AAPS PharmSciTech (2021) 22: 79
DOI: 10.1208/s12249-021-01945-8

®

Check for
updates

Research Article

Theme: Pharmaceutical Thermal Processing - An Update
Guest Editors: Feng Zhang, Michael Repka and Suresh Bandari

A One-Step Twin-Screw Melt Granulation with Gelucire 48/16 and Surface
Adsorbent to Improve the Solubility of Poorly Soluble Drugs: Effect
of Formulation Variables on Dissolution and Stability

Sandeep Sarabu,' Venkata Raman Kallakunta,' Arun Butreddy,' Karthik Yadav Janga,' Srinivas Ajjarapu,’

Suresh Bandari,' Feng Zhang,” S. Narasimha Murthy,' and Michael A. Repka'~*

Received 13 October 2020; accepted 26 January 2021; published online 19 February 2021

Abstract. Fenofibrate is an effective lipid-lowering drug; however, its poor solubility and
high log p (5.2) result in insufficient absorption from the gastrointestinal tract, leading to poor
bioavailability. In this study, a one-step continuous twin-screw melt granulation process was
investigated to improve the solubility and dissolution of fenofibrate using Gelucire® 48/16 and
Neusilin® US2 as the solubilizer and surface adsorbent, respectively. The formulations (granules)
were prepared at different ratios of fenofibrate, Gelucire® 48/16, and Neusilin® US2 based on
phase-solubility studies and characterized using dissolution, differential scanning calorimetry,
powder X-ray diffraction, and scanning electron microscopy analyses and studies on flow
properties. In the phase-solubility studies, a linear relation was observed between Gelucire® 48/
16 concentration and the amount of fenofibrate dissolved. In contrast, the dissolution rate of the
prepared formulations was independent of the fenofibrate: Gelucire® 48/16 ratio and dependent
on the Neusilin® US2 levels in the formulation. Increasing Neusilin® US2 levels decreased the rate
of dissolution of the granules but improved the stability of the tablets under storage at accelerated
stability conditions. Interestingly, higher Gelucire® 48/16 levels in the granules resulted in tablets
with a hard matrix, which slowed disintegration and dissolution. All formulations exhibited
improved dissolution compared to pure fenofibrate.

KEY WORDS: twin-screw melt granulation; gelucire® 48/16; neusilin US2; solubility enhancement;
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INTRODUCTION

Poor drug bioavailability is a major and common
challenge in the process of oral drug product development.
It could result from factors such as low aqueous solubility,
slow dissolution rate, poor drug permeability, and high first-
pass metabolism (1). However, among these, poor solubility
has been the most frequent cause of poor bioavailability (2);
more than 40% of new chemical entities developed in the
pharmaceutical industry exhibit poor aqueous solubility (3).
Several techniques are used to improve drug solubility,
including particle-size reduction (4), co-crystallization, co-
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amorphization, salt formation, cyclodextrin complexation,
surfactants, solid dispersions (SDs), and lipid-based drug
delivery systems (LBDD) (5-10).

The last decade has seen increased interest in lipids as
carriers for the delivery of poorly soluble drugs (11) because
of their acceptable regulatory and safety profiles and ability
to enhance oral bioavailability. Various systems, including
liquid/solid solutions, SDs (12), self-microemulsifying/self-
nanoemulsifying drug delivery systems (13), and lipid nano-
particles, such as solid lipid nanoparticles and nanostructured
lipid carriers (14), have been successfully prepared using
lipids as drug carriers. Despite the aforementioned advan-
tages associated with lipids, certain factors, such as poor
stability and difficulty in manipulation (pulverization) associ-
ated with their low melting temperatures, have limited their
application in the development of solid dosage forms (15).
Considering the physical nature (liquid or semi-solid) of most
lipids, liquid-filled capsules (hard and soft gelatin) are the
most preferred dosage choice for a lipid-based formulation.
However, factors like interaction with fill materials and
material leakage are some of the problems associated with
liquid-filled capsules (16, 17). To counter these challenges,
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lyophilization, melt granulation, and spray drying techniques
(18-21) have been widely used to transform LBDDs into
either tablets or capsules. Recently, hot-melt extrusion
(HME), a continuous manufacturing technique, was success-
fully used (22, 23) to prepare solid self-emulsifying drug
delivery systems (S-SEDDS). Silva et al., for the first time,
reported the application of HME to transform conventionally
prepared liquid self-emulsifying drug delivery systems (L-
SEDDS) into an S-SEDDS by blending with solid carriers
hydroxypropyl methylcellulose acetate succinate (HPMCAS)
and microcrystalline cellulose (22). The addition of HPMCAS
prevented the reconstitution of microemulsions and also
retarded the drug release in gastric conditions.

Melt granulation is achieved by the addition of either a
molten or solid binder that melts during the process. The
advantages of melt granulation are that it is a solvent-free
process and has improved tabletability compared to conven-
tional wet and dry granulation processes (24, 25). Another
commonly used approach to solidify a lipid-based formulation is
adsorbing them on to porous carriers such as silicates. This
combination of lipid formulations and adsorbents with high
specific surface area has been used in the preparation of
immediate-release formulations of various drugs (12, 18, 26).
Neusilin® (NEU), a synthetic magnesium aluminometasilicate,
is one such porous carrier with suitable flowability (18), superior
compressibility (27), and large specific surface area. It also
exhibits high oil- and water-adsorbing capacity (28, 29).
Additionally, NEU helps in the stabilization of moisture-
sensitive and lipophilic drugs. NEU is available in different
grades, which differ in their bulk densities, particle size, and pH
(30). NEU as a solid carrier was used in a variety of process
techniques that included co-grinding, twin-screw extrusion, high
shear granulation, and spray drying. It is one of the explored
solid carriers for self-emulsifying drug delivery systems. The
combination of well-defined pore systems and high surface area
makes NEU a potential carrier for therapeutic molecules (31,
32). NEU UFL2 grade was successfully used to improve the
solubility and bioavailability of fenofibrate (FEN). FEN was
loaded on to UFL2 by a melt-adsorption method using
supercritical carbon dioxide. Application of supercritical
fluid facilitated the introduction of the active in to the pores
of NEU UFL2 (33). NEU US2 (US2) grade has been
reported in the preparation of liquid-solid compacts (34),
transforming liquid SEDDS into solid SEDDS containing
several drugs (13, 21, 35, 36). It has also been used as a
carrier to stabilize the amorphous states of drugs, such as
ketoprofen, indomethacin, naproxen, and progesterone (37)
via HME and co-grinding (38, 39). NEU US2 was used along
with Gelucire® (GEL) in hot-melt granulation (12) to
improve the solubility and bulk properties of the poorly
water-soluble drug, BAY 12-9566. Gelucires are amphiphilic
surfactants. Chemically, they are polyethylene glycol (PEG)
esters with a hydrophilic PEG portion and a lipophilic fatty
acid portion (40). They are available in a wide range of HLB
values and are often used to improve the solubility and
bioavailability of poorly soluble drugs (41) and in prepara-
tion of floating (42, 43) and sustained release (44) dosage
forms. Due to their low melting temperatures (<65°C), they
are highly suitable for melt granulation processes.

Conventional hot-melt granulation using Gelucire® is a
batch process that involves multiple steps. First, the drug is
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solubilized in molten Gelucire® maintained at a temperature
to obtain a clear molten mixture. Later, the clear molten
mixture is added dropwise to a preheated surface adsorbent
in a granulator to obtain ternary dispersion granules (12). To
the best of our knowledge, this is the first study to attempt to
overcome this problem, and we investigated a single step
twin-screw melt granulation (TSMG) process involving si-
multaneous dispersion and adsorption to enhance the disso-
lution of poorly soluble fenofibrate (FEN) as the model drug,
using Gelucire® 48/16 (GEL) and US2 as the SD carrier and
surface adsorbent, respectively. GEL is a non-ionic solid
surfactant. Chemically, it is a polyethylene glycol ester of fatty
acid. It has a high hydrophilic-lipophilic balance of 12, which
makes it a suitable carrier for poorly soluble drugs. Further,
we evaluated the effect of the GEL and US2 levels on
dissolution, bulk properties of the granules, stability, and drug
release from the prepared tablets.

MATERIALS AND METHODS

Materials

FEN was kindly donated by Ashland Inc. (Ashland Inc.,
Lexington, KY, USA), and GEL was gifted by Gattefosse
(NJ, USA). NEU US2 and S2 were donated by Fuji Chemical
Industries USA, Inc. (NJ, USA). The diluent Avicel® PH 102
and superdisintegrant Ac-Di-Sol® were gifted by FMC
Biopolymer (PA, USA); magnesium stearate (MS) was gifted
by Peter Greven Corporation (NJ, USA). All the other
chemicals used in the study were of analytical grade.

Preformulation

Phase-Solubility Studies

Solubility studies for FEN were performed in aqueous
solutions of GEL (0-12 mM). An excess amount of drug was
added to 10 mL of each aqueous solution, and the solutions
were incubated in an orbital shaker (Taitec Bioshaker,
Saitamaken, Japan) for 48 h at 100 rpm and 25°C. Subse-
quently, the samples were centrifuged at 13,000 rpm for 15
min, and the supernatant was filtered (0.45 um PVDF) and
diluted with the respective media for quantification of the
drug using high-performance liquid chromatography (HPLC).
All tests were performed in triplicate. The apparent stability
constant (K.) was calculated from the slope of the phase-
solubility diagrams using the following equation (45):

Slope
Ke= So(1-slope) M

The slope was obtained from the straight-line portion of
the plot of FEN concentration against GEL concentration,
and Sy is the solubility of FEN in water, in the absence of
GEL.

HPLC

The concentration of FEN in the dissolution samples was
quantified using an HPLC system (Waters Corp, Milford,
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MA, USA). The HPLC method stated in USP-NF was
adopted (46); a Phenomenex Luna® C18 reverse phase
column (5 pm, 100 A, 250x4.6 mm) was used as the stationary
phase. The mobile phase consisted of acetonitrile and
acidified water (70:30); the water was adjusted to pH 2.5
+0.1 using phosphoric acid as acidified water. The flow rate
was maintained at 1.2 mL/min, and the UV-detector was set
at 286 nm (Waters 2489 UV/detector). Ten microliters of the
sample was injected, and the data were analyzed using the
Empower 3 software. A six-point calibration curve was
plotted and found to be linear in the concentration range of
2-50 pg/mL with a correlation coefficient (R?) of 0.999.

Thermal Analysis

Differential Scanning Calorimetry (DSC). DSC was per-
formed to determine the melting temperatures of FEN and
GEL using Discovery DSC 25 (TA Instruments DSC, New
Castle, DE, USA), coupled with an RCS90 cooling device.
The instrument was calibrated for temperature and heat
capacity using indium and sapphire standards. Samples
weighing approximately 10 mg were sealed in a Tzero
aluminum pan. The samples were equilibrated under nitrogen
gas for 1min at 25°C and subsequently heated at 10°C/min
from 25 to 200°C under an inert nitrogen purge of 50 mL/min.
The thermograms were analyzed to detect the melting
temperature.

Selection of Surface Adsorbent for the TSMG Process

Screening studies were performed to select the adsorbent
NEU (US2 and S2) and CEOLUS™ (UF-711 and UF-702)
grades. Surface adsorbents enhance the processability of a
product by improving its flow and compressibility (12, 47).
CEOLUS™ is microcrystalline cellulose and is available in
three different powder grades, UF, KG, and PH (48, 49).
These grades can impart characteristics such as
compactability, disintegration, and flow to the formulation
due to their highly porous morphology.

Cryomilled GEL sieved through USTM #25 was used in
the granulation experiments. Physical mixtures prepared at
1:2:0 and 1:2:1 (FEN:GEL:surface adsorbent) ratios were
processed through a 16-mm (ThermoScientific® Prism
Eurolab) extruder with a standard screw configuration
consisting of three mixing zones at 100 rpm speed and
100°C processing temperature. The surface adsorbent was
selected based on the appearance and flow properties of the
product obtained in these experiments. The flow properties
were assessed by evaluation of angle of repose as per the
methods previously reported (50, 51).

Twin-Screw Granulation

Twin-screw granulation was performed using the
Thermofischer standard screw configuration consisting of
three mixing zones. Two different process temperatures
(60°C and 100°C) were evaluated for the melt granulation
process, with a constant screw speed of 100 rpm. After initial
screening studies, six formulations (F1 to F6) were prepared
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at different drug:solubilizer:adsorbent ratios, as shown in
Table I. Granulation was performed on a 16-mm
(ThermoScientific® Prism Eurolab) extruder with a screw
speed of 100 rpm and at a process temperature of 100°C. The
feed rate was maintained constant between 3.5 and 4.0 g/min.
The obtained granules were milled using a kitchen blender;
those that passed through ASTM #25 were collected and used
in further studies.

Evaluation of Particle-Size Distribution (PSD)

PSD was determined for the granules obtained in the
twin-screw granulation by sieve analysis using a vibratory
sieve shaker (Performer III SS-3, Gilson Inc., OH, USA). The
analysis was conducted using a pre-weighed sieve nest
combination of #20, 30, 40, 60, 80, 120, and 200 ASTM mesh
series. An accurately weighed quantity (10 g) of the sample
was discharged into the sieve nest, and the analysis was
conducted for 10 min at an amplitude of 5 with a tapping rate
of 60 taps/min. The retained amount of powder on each sieve
was accurately weighed after the analysis. PSD plots were
generated on the basis of the weight distribution on each
sieve.

Solid-State Characterization

DSC and Powder X-Ray Diffraction Measurement (PXRD)

DSC studies were performed for the physical mixtures
and granules using Discovery DSC 25 (TA Instruments DSC,
New Castle, DE, USA), coupled with a RCS90 cooling
device. All samples weighed approximately 5-10 mg; they
were sealed in a Tzero aluminum pan. The samples were
equilibrated for 1 min at 25°C and subsequently heated at
10°C/min from 25 to 125°C under an inert nitrogen purge of
50 mL/min. The thermograms were analyzed to determine
the amorphous or crystalline nature of the drug.

PXRD studies were performed for FEN and granules
using the Rigaku X-ray system (D/MAX-2500PC, Rigaku
Corporation, Tokyo, Japan) equipped with a copper tube
anode and standard sample holder. Diffraction measurements
were performed under the following conditions: CuKa
radiation, 40 kV voltage, and 40 mA current. The 26 scanning
range was 2-50° with a step width of 0.02 °/S at a scanning
speed of 2 °/min. Samples placed on a sample holder were
gently compressed with a clean metal bar, and diffractograms
were collected at room temperature (20-25°C).

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR studies were performed on an Agilent Cary 660
FTIR Spectrometer (Agilent Technologies, Santa Clara, CA,
USA). To study the interaction between the drug and
formulation components, a small amount of sample placed
on top of a diamond crystal was pressed with a MIRacle high-
pressure clamp, and the spectrum was collected over 600—
4000 cm™ with 16 scans at a resolution of 4 cm™. The FTIR
bench was equipped with an attenuated total reflection (Pike
Technologies, Madison, WI, USA), which was fitted with a
single-bounce, diamond-coated ZnSe internal reflection
element.
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Table I. Formulation Composition and Torque Values Observed in the Granulation Process

Formulation Fenofibrate (%w/ Gelucire 48/16 (%w/ Neusilin US2

Ratio FEN:GEL: Torque (Nm) Molten portion to adsorbent

W) W) (Y%wiw) NEU ratio
F1 33.33 33.33 33.33 1:1:1 0.152 2.00
F2 25.00 37.50 37.50 1:1.5:1.5 0.158 1.67
F3 20.00 40.00 40.00 1:2:2 0.160 1.50
F4 25.00 25.00 50.00 1:1:2 0.157 1.00
F5 25.00 50.00 25.00 1:2:1 0.155 3.00
F6 25.00 0.00 75.00 1:0:3 0.162 0.33

Scanning Electron Microscopy (SEM)

The surface morphology of FEN, cryomilled GEL, US2,
physical mixtures, and formulations were assessed using a
JSM-7200FLV Field-Emission Scanning Electron Microscope
(JEOL, Peabody, MA, USA) with an accelerating voltage of
5 kV. All samples were placed on the SEM stubs and adhered
using double adhesive tape. The samples were sputter-coated
with platinum under an argon atmosphere using a fully
automated Denton Desk V TSC Sputter Coater (Denton
Vacuum, Moorestown, NJ, USA) prior to imaging.

Dissolution Studies of Granules

In vitro drug-release studies for pure FEN and FEN
formulations were performed with a dose equivalent to 50 mg
FEN filled in capsules in 1000 mL of water at different
concentrations (0.005, 0.01, and 0.025 M) of surfactant
(sodium lauryl sulfate (SLS)) as a release media, using USP
apparatus type II (SR8-plus™, Hanson, CA, USA) main-
tained at 37+0.5°C with a paddle speed of 50 rpm for 2 h
(n=3). Sample aliquots (3 mL) were collected at 15, 30, 45, 60,
90, and 120 min and replaced with an equivalent volume of
fresh media maintained at 37+0.5°C. The samples were
filtered through a 0.45-pm PVDF membrane (Durapore®;
Millpore Sigma, MA, USA) filter and quantified using HPLC
(Waters Corp).

Evaluation of Flow Properties and Tableting

For tablet preparation, Avicel® PH 102 (microcrystalline
cellulose; MCC), Ac-Di-Sol (croscarmellose sodium), and MS
were chosen as excipients. The flow properties of the
formulations were evaluated before addition of the tableting
excipients by measuring Carr’s index (CI) (51). Five grams of
each sample was placed in a 10-mL graduated cylinder, and
the volume was recorded. The cylinder was tapped continu-
ously on a flat surface until a constant volume was achieved
or until the difference between two consecutive volume
readings was less than 2.0%. The bulk and tapped densities
were calculated from the weight and bulk and tapped
volumes of the respective formulations. CI was calculated
using Eq. (2), as follows:

_ (Dr—Dg
Cl = ( Dy ) x 100

)

where Dy is the tapped density, and Dy is the bulk density.

Tablets were prepared using a combination of (a) 250 mg
of formulation and excipients and (b) different tablet weights
but similar proportions (%w/w) of formulation and individual
excipients (Table IT). Tablets were compressed on a manual
tablet compaction machine (MCTM I-GlobePharma, NI,
USA) using an 8-mm flat punch. Each tablet contained
50 mg equivalent of FEN. The compression force for the
tablets was adjusted to maintain the breaking force at
approximately 6-7 KP. The tensile strength (Q) of the tablets
was determined using the following equation:

2F

O=Ta

3)

where F is the breaking force, T is the tablet thickness,
and D is the diameter of tablet.

Physical Characteristics of the Tablets

The tablets were evaluated for weight variation, hard-
ness, disintegration, and friability as per the procedures
described in the United States Pharmacopeia and the
National Formulary (USP-NF). Friability, breaking force,
and disintegration were evaluated using FT2 friability
(Schleuniger, Pharmatron, Thun, Switzerland), hardness (Op-
timal Inc, Michigan, USA), and disintegration testers
(Schleuniger, Pharmatron, Thun, Switzerland), respectively.
The dissolution of the tablets was compared with that of their
respective granules in 0.025 M SLS.

Dissolution Data Analysis

The dissolution profiles were compared by model-
independent methods; various dissolution parameters, such
as dissolution efficiency (DE), initial dissolution rate (IDR),
and mean dissolution rate (MDR), were calculated (52). The
DE is calculated as the percentage ratio of the area under the
dissolution curve up to a time, ¢, to that of the area of the
rectangle described by 100% dissolution at the same time
point. DE at 15, 30, and 60 min was calculated using the
following Eq. (4):

B <ng X dt)

DE = x 100%
Yoo X I

4)
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Table II. Tablet Composition

Tablet # Granules taken (% w/w) MCC (% wiw) AcDiSol (% wiw) Magnesium stearate (% w/w) Tablet weight (mg)
T1 (F1) 60 345 5 0.5 250
T2(F2) 80 14.5 5 0.5 250
T3 (F5) 80 14.5 5 0.5 250
T2_R 60 345 5 0.5 333
T3_R 60 345 5 0.5 333

*Reformulated T2 and T3 tablets, with formulation and excipients in same proportions as in T1

IDR was calculated for the first 15min of dissolution
using the following Eq. (5):

o) 1
IDR — /odISS.OlVed

min

()

MDR was calculated using the following Eq. (6):

" AMj/ At
n

MDR = (6)

where j is the dissolution sample number, # is the number of
dissolution sampling times, A¢ is the time at midpoint
between two consecutive time points (¢ and t;;), and AM; is
the additional amount of drug released between two consec-
utive time points (#; and #;1).

Stability Studies

The prepared tablets were subjected to stability studies
under accelerated stability conditions (40°C and 75% relative
humidity (RH)) for 3 months. Samples collected from the
stability chamber (Caron, 6030) after 1 and 3 months were
observed for physical appearance and tested for amorphous/
crystalline nature of the drug, drug content, and dissolution.
The similarity factor (f,) was calculated using the following

Eq. (7):

£2=50 log{ (1 + (%) Z,_l,,(Rt—Tt)z)oj x 100} (7)

where R, is the cumulative drug release of initial samples,
T, is the cumulative release of test sample at predetermined
time points, and N is the number of time points.

The £, value ranges from 1 to 100: the higher the f, value,
the higher the similarity. An f, value greater than 50 is
considered similar.

Statistical Analysis

The statistical analysis of the in vitro drug release profiles
was performed using the GraphPad Prism software (Version
5.0, GraphPad Software Inc., La Jolla, CA, USA). One-way
ANOVA followed by Tukey’s multiple comparison test was
performed to compare the drug release profiles of different

formulations. For values of p < 0.05, differences were
considered statistically significant.

RESULTS AND DISCUSSION
Preformulation Results

Phase-Solubility and Thermal Analysis

The phase-solubility studies indicated that the apparent
solubility of FEN increased linearly as a function of GEL
concentration. The improvement of drug solubility could be
attributed to the amphiphilic nature of GEL; improved
wetting characteristics and micellar solubilization are two
possible mechanisms (53, 54) for improved solubility of FEN.
The solubility increased by approximately 73-fold in the 2%
GEL solution (142.34 + 2.2 mg/L) compared to its solubility
in water (1.94 + 0.12 mg/L). K. was calculated as 6 mM
from the linear plot of the phase-solubility diagram. Higuchi
and Connors defined this type of linear relation as A; phase
diagram (45).

DSC

The sharp endothermic peaks at 82.40°C and 48.15°C
correspond to the melting peaks of FEN and GEL, respec-
tively. These values were in agreement with those reported by
previous studies (52, 55). The low melting point of GEL
makes it a suitable carrier for melt granulation and extrusion.

Screening of Adsorbent Carrier

Among the different adsorbents that were screened, melt
granulation of GEL with NEU US2 grade resulted in
granules with suitable flow properties (angle of repose: 34°),
whereas NEU S2 and Ceolus grades formed a waxy material,
which on cooling turned into large chunks and hard cake,
respectively. The difference in the flow properties and
appearance of the product could be attributed to their
differences in adsorbing capacity due to the difference in
particle size, pore size, pore volume, surface functionality,
specific surface area values, etc. (56). Silica grades exhibit
better adsorbing capacity than MCC (57). Therefore, the US2
grade was selected as the adsorbent for the twin-screw
granulation process. In the formulations without an adsor-
bent, the product existed as a semi-solid that turned to a waxy
solid upon cooling.
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Twin-Screw Granulation

Process temperatures of 60°C and 100°C were studied
for formulations (F1 to F3). Similar torque values were
observed at both processing temperatures (0.155-0.167 Nm).
The formulations prepared at 100°C did not exhibit any
thermal events at the melting temperature of FEN, whereas
an endothermic peak at the melting temperature of FEN was
observed in formulations prepared at 60°C, indicating the
crystalline nature of the drug (data not shown).

These events suggest the significance of processing
temperature on physical state of API in TSMG. Therefore,
a 100°C process temperature and 100 rpm screw speed were
used in the granulation process to ensure efficient mixing
between GEL and FEN and simultaneous adsorption on to
US2. The process torque values were low (0.155-0.167 Nm)
and similar for all the formulations; however, a significant
difference was observed in the appearance and physical
properties (density and PSD) of the formulations. GEL in
molten form additionally acts as a binder; it is responsible for
granule formation. Coarser granules were formed with
formulations F1 and F5; they required milling and sieving,
whereas F2, F3, F4, and F6 exhibited the desired size and
required only sieving for downstream processing.

PSD

The PSD data (Fig. 1) indicated that the granule size of
the formulations was influenced by the US2 levels in the
formulations. The particle size of formulations F1 and F5 was
greater than 850 um, whereas the fraction of granules above
250 pm in formulations F2 and F3 was approximately 51%
and 27%, respectively. This might be due to the saturation of
pores of US2 in the case of F1 and F5, which led to the
deposition of excessive material on the surface of US2,
thereby increasing the granule size. However, a major
proportion of granules in formulations F4 and F6 were less
than 180 pm (61.8% and 92.6%, respectively). The granule
growth (size) was also dependent on the ratio of molten
components to adsorbent of the formulations. The higher the
proportion of molten components in the formulation, the
larger is the granule size. An increase in GEL concentration
with a simultaneous decrease in US2 levels promoted

100 A

% granules retained

>850 600-425

mF1 mF5 mF2 F3

425-250
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granulation. The levels of GEL and US2 and the ratio of
molten components to adsorbent are displayed in Table I.

Solid-State Characterization

DSC and PXRD

DSC studies were performed to determine the physical
state of the drug in the physical mixtures and the prepared
formulations. In the F1 physical mixture, endothermic peaks
were observed at 45.07°C and 82.09°C, which corresponded
to the melting point of GEL and FEN, respectively. Whereas
in the F6 physical mixture, a single endotherm at 81°C
corresponds to the melting temperature of FEN; however, the
intensity is greatly reduced in the F6 physical mixture. This
could be attributed to the lower drug load (25% w/w) in F6
PM compared to the F1 PM (33% w/w). For granules, the
endotherm at 42°C corresponded to the melting temperature
of GEL, and the low intense endotherms between 65 and
70°C corresponded to the melting suppression of FEN  (Fig.
2a), indicating the miscibility between GEL and FEN (58).
The enthalpy values for the formulations are significantly
lower (1.3 to 5.0) compared to the 86.02)/g of pure FEN.
However, no endothermic peak was identified in the F6
granules, confirming the amorphous conversion of the drug in
the formulation. Moreover, the depression in melting point
was greater in formulations with higher GEL concentration.

In the PXRD studies, crystalline FEN exhibited charac-
teristic peaks at 12.1°, 14.5°, 16.9°, 21.0°, 22.4°, 24.2°, and
24.9° (Fig. 2b), whereas GEL exhibited peaks at 17.6°, 18.9°,
and 22.9°. In the prepared formulations, peaks appeared at
23.07° and 19.09°, matching with the peaks for GEL.
Additionally, several low intensity peaks appeared in formu-
lations F1, F2, and FS5, providing no conclusive evidence
regarding the nature of the drug in these formulations. No
characteristic peaks of crystalline FEN were observed in F6,
confirming the amorphous nature of the drug.

The DSC and PXRD data indicate that there was a faint
presence of crystalline FEN in the granule formulations F1,
F2, and F5, while the drug was completely amorphous in the
F6 formulation.

®F4 ®mF6 mF1PM

250-180  180-125  125-75 Less than75

size fraction (um)

Fig. 1. Particle-size distribution in formulations F1-F6 and F1 physical mixture
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Fig. 2. a DSC thermograms of FEN drug, GEL, F1 and F6 physical mixtures and formulations (F1 to F6).
b X-ray diffractogram of pure FEN, GEL, and formulations F1, F2, F5, and F6

FTIR

The FTIR spectra of FEN, GEL, US2, physical
mixtures, and granule formulations are shown in Fig. 3.
The FTIR analysis of pure FEN showed absorption at 1725
cm ™! for C=0 stretching of the ester group, 1649 cm ™' for
the C=O ketone group, and 2984 cm ' for aromatic
stretching (59, 60). The spectrum of GEL showed absorp-
tion bands at 2885, 1736, 1467, 1341, 1103, 959, and 842 cm’!
(61). US2 exhibited characteristic peaks at 3466 and 994 cm”
!, Similar peaks appeared in the physical mixtures and
granule formulations (Fig. 3), indicating that FEN was
compatible with GEL and US2. In formulations with lower
levels of US2 (F1 and F5), an excess amount of GEL-FEN
deposited on the surface of US2, promoting granule growth
and intense peaks that were observed at wavenumbers
corresponding to those of GEL and FEN in these granule
formulations (Fig. 3).

In Vitro Drug Release Studies of Granules
In in vitro drug release studies of granules with water

containing 0.025 M SLS as drug release media, there was an
8-10-fold increase in dissolution compared to pure FEN (Fig.

Fo6

4a). Among all the formulations, F5 exhibited the highest
IDR, followed by F1, F2, F3, F6, and F4; the percentage drug
release at the end of 60 min (Qg) followed the same order as
IDR. F5 exhibited the highest and lowest DE and MDT
values (Table III), respectively. The dissolution profiles of
most formulations were similar (f> value greater than 50);
however, the formulations exhibited different DE, MDT, and
IDR values.

The dissolution and phase-solubility studies showed
contrasting results. The dissolution studies indicated that the
dissolution was dependent on the (a) US2 levels and (b)
molten (FEN+GEL)-to-adsorbent proportions in the formu-
lations rather than the ratio of FEN to GEL and drug load.
This is illustrated in Fig. 4b and c; in formulations F1 to F3,
the ratio of FEN:GEL increased from 1:1 to 1:2. However,
the dissolution was higher with the F1 formulation (Fig. 4b).
In the case of the F3 and F5 formulations, although both the
formulations had the same FEN:GEL ratio (1:2), the drug
release was significantly higher with the F5 formulation. This
could be attributed to the lower US2 concentration (25% w/w
vs. 40% w/w) and higher molten portion-adsorbent ratio in F5
(3:1) than in F3 (3:2).

Dissolution studies were further conducted in media with
reduced SLS concentration (water + 0.01 M SLS and water +

/\
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Fig. 3. FTIR spectra of pure FEN, GEL, physical mixtures, and formulations
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Fig. 4. Dissolution profiles of a pure drug FEN and formulations in water + 0.025M SLS, b formulations F1, F2, and F3, and

¢ formulations F3 and F5

0.005 M SLS) to achieve discrimination. The drug release
from formulations in 0.01 M SLS was higher than that with
FEN drug; the dissolution trend (F5>F1>F2>F3>F6>F4)
remained the same as that observed with a higher concentra-
tion of SLS in the dissolution media. However, the percentage
dissolution decreased in water with 0.005 M SLS; a maximum
drug release of 50% was achieved with the F5 formulation,
whereas the other formulations showed a drug release of less
than 30% (Fig. 5b). In 0.01 M SLS media, the percentage drug
release was 94.80 = 3.92, 88.00 + 2.33, 85.50 + 1.25, 76.50 +
1.14, 67.70 = 0.86, and 70.90 + 1.43 at the end of 2 h of
dissolution for the formulations F1, F2, F3, F4, F5, and F6,
respectively (Fig. 5a). Discrimination was achieved between
the F1, F2, and F5 formulations in 0.005 M SLS compared to
0.01 M and 0.025 M SLS. The f, values are tabulated in
Supplementary Table ST1. A one-way ANOVA results
indicated a statistically significant (p<0.05) difference in the

dissolution profiles of formulations compared to FEN APl in
all of the dissolution media.

Formulations F1, F2 and F5 despite their relatively high
crystallinity exhibited increased dissolution profiles compared
to the less crystalline F3, F4, and F6. According to the
dissolution profiles, the lower the levels of US2 in the
formulation, the greater is the miscibility between FEN and
GEL during the granulation process; therefore, the dissolu-
tion is greater. The US2 levels were in the following order:
F5>F1>F2>F3>F4>F6. Hence, the dissolution trend followed
the same order. Supplementary Figure S1 illustrates the Q;s
value (percentage drug release after 15 min of dissolution in
0.025 M SLS) and PSD at different GEL, US2, and molten-
to-adsorbent proportions.
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Table III. Summary of Dissolution Parameters for FEN and Formulations (n=6); DE;s, DE3, and DEg, Are Dissolution Efficiency Values at
15, 30, and 60 min; Q5 and Qg Are the % Drug Released at 15 and 60 min; MDT, MDR, and IDR Are the Mean Dissolution Time, Mean
Dissolution Rate, and Initial Dissolution Rate, Respectively

Media Formulation F1 F2 F3 F4 F5 Fo6 API
Parameter

0.025M SLS in water Qs 77.1 61.33 50.64 54.88 88.2 59 2.21
Qo 94.79 94.15 89.5 79.76 98.08 80.94 5.52
DE5, 59.73 51.36 44.78 43.81 68.27 46.96 1.88
DEqgg 75.37 70.34 64.3 58.58 82.81 61.46 3.09
MDT 14.13 18.74 22.95 22.85 9.69 21.16 60.22
MDR 1.82 1.65 1.39 1.37 2.03 1.45 0.08
IDR 5.14 4.29 3.88 3.66 5.88 3.93 0.15

0.01M SLS in water Qs 56.39 47.74 4411 37.62 81.49 39.15 1.06
Qs 77.92 72.82 66.78 57.38 92.11 58.96 245
DEj3g 44.42 38.58 35.84 30.52 62.63 31.53 0.91
DEqg 52.63 46.61 43.44 36.94 71.44 38.01 1.179
MDT 23.14 27.2 25.12 2747 12.42 28.81 53.77
MDR 1.39 1.22 1.13 0.97 1.88 1 0.03
IDR 3.76 3.18 2.94 2.51 543 2.61 0.07

0.005M SLS in water Qs 11.1 9.44 7.55 9.59 16.07 12.06 0.07
Qg0 31.87 28.23 24.4 18.98 51.39 23.31 0.23
DEj3g 10.82 9.31 8.01 8.67 16.03 10.49 0.067
DEqg 15.12 13.19 11.68 11.21 23.12 13.55 0.096
MDT 27.27 32.09 31.29 29.49 25.27 20.16 77.47
MDR 0.37 0.32 0.27 0.28 0.55 0.33 0.0034
IDR 0.74 0.63 0.5 0.64 1.07 0.8 0.0048

SEM

The SEM images of FEN exhibited crystals with a
smooth surface; those of GEL were clustered with rough
surfaces. US2 appeared as porous spherical particles. The
SEM images of granules (Fig. 6) were consistent with the
observations from the PSD studies. Granulation was signifi-
cant in the F1 and F5 formulations; in the other formulations,
the components were loosely bound. The morphology of the
granules can influence mechanical properties, such as
flowability and compressibility characteristics, which could
be advantageous to the development of tablets. The
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concentration of US2 in the formulation significantly influ-
enced granule-size distribution. Higher levels of adsorbent in
the formulation offers greater surface area for adsorption,
resulting in smaller granules; in contrast, at lower surfactant
levels, FEN-GEL component was adsorbed in multiple layers,
resulting in coarser granules.

Evaluation of Flow Properties and Tableting

Evaluation of the flow properties indicate that the
granules obtained from the melt granulation of the F2
formulation and milling of F1 and F5 exhibit better
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Fig. 5. Dissolution profiles of pure drug FEN and formulations in a water + 0.01 M SLS and b water +

0.005M SLS
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compressibility (CL: 15-20, fair flow properties) than those
obtained from F3, F4, and F6 (CI: 26-31, poor flow
properties). Formulations F1, F2 and F5 also exhibited better
dissolution properties compared to the F3, F4, and F6
formulations. Therefore, F1, F2 and F5 granules were further
processed into tablets by blending granules with excipients
(MCC, Ac-Di-Sol®), followed by compression and adjusting
the compression force such that the hardness was 5-6 KP. The
friability, hardness, disintegration, tensile strength, and assay
values of the prepared tablets are provided in Table IV. The
tensile strength of the tablets was greater than 1 Mpa (1.1 to
1.3); this ensures the mechanical strength of the tablets to
withstand distribution (62, 63). T1 exhibits the fastest
disintegration time compared to T2 and T3 possibly due to
the higher extra granular proportion in T1. The prepared
tablets were subjected to dissolution and stability studies.

In Vitro Dissolution Studies of Tablets

The dissolution profiles of the granules have been
compared with those of their respective tablets to evaluate
the influence of tableting on dissolution. T1 and F1 exhibited
similar drug release profiles (> > 50; 72.4), whereas T2 and
T3 failed in showing similarity (Fig. 7) to their respective
granules F2 and F5 (f;, < 50).

Additionally, T2 and T3 exhibited higher disintegration
time than T1 possibly due to the relatively lower extra
granular proportion (20% w/w) in T2 and T3 than in T1
(40% w/w). The additional 20% extra granular proportion in
T1 was constituted by MCC, which acts as a self-
disintegrating agent. Moreover, it acts complimentary with
super disintegrants to promote disintegration (64—66). On the
basis of these results, T2 and T3 tablets were reformulated,
increasing the extra granular proportion to 40% w/w as in

Table IV. Tablet Physical Properties and Assay Results

Tablet # % friability ~ Disintegration time (min)  Assay (%)
T1 (F1) 0.11+0.03 7.78+1.69 97.82+0.82
T2 (F2) 0.15+0.02 10.11+0.37 98.92+0.43
T3 (F5) 0.13+0.05 15.08+1.04 99.12+0.98
T2_R" 0.18+0.04 8.83+0.82 98.62+0.78
T3_R* 0.10+0.04 12.13+0.82 99.42+1.28

R”, Reformulated tablets

Fig. 6. SEM x100 images of a FEN, b GEL, ¢ NEU, d F2 PM, e F5 PM, f F6 PM, g F1, h F2,1i F3, j F4, k F5, and 1 F6

tablet T1; the reformulated tablets of T2 and its correspond-
ing granules (F2) showed similar dissolution (Fig. 8b) profiles
(f> > 50; 82.4), whereas reformulated T3 failed to show
similarity with F5 (f, < 50). Although F5 granules exhibited
the best dissolution profile of all the six formulations,
compression had decreased the dissolution rate possibly
because the material deposited on the US2 surface in F5
granules had higher GEL (50% w/w) concentration; com-
pression induces contact between the surface GEL particles
and results in the formation of a hard matrix, which ultimately
results in slower dissolution. This was additionally evidenced
in the disintegration studies. The extra granular proportion
significantly influenced the dissolution of tablets; increasing
the extra granular proportion increased the dissolution rates.

Stability Studies

Tablets T1 and reformulated T2 were subjected to
stability studies under accelerated storage conditions (40°C/
75% RH). T2R tablet formulations were stable at 40°C and
75% RH for 3 months with respect to the amorphous nature
of the drug and dissolution profile, as confirmed through DSC
(Fig. 9) and dissolution studies. However, the T1 tablets
exhibited slight recrystallization of FEN and appearance of an
endothermic peak at approximately 80.5°C in the stability
samples; additionally, the peak intensity increased in the 3rd
month compared with the 1st month stability samples. The T1
tablets failed in the stability studies. The f, value for the T1
initial and T1 1M was less than 50, whereas the T2R tablets
showed similar release profiles to that of initial samples even
after 3 months of stability (f, > 50; 62.13), substantiating the
similarity of the release profiles and stability of the samples.
The failure of T1 in the stability studies could be attributed to
the following factors: (a) phase separation of GEL and FEN
during storage, as evidenced in DSC studies, (b) increase in
disintegration time of the T1 stability samples, and (c) melting
onset of GEL of approximately 38°C in formulations. Upon
storage at 40°C, GEL softens and forms into a hard matrix,
resulting in increased disintegration times, and it also resists
the permeation of dissolution media into the tablet matrix.
These changes were not observed in T2_R; the higher
concentration of US2 provides sufficient surface area and
prevents GEL recrystallization/phase separation. The drug
content (%) values for T1 and T2 ranged from 98.9 + 1.2 to
102.6 + 0.9%, respectively.
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CONCLUSION simultaneous decrease in US2 enhanced the granule growth,

To the best of our knowledge, this is the first study to
successfully investigate TSMG for the preparation of granules
using GEL and US2 to improve the dissolution of FEN in a one-
step process. The dissolution of FEN was enhanced in all the
formulations compared to pure FEN. However, the rate and
extent of dissolution were largely dependent on the concentra-
tion of US2 and molten portion-to-adsorbent ratio in the
formulation. An increase in GEL concentration with a

T1 Initial

T1 1M 40°C/75%RH

T1 3M 40°C/75%RH

dissolution, and flow properties of the formulations (granules).
In the compressed tablets, a higher GEL concentration (%w/w)
decreased the dissolution rate; however, a higher US2 concen-
tration (%w/w) improved the stability of the tablets, preventing
recrystallization of FEN, as observed in the DSC studies. Twin-
screw granulation using GEL and US2 is an easy and continuous
process. However, systematic optimization of each component
is required to produce a product with high dissolution rate and
downstream capabilities.

T2 Initial

T2 1M 40°C/75%RH

T2 3M 40°C/75%RH
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Fig. 8. DSC thermograms of T1 and T2 initial and stability samples
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