0.936

0.938

0.989

0.980

0.956

Hixson–Crowell

R

0.884

0.957

0.941

0.837

0.891

0.963

0.935

0.966

2

EXT-I

EXT-II
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dissolution observed with SDs with respect to the plain drug. The
calculated absolute percent crystallinity for PM, FUS, and EXT
(i.e., 22.73, 21.17, and 16.32%, resp.) verified the superiority of
the HME technique for the gradual conversion of crystalline MLX
to its amorphous state which accounts for its higher dissolution.
Inferring the results of the DSC analysis should be
carefully interpreted, as the SOL/POLOX mixed carriers melt
at considerably lower temperatures than MLX. Hence, residual
crystalline MLX might gradually dissolve in the molten carriers
during the first scan heating, leading to incorrect DSC readings
(Medarevic et al., 2016; Shah et al., 2007). The observed reduction
of MLX melting peak from PMs (PM-II) during DSC scan
might be due to the above-mentioned postulation. Therefore, the
employment of a secondary method of analysis is quite essential
for the full elucidation of the physical state of the drug within
the SDs.
DeWitt (2015) stated that low drug concentrations within
the dosage form might be below the detectable limits of the X-ray
diffraction (XRD) instrumentation; hence, employment of XRD
for the characterization of the prepared SDs was not recommended
in the present study (as drug loading was kept at 2.5% w/w for all
formulae). The PLM method was alternatively employed for the
interpretation of physical characteristics of the drug within SDs in
either fresh and/or stored conditions.
Polarized light microscope
Figure 4 showed the amorphization state of MLX in SDs,
observed by PLM analysis. The plain MLX sample clearly showed
intense birefringence indicating the presence of the drug in the
crystalline state (Fig. 4) (Ochi et al., 2013, 2016). PLM observations
displayed evidence of birefringence still visible in the PM-II
sample, which confirm the presence of MLX in the crystal state.
This highlighted the importance of PLM as a confirmatory, sensitive
analytic method for the detection of drug crystallinity compared
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to DSC. Even though FUS-II and EXT-II samples contained the
same ratio of SOL to POLOX; however, weak birefringence was
still observed in FUS-II, while EXT-II showed no birefringence
(Fig. 4). This confirmed the gradual transfer of crystalline MLX
to its amorphous state in EXT-II, which further account for the
enhancement of MLX acidic dissolution (Ochi et al., 2013).
Stability results
Stability studies were conducted on FUS-II and EXTII containing SOL/POLOX in the ratio of 2.3:1.0. Physical
observations of all stored SDs samples showed no changes in
their color and/or appearance. The analysis of the drug content of
different stored samples was investigated and the results showed
that the amount of MLX in all stored samples was found to be
within 97.5%–105.45% of the initial dose.
Dissolution profiles of stored SDs were compared with
initial data of freshly prepared ones by employing the similarity
factor (ƒ2), and the results were presented in Table 4 and Figure 5.
SD samples prepared by FUS technique (i.e., FUS-II) showed
excellent stability under different storage conditions, indicated by
ƒ2 ≥ 50 (Table 4 and Fig. 5).
On the other hand, SDs prepared by the HME technique
(EXT-II) showed no change in the MLX dissolution rate after
bench storage for 12 months (i.e., f2 value = 79, Table 4 and
Fig. 5). Yet, a significant decrease in % drug dissolved was
detected after 3–6 months of storage at 40°C/75% RH (i.e., ƒ2 ˂
50), which indicates MLX recrystallization from EXT-II sample
under such storage conditions.
The changes noted upon storage of MLX/SDs under
different conditions were further detected by DSC (Fig. 6a and b)
and PLM (Fig. 6c–f) analyses. Figure 6a clearly shows FUSTable 4. Similarity factor (f2) values between fresh and stored MLX/SDs under
different conditions of temperature and humidity.
Storage

Similarityfactor (f2)

Conditions

EXT-II

FUS-II

12 months bench stability

79

82

3 months accelerated stability (40°C, 75% RH)

22

65

6 months accelerated stability (40°C, 75% RH)

17

75

Each formula contains SOL:POLOX in the ratio of 2.3:1.0.

Figure 4. Morphological observation of MLX samples using PLM. The ratio of
SOL to POLOX is 2.3:1.0.

Figure 5. Dissolution profiles of different MLX/SDs stored at different
conditions with respect to fresh samples. The ratio of SOL to POLOX is 2.3:1.0
(mean ± SD, n = 3).
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CONCLUSION
The present study discussed a successful attempt
to formulate SDs for the high melting point MLX via HME
and compared it with the conventional FUS melt technique.
Reported trials to prepare MLX/SDs by HME were previously
unproductive, with most of the published approaches employed
for MLX/SDs preparation use mixtures of organic solvents.
HME provides a continuous, solvent-free, dust-free, eco-friendly
manufacturing technique. The proposed novel combination of
SOL/POLOX allowed effective processing of MLX at lower
extrusion temperatures. SDs prepared by HME at SOL-POLOX
ratio of 2.3:1.0 enhanced acidic dissolution of MLX, as well as
maintained its stability for up to 12 months of bench storage.
ACKNOWLEDGMENTS
The authors are thankful to BASF SE (Ludwigshafen,
Germany) for providing the gift samples of Soluplus® and
Poloxamer 407 to support this study.

Figure 6. DSC and PLM analyses of stored MLX/SDs prepared by fusion
method (FUS) and hot melt extrusion (EXT). The ratio of SOL to POLOX is
2.3:1.0. (a and b) DSC; (c–f) PLM.

II samples compared to fresh ones, hence confirming that the
amorphous nature of the drug has been reserved; similarly, EXTII samples exhibited similar stability characteristics after 12
months of bench storage (Fig. 6b). However, the reappearance
of MLX crystalline peak was detected by the DSC scan for
EXT-II samples stored for 6 months at 40°C/75% RH (Fig. 6b).
Figure 6c–f showed the results of PLM analysis of stored SDs,
where no clear evidence of birefringence was detected for most
stored samples confirming the stability of MLX SDs, where
reappearance of birefringence indicate the recrystallization of
EXT sample under such storage conditions.
This study explored for the first time the difference
observed between MLX/SDs long-term bench storage and
short-term accelerated storage. Reported data usually focus on
conducting the stability testing of MLX SDs at 40°C/75% RH for
several months. While some of these formulae remained stable
after storage under such conditions (Suhail et al., 2013; Umesh
et al., 2012), other SDs changed to semisolid unstable forms, with
evidence of drug recrystallization (Ochi et al., 2016; Shi et al.,
2019). Differences detected between the two stability protocols
frequently employed raise an important query. Emara et al. (2017)
stated that attention should be drawn to the differences observed in
drug behavior when a certain formula fails to provide the accepted
stability criterion under accelerated short-term storage while its
stability is confirmed for several years at room temperature. The
shelf life extension program was conducted by the US FDA (Food
and Drug Administration) in 1986 to extend the expiration dates on
qualifying drugs as they retain their potency several years beyond
the labeled expiry date. For the approval of extending of shelf life
of such drug products, acceptable data should be documented,
including full, long-term stability studies on at least three production
batches in accordance with FDA guidelines (Kamla, 2016).
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