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Abstract. The aim of the study was to investigate the effect of novel polymer/lipid formulations on the
dissolution rates of the water insoluble indomethacin (INM), co-processed by hot melt extrusion (HME).
Formulations consisted of the hydrophilic hydroxypropyl methyl cellulose polymer (HPMCAS) and
stearoyl macrogol-32 glycerides—Gelucire 50/13 (GLC) were processed with a twin screw extruder to
produce solid dispersions. The extrudates characterized by X-ray powder diffraction (XRPD), differential
scanning calorimetry (DSC) and hot stage microscopy (HSM) indicated the presence of amorphous INM
within the polymer/lipid matrices. In-line monitoring via near-infrared (NIR) spectroscopy revealed
significant peak shifts indicating possible interactions and H-bonding formation between the drug and
the polymer/lipid carriers. Furthermore, in vitro dissolution studies showed a synergistic effect of the
polymer/lipid carrier with 2-h lag time in acidic media followed by enhanced INM dissolution rates at

pH>5.5.
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INTRODUCTION

The advances of high throughput screening and combi-
national chemistry resulted in an increased number of phar-
maceutical active compounds which require further
development to produce finish products (1). More than 40%
of newly synthesized compounds are highly hydrophobic and
water insoluble and thus it remains a key challenge for phar-
maceutical scientists to improve the aqueous solubility of
these poorly water-soluble drugs (1,2). Therefore, advanced
formulation optimisation and pharmaceutical processing tech-
nologies are required to overcome solubility issues and thus
enabling the oral delivery of poorly water-soluble drugs. A
number of approaches and techniques have been investigated
for dissolution enhancement including particle size reduction,
salt formation, lipid-based formulation and solubilization (3),
co-evaporation (4), hot spin mixing (5), roll-mixing or co-
milling (6), freeze-drying (7), spray drying (8,9), supercritical
fluid processing (SFP) (10) and hot melt extrusion (HME)
(1,2,11). HME offers several advantages over the aforemen-
tioned technologies as it is cost efficient, solvent free and easy
to scale up processes and it can be developed in a continuous
manufacturing manner (12-16).
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HME has been used extensively to enhance the dissolu-
tion rate of various poorly water-soluble drug candidates quite
often leading to the formation of amorphous or molecularly
dispersed drug forms (1,2) either in polymeric or lipidic car-
riers. In a traditional HME processing, mainly binary mixtures
of powdered formulations (e.g. drug with polymers or lipids)
are used. New novel processes of melt extrusion techniques
involving two or more carriers (matrices) such as lipid and
polymers, along with the active substance, can be proven ad-
vantageous over the traditional HME processing. This could
be attributed to the simultaneous optimization and develop-
ment a multi-layered extrudates at the end of the process (17).
This emerging co-extrusion of polymer/lipid carriers could
potentially enhance dissolution rates of poorly water-soluble
drugs aiming to provide a synergistic effect (17). Hydrophilic
polymers have shown significant increase of drug dissolution
rates while several lipids are used to increase solubility of
insoluble drugs. Recently, in order to ensure the product qual-
ity and in-line measurement of critical product parameters,
Food and Drug Administration (FDA) launched a new initia-
tive called ‘process analytical technology (PAT)’ to control and
understand the manufacturing process (CDER PAT subcom-
mittee, 2005). Near-infrared (NIR) spectroscopy is to date
considered one of the most common techniques suitable for
varied PAT applications, which have resulted in several studies
in the pharmaceutical and nutritional fields. It has been report-
ed that the NIR spectroscopy can be used to facilitate both
quantitative and qualitative analysis such as drug crystallinity
and polymer-drug or polymer-polymer interactions and the
drug dissolution rates during an HME process (18-22).
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Delayed release formulations are suitable vehicles for
modification of the release of drug at specific target areas
within the gastrointestinal tract. These formulations are usu-
ally designed to protect the drug against a gastric environment
and prevent the release of the drug before reaching the target
site. Thus, the delayed release formulations may have in-
creased importance due to their distinctive advantages in both
technological and therapeutic aspects such as modification of
drug release, free dispersion in the gastro intestinal tract
(23,24).

The aim of this study was to investigate for the first time
the effect of a novel polymer/lipid combinations as carrier
matrices during the extrusion processing and evaluate the
synergistic effects on the dissolution rates of the water insolu-
ble drug, indomethacin (INM). In addition, an in-line NIR
probe was used to monitor critical product quality attributes
(e.g. amorphicity or drug/polymer/lipid interactions)

MATERIALS AND METHODS

Materials

Indomethacin (INM) was purchased from Sigma Aldrich
(Gillingham, Dorset, UK). Hydrophilic polymer hydroxypro-
pyl methyl cellulose grade AQOAT AS-LF (HPMC) and
Stearoyl macrogol-32 glycerides grade Gelucire 50/13 (GLC)
were provided by ShinEtsu (Japan) and Gattefosse (Lyon,
France), respectively. The HPLC solvents were of analytical
grade and purchased from Fisher Chemicals (UK). All mate-
rials were used as received.

Hot Melt Extrusion Processing

Various compositions of INM/GLC/HPMCAS physical
blends were mixed properly in 100 g batches as shown in
Table 1. A Turbula TF2 mixer (Basel, Switzerland) was used
to blend drug/polymer/lipid physical mixtures properly for
10 min to achieve uniformity of the powder. Formulations
were prepared at various INM/HPMCAS/GLC (%, w/w) ra-
tios with 20-40% drug loadings (%, w/w ratios). The
extrudates were processed with a twin screw extruder
(Eurolab 16, ThermoFisher, Germany) in order to obtain
drug/polymer/lipid extrudates with a diameter of 2 mm at
50-150 rpm using 1-kg/h feed rate. The screw configuration
(L/D ratio 40) used has thee kneading zones with 10 kneading
blocks each. The first kneading zone was configured as 30°,
40° and 60° angle while the second kneading zone was config-
ured at 60° followed by a third kneading zone just before the
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die end at 90° angles. The collected extrudates were cut into
small pellets (of 1 mm length) by using ThermoFisher
(Germany) pelletizer. Extrusion process was optimized and
performed at 120-140°C (as shown in Table I). The
manufactured pellets were further micronized to obtain gran-
ules by using a cutter mill (Retsch, Germany) with
250 pm mesh.

The Hansen solubility parameters () of both the drug
and the polymer were calculated by using the Hoftyzer and
van Krevelen method (25,26) according to the following
equation:

5=1\/6+6, +5, (1)

Where
> Fa VP D> En
=g =g =\

i=structural groups within the molecule, d=the total sol-
ubility parameter, F;;=molar attraction constant due to molar
dispersion forces, FQ[,,;:molar attraction constant due to molar
polarization forces, E;;=hydrogen bonding energy, Vi=group
contribution to molar volume.

Scanning Electron Microscopy Analysis

The spatial distribution of discreet chemical phases
was evaluated using a cold-cathode field-emission gun
scanning electron microscope (Hitachi SU8030 FEG-
SEM, Japan). The samples were placed on double-sided
carbon adhesive tabs and coated with carbon (Edwards
306 high vacuum carbon evaporation) before scanning
electron microscopy (SEM) analysis. The surface analysis
to characterize the morphology of the pellets was evalu-
ated using SEM at a nominal magnification of 1000x
(area=0.127 mmx=0.095 mm). The accelerating voltage of
the incident electron beam was set at 8 kV. This value
was selected in order to minimize beam damage to the
sample while maintaining adequate excitation.

Differential Scanning Calorimetry Analysis
The physical state of pure drug, pure lipid, physical mix-

tures and extrudates was examined by using Mettler-Toledo
823e (Greifensee, Switzerland). Samples were prepared with

Table I. Formulation Compositions using INM, GLC and HPMCAS

No INM (%) GLC (%) HPMCAS (%) Screw speed (rpm) Temp. (°C) Extrudates Solid dispersions
F1 20 40 40 150 120 Granules

F2 30 35 35 100 120 Granules/pellets

F3 30 35 35 150 140 Granules/pellets

F4 40 30 30 50 140 Granules X

F5 40 30 30 150 140 Granules X

F6 30 - 70 50 140 Granules X

INM indomethacin, GLC Gelucire 50/13, HPMCAS hydroxypropyl methyl cellulose
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In-line monitoring via NIR
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Fig. 1. Manufacturing of INM pellets through HME processing

an initial weight of approximately 4-5 mg in sealed aluminium
pan with lid. The samples heated from —30 to 200°C at 10°C/
min scanning rate under nitrogen (N;) atmosphere. The GLC
was heated from 0 to 80°C at the same scanning rate due to
the low melting point.

Hot Stage Microscopy Analysis

Characterization of INM in the molten lipid/polymeric
carrier was assessed using hot stage microscopy. During test-
ing, an Olympus BX60 microscope (Olympus Corp., Center
Valley, PA) with Insight QE camera (Diagnostic Instruments,
Inc., Sterling Heights, MI) was used to visually observe sam-
ples, while a FPS2HT hot stage controlled by a FP 90 central
processor (Mettler Toledo, Columbus, OH) was used to main-
tain temperatures between 20 and 150°C. Images were cap-
tured under visible and polarized light using Spot Advance
Software (Diagnostic Instruments, Inc.).

Powder X-Ray Diffraction

X-ray diffraction was used to assess the solid state of the
extrudates. X-ray powder diffraction (XRPD) was performed

Fig. 2. SEM images of (a—¢) INM/HMPCAS/GLC physical mixture and (d—f) INM/HMPCAS/GLC extruded

formulation (F1)

for bulk drug, lipid, physical mixtures and extruded formula-
tions. A Bruker D8 Advance in theta-theta mode was used
with Cu anode at 40 kV and 40 mA, parallel beam Goebel
mirror, Lynxeye Position Sensitive Detector with 3° opening
and LynxIris at 6.5 mm, 0.2 mm exit slit and sample rotation
was 15 rpm. The samples were scanned from 2° to 40° 2 theta
with a step size of 0.02° 2 theta using 0.2 s per step counting
time; 176 channels actives on PSD making a total counting
time of 35.2 per step.

In-Line Near-Infrared Spectroscopy

Near-infrared spectrometry was performed during extru-
sion using an Antaris II NIR spectrometer (Thermo Scientific,
UK) equipped with a halogen NIR source and InGaAs detec-
tor. The instrument used a fibre optic probe connected to the
NIR spectrometer and was used for in-line monitoring. NIR
spectra were collected in real-time during the entire extrusion
process via a fibre optic diffuse reflectance probe. All NIR in-
line spectra were continuously collected using the RESULT
Integration software (Version 3.0 Thermo Scientific, UK).
Each spectrum was acquired by averaging 32 scans with a
resolution of 16 cm ™' over the 4000-10,000 cm ™' wavenumber
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Fig. 3. DSC thermal transitions of bulk IND, HPMCAS, GLC and the extrudates

range. The acquisition of a full spectrum took approximately
16 s. The spectral pre-processing was performed using the TQ
Analyst software (Version 8.6.12 Thermo Scientific, UK).

In vitro Drug Release Studies

In vitro dissolution study was carried out by using a
Varian 705 DS dissolution paddle apparatus (Varian Inc.
North Carolina, USA) at 100 rpm and 37+0.5°C. One hun-
dred milligrammes equivalent of INM was used in each disso-
lution vessels. Seven hundred fifty millilitre of 0.1 M HCI

Table II. DSC Thermal Transitions of Bulk Drug, Polymer, Lipid and
the Extruded Formulations

Formulations Glass transition or Melting endotherm/
melting endotherm/ enthalpy (°C/AH, Jg ™)
enthalpy (°C/AH, Jg )

INM - 161.18/115.33

GLC - 45.32/143.67

HPMCAS 128.21% -

F1 86.14% -

F2 88.31% -

F3 95.76* -

F4 35.76/27.70 153.48/0.64

F5 44.15/78.01 146.49/4.08

F6 71.46/26.01 145.91/8.12

INM indomethacin, GLC Gelucire 50/13, HPMCAS hydroxypropyl
methyl cellulose
“ Glass transition

solution was used as dissolution media to keep the pH 1.2
for the first 2 h, and then the pH was adjusted to 6.8 using a
solution of 0.2 M of dihydrogen sodium orthophosphate (ad-
justed with NaOH). About 2-3 ml of solutions were with-
drawn in predetermine time intervals for determining the
release of INM. All dissolutions were performed in triplicates.

HPLC Analysis

The release of INM was determined by HPLC. An
Agilent Technologies system equipped with a HYCROME
4889, 5 pmx150 mmx4 mm column at 276 nm was used for
the INM HPLC assay. The mobile phase consisted of metha-
nol/water/acetic acid (60:40:1, v/v/v). The flow rate was 1.5 ml/
min and the retention time INM was about 4 min. The INM
calibration curve (R*=0.9998), at concentrations varying from
10 to 50 pg/ml, were used to evaluate all the samples with 20 ul
injection volume.

RESULTS AND DISCUSSION

HME Processing

Extrusion processing was optimized to obtain the
extrudates as yellowish pellets of 1 mm length of granules by
feeding the pellets in a cutter mill (Fig. 1). The temperature
profiles, screw speed and the feed rate were found to be the
critical processing parameters (CPP) for the development of
the extruded pellets or granules. During the optimisation of
the process to manufacture INM controlled release formula-
tions, a range of temperature profiles from 120 to 140°C were
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evaluated and subsequently processing conditions and outputs
such as shear force, torque, feed rate and screw speed were
optimized.

By keeping the final processing condition and the
throughput of the drug/polymer/lipid powder blends, final
batches of formulations were extruded as shown in
Table I with a feed rate of 1 kg/h and a screw speed of
50-150 rpm. All conveyed extruded strands via a com-
pressed air conveyor belt facilitated the feeding of the
extrudates to the pelletizer attached at the end of the
conveyor. The pelletizer resulted in the production of
the pellets with 1 mm length. The length of the pellets
was homogenously cut into pieces by pelletizer as the
speed and processing conditions were adjusted.

All formulations were easily extruded to produce strands
with INM loadings varying from 20 to 40% (w/w ratio). All
materials were found to be miscible according to the Hansen
solubility parameters (62) (25,26). The estimated solubility
values of INM (22.8 MPa'??), HPMCAS (25.30 MPa'?) and
GLC (19.8 MPa'?) showed a difference of A6<7.0 MPa'”?
suggesting complete miscibility with each other (Supp.
Table 1). Although INM presents a high melting point, the
polymer/lipid formulations were extruded at relative low tem-
peratures due to the addition of the lipid, which acted as a
plasticizer. However, as it can be seen in Table I, due to the
requirements for increased drug loadings (30-40%) and high
throughput (1 kg/h), the extrusion temperature profiles were
adjusted to higher temperatures. The reason for these changes
was to improve formulation processability and prevent the
creation high torque in the extrusion barrels.

SEM Analysis
Surface morphology was examined by SEM for both the

drug/polymer/lipid physical mixtures and the extrudates (EXT).
As can be seen in Fig. 2a—c, the drug crystals appeared to be

(if)

v)

Fig. 4. HSM thermograms of INM/HMPCAS/GLC extrudates
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(i)

INM/HPMCAS/GLC

(vi)

irregular in shape (needle type) and size. The physical mixture
of the drug and carrier (lipid/polymer) showed the presence of
drug in the crystalline form, which is distinguishable from the
HME granules. In case of extrudates (Fig. 2d—f), it was difficult
to distinguish the presence of drug crystals. This could be due to
the presence of amorphous INM onto the lipid/polymeric ma-
trices during the extrusion processing (more details in the DSC
and XRD sections). Furthermore, the sieving analysis (data not
shown) after the optimized micronisation of the pellets present-
ed particle sizes lower than 500 pm for all extruded formulations
ranging from 40 to 250 um.

Thermal Analysis

Differential scanning calorimetry (DSC) was used to de-
termine the solid state of the drug in the extruded matrices as
well as to outline any possible intermolecular drug-lipid-
polymer interactions. Figure 3 shows the thermal transitions
of pure INM, GLC and HMPCAS. The bulk INM showed an
endothermic thermal transition at 161.18°C (AH=115.33 j/g),
which corresponds to its melting peak while GLC exhibited an
endothermic sharp melting peak at 45.32°C (AH=143.67°C).
Similarly, the bulk HMPCAS pure showed a step change due
to glass transition temperature at 128.21°C. The DSC analysis
(Fig. 3) of the extruded F1-F2 formulations showed a shift of
the HMPC glass transition at lower temperatures at 86.14 and
88.31°C, respectively, while the INM melting endotherm dis-
appeared from the 161°C compare to the bulk substance.
These results indicate the existence of INM amorphous state
within the extruded matrices (1), and it is attributed to the
possible drug-lipid-polymer intermolecular interactions dur-
ing the extrusions. The same composition (F3) was processed
at high screw rates and extrusion temperatures, and IND was
also found in amorphous state (data not shown). However,
different thermal events were recorded for the other extruded
formulations (F4-F6) as shown in Table II. These formulations
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Fig. 5. a X-ray diffractograms of INM pure and INM/HMPCAS/GLC physical mix (PM) and INM/
HMPCAS/GLC extrudates (EXT). b X-ray diffractograms of INM/HMPCAS extrudates (EXT)

revealed melting endotherms due to the presence of crystal-
line drug in the extruded formulations (data not shown). In
addition, the binary physical mixture (F6) showed a melting
endotherm due to the presence of crystalline INM at 135.84°C
(AH=17.85°C). In contrast, the extrudates revealed two en-
dothermic thermal events at 71.46°C corresponding to the
melting of crystalline drug and another one at relatively higher
temperature at 145.91°C due to the Tg of the amorphous
polymer (Supp. Fig.1) indicating the existence of crystalline
INM in the system.

Hot stage microscopy (HSM) studies were conducted to
visually determine the thermal transitions and the extent of
drug melting within the polymer/lipid matrices at different
stages of heating. Images taken using HSM under optical light
are shown in Fig. 4. The bulk INM showed no changes up to
150-160°C, which is in agreement with the DSC results as
thermal transition due to the melting of the drug occurred at
161°C. Similarly to the DSC thermograms, the INM/HMPC/
GLC extrudates (F2) showed nominal API solubilization into
the hydrophilic molten polymer/lipidic matrices up to 100—

120°C and thereafter showed complete solubilization of the
drug (Fig. 4). This could potentially be attributed to the inter-
molecular interactions or possibly the solubilization of the
drug into polymer/lipid matrices during the extrusion
processing.

X-Ray Powder Diffraction Analysis

The drug-polymer-lipid extrudates, including the bulk
drug and physical mixtures of the same composition, were
studied by X-ray analysis, and the diffractograms were record-
ed to examine the crystalline state of INM. As can be seen
from Fig. 5a, the diffractogram of pure INM (average particle
size below 100 pm) showed distinct intensity peaks at 10.17°,
11.62°, 17.02°, 19.60°, 21.82°, 23.99°, 26.61°, 29.37°, 30.32°,
33.55° degree 20. The physical mixtures of INM formulation
showed identical peaks at lower intensities suggesting that the
drug retained its crystallinity. In contrast, no distinct intense
peaks due to INM were observed in the diffractograms of the
extruded F1-F3 formulations. The absence of INM intensity
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peaks indicates the presence of amorphous INM into the
polymer/lipid matrix complementing the findings from
DSC. However, INM/HMPCAS (binary) extruded formu-
lation (F6) revealed distinct intensity peaks of the drug at
12-17° 26 and 22-27° 26 values (Fig. 5b), simply indicates
the presence of crystalline drug in the extruded formula-
tion. Some additional XRD results of F4-F6 extruded
formulations are provided in supplementary documents
(Supp. Fig. la-d). All additional formulations showed
characteristic peaks of the crystalline INM at relatively
lower intensity which indicates the presence of crystalline
drug in the extruded formulations. This could be due the
averse or incomplete mixing during the extrusion process-
ing while the presence of the lipid as third excipient has
facilitated the homogenous mixing and thus the interac-
tions. Hence, the presence of the lipidic carrier facilitated
the formation of amorphous solid dispersions with high
drug loading.

In-Line Near-Infrared Spectroscopy

In a continuous manufacturing system of any dosage
forms, it is paramount to control and monitor quality attri-
butes of the processed materials for enhanced product perfor-
mance. In order to monitor critical quality attributes of the
drug within the hydrophilic polymeric/lipidic matrices, a near-
infrared (NIR) fibre probe was used as process analytical
technology (PAT) tool and all the in-line data generated dur-
ing the process were collected using the appropriate software
package. NIR spectra of INM, HMPCAS, GLC pure were
measured off-line to determine the characteristic vibrational
bands attributable to the chemical structures of the bulk sub-
stance (Fig. 6a). Subsequently, in-line NIR spectra of the INM/
HMPCAS/GLC extruded formulations were collected from
different mixing zones during extrusion processing. The sec-
ond derivative spectra, in Fig. 6b, shows a significant band
shift between the NIR spectrum of bulk INM and the
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37°C, paddle speed 100 rpm)

extruded formulations. The peak shifts at 4664, 5789,
6006 cm™! are mainly due to the interactions between INM
and the carriers. In addition, the increased peak intensity
suggests the formation of strong intermolecular interactions.
Interestingly, a new peak at 2549 cm-1, which does not exist in
the bulk materials and the physical mixture, appeared in the
extruded formulations. This peak corresponds to second over-
tone of the C=0 stretching mode of the C-H---O=C hydro-
gen bonding between INM and probably HPMCAS. It is
obvious that the second derivative peaks exhibited a frequen-
cy shift towards higher wave numbers compared to that of
bulk substances. These changes in the spectrum could be
attributed to the interaction (e.g. hydrogen bonding) (27)
involved in the solid dispersion formation between the drug
and carriers.

In vitro Dissolution Study

The dissolution behaviour of the processed formulations
was assessed for extruded granules (average particle size
250 pm) and pellets (1 mm) in comparison to the bulk INM
powder. As shown if Fig. 7 (and Supp. Fig. 3), a lag time with
no drug release was observed for 2 h in acidic dissolution
media for all of the extruded formulations. It appears that
the polymer has a predominant effect and prevents drug re-
lease at low pH values. At higher pH values, INM was rapidly
released within 1 h. The lag time was attributed to the pH
dependency of HMPCAS, which dissolves at higher pH 5.5
(28).

Interestingly, HMPCAS/GLC showed a synergistic effect
resulting INM release in faster rates compared to those of
INM/HMPC extrudates. It can be clearly seen that extruded
polymer/lipid formulations affected significantly INM dissolu-
tion rates (Fig. 7). The synergistic effect of GLC/HMPCAS

revealed a release of about 90% in 30 min while for
HMPCAS/INM (F6), only 20% was released after 3 h in basic
media. There was no significant difference observed between
the extruded pellets and granules of F1-F3 investigated by
calculating the similarity factor (f2). According to the FDA
guidelines, release curves are considered similar when the
calculated f2 is 50-100 (29).

However, the other extruded formulations F4-F6 showed
relatively low drug release due to the presence of higher INM
crystalline content in the extrudates (Supp. Fig 3). A careful
look in the release profiles of these formulations indicates that
high drug loadings screw speeds are critical parameters and
facilitate increased IND crystalline content in the extrudates.

CONCLUSIONS

In this study, novel polymer/lipid formulations were proc-
essed via HME to increase the dissolution rates of the poorly
water-soluble INM. The optimized process resulted in high
INM loaded formulations in the form of pellets or granules.
The solid state characterization revealed the amorphous state
of INM in the extruded formulations while the in-line NIR
monitoring showed significant peaks shifts (region 4600-
6000 cm-1) indicating possible drug/polymer/lipid interactions.
At low pH values (acidic media), the HMPC grade polymer
presented a predominant effect and no drug release was ob-
served while in alkaline media the polymer/lipid formulations
showed a synergistic effect with rapid dissolution rates.
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