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Abstract

Ellagic acid is one of the most studied polyphenolic compounds due to its numerous promising
therapeutic properties. However, this therapeutic potential remains difficult to exploit owing to its low
solubility and low permeability, resulting in low oral bioavailability. In order to allow an effective
therapeutic application of EA, it is therefore necessary to develop strategies that sufficiently enhance
its solubility, dissolution rate and bioavailability. For this purpose, solid dispersions based on pre-
selected polymers such as Eudragit® EPO, Soluplus® and Kollidon® VA 64, with 5% w/w ellagic acid
loading were prepared by hot extrusion and characterized by X-ray diffraction, FTIR spectroscopy and
in vitro dissolution tests in order to select the most suitable polymer for future investigations. The
results showed that Eudragit® EPO was the most promising polymer for ellagic acid solid dispersions
development because its extrudates allowed to obtain a solution supersaturated in ellagic acid that
was stable for at least 90 min. Moreover, the resulting apparent solubility was 20 times higher than
the actual solubility of ellagic acid. The extrudates also showed a high dissolution rate of ellagic acid
(96.25% in 15 min), compared to the corresponding physical mixture (6.52% in 15 min) or the pure
drug (1.56% in 15 min). Furthermore, increasing the loading rate of ellagic acid up to 12% in extrudates
based on this polymer did not negatively influence its release profile through dissolution tests.
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Abbreviations : API, Active Pharmaceutical Ingredient; ASD, Amorphous Solid Dispersions; ASS,
Amorphous solid solutions; CSD, crystalline solid dispersions; EA, Ellagic Acid; HME, Hot Melt Extrusion;
HPMC, Hydroxypropyl Methylcellulose; PVP, Polyvinylpyrrolidone; SD, Solid Dispersions; Taeg,
degradation temperature; Tg, glass transition temperature.

1. Introduction

Limited aqueous solubility of current active pharmaceutical ingredients (APIs) which belong to class Il
or IV of the Biopharmaceutical Classification System (BCS) is one of the main challenges the
pharmaceutical industry faces (Goke et al., 2018; Tran and Park, 2021). The consequence of this
unsatisfactory physicochemical property of the APIs is an insufficient dissolution rate, resulting in poor
absorption and low bioavailability (Nyamba et al., 2021). Different approaches can be used to
overcome the solubility and bioavailability issues (Anane-Adjei et al., 2022; Spoerk et al., 2022). One
of these consists in incorporating the poorly soluble compounds in Solid Dispersions (SD) (Mendonsa
et al., 2020). Indeed, SD might lead to particle size reduction, improved wetting, reduced
agglomeration, changes in the drug physical state and disperse it on a molecular level (Asati Amit et
al., 2020). Currently, there are numerous methods available for SD preparation, each of which has its
advantages as well as limitations (Maha F. Emam et al., 2021). The quality of the final product is
influenced by various factors, such as the basic principle involved in the method, suitability of the
method, types of formulations, processing window, and practical problems involved in the process. SD
preparation methods can be broadly classified into solvent-based methods and melting or fusion
methods. Solvent-based methods include spray drying, electrospraying, and rotary evaporation,
wherein the drug and polymer are dissolved in a solvent which is then evaporated to form SD. They
are suitable for thermolabile drugs soluble in volatile solvents and the selection of the solvent system
that can solubilize the drug-polymer mixture and be compatible with the formulation is the most
difficult aspect of their utilization. Indeed, poor or partial solubility of the constituents may lead to
longer processing times and non-homogenous SD (lyer et al., 2021; Tran et al., 2019). While fusion
methods do not require the use of organic solvents, degradation of the drug substance due to high
processing temperatures is a concern. They include microwave heating, melt agglomeration, three-
dimensional printing and HME. HME is one of the most efficient methods to synthesize SD (Mendonsa
et al., 2020). Commonly employed in the plastics industry, the use of HME has gained favor in drug
delivery applications both in academia and pharmaceutical industry (Tran et al., 2021). Indeed, it offers
several advantages including the absence of solvents, less processing steps, continuous operation and
great technology flexibility (Wilson et al., 2012). Thus, HME is used to manufacture various drug
delivery systems such as granules, pellets, immediate and modified release tablets, implants,
transdermal systems, taste- masked oral fast dissolving systems, floating drug delivery systems and
ophthalmic implants (Repka et al., 2007; Thiry et al., 2017). HME can be described as the process of
converting raw material into a product of uniform shape and density by forcing it through a die under
defined conditions (Maniruzzaman et al., 2012). Pharmaceutical formulations by HME include the
heating and softening of a mixture of drug and thermoplastic polymer, followed by the extrusion of
the melt through a die into cylinders or films (Sarode et al., 2013). Other excipients such as plasticizers,



surfactants, disintegrants, salts and antioxidants can be added if required (Repka et al., 2007). Three
types of SD obtained by HME are crystalline solid dispersions (CSD), amorphous solid dispersions (ASD)
and amorphous solid solutions (ASS) (Janssens and Van den Mooter, 2009; Restrepo-Uribe et al., 2019).
In CSD, the drug is dispersed as crystals in amorphous polymer phase (Vo et al., 2013). CSD are achieved
when the thermal and mechanical energy inputs of the extruder are not sufficient to convert the
crystalline form of the drug into its amorphous one. Thermographs from differential scanning
calorimetry (DSC) analysis of CSD show the presence of the crystalline APl melting point and the glass
transition temperature (T;) of the amorphous polymer (Shah et al., 2013). Since the drug remains in its
crystalline state, CSD are very stable but less water soluble. In ASD, the drug substance is transformed
into amorphous state, but it is not molecularly dispersed in the polymer matrix. Their DSC
thermographs are characterized by the presence of two T, (Tambosi et al., 2018). ASD can be unstable
since the amorphous API can revert to the crystalline form. In the case of ASS, the APIs are molecularly
dispersed in the polymeric matrix that exhibits a single T, (Huang and Dai, 2014; Tambosi et al., 2018).
ASS is therefore more stable and have a longer shelf life. Furthermore, the interaction forces between
drug and polymer are stronger than the self-association forces among the drug molecules themselves.
The crucial challenge in the development of SD is the selection of the most suitable polymer to combine
with a given drug (Maha F. Emam et al., 2021; Matrose et al., 2021). Indeed, the capacity to produce
the spring and parachute effect during dissolution of SD while maintaining ASD/ASS stability during
storage, is strongly dependent on the polymer characteristics (Meng et al., 2015b). To identify the most
suitable polymer, a variety of screening approaches can be applied (Anderson, 2018). Thus, some
authors use as screening approaches, the Flory-Huggins interaction parameter, the comparison of
Hansen solubility parameters (Jankovic et al., 2019), the calculation of drug- polymer mixing enthalpy
(Price et al., 2019), surface free energy measurement by inverse gas chromatography (Skolakova et al.,
2019), melting point depression method and experimental screening of polymers for amorphous drug
stabilization (Anderson, 2018; Meng et al., 2015b; Parikh et al., 2015). However, no standardized
method for measuring drug-polymer solubility, miscibility and affinity with efficacy has yet been
established. We are still deficient in selecting of excipients for a given drug molecule to be formulated
into a stable SD (Tian et al., 2020).

Ellagic acid (EA) is a polyphenolic active compound with antimalarial and other promising therapeutic
activities (Soh et al., 2009; Zazueta, 2015). EA is in class IV of the Biopharmaceutical Classification
System because of its low permeability and poor water-solubility properties (Bala et al., 2005; Nyamba
et al., 2021). Its estimated melting point is more than 360 °C. Being soluble neither in water nor in oils,
EA belongs to the group of molecules called “brick dust”. For these drugs, the use of co-solvents,
nanoparticles or SD can be interesting formulation approaches to overcome the limitations of
solubility, dissolution and bioavailability (Ayad, 2015). Furthermore, different authors produced EA SD
by the solvent evaporation method that significantly improved its solubility, supporting the hypothesis
that the production of SD would be a promising approach for improving the solubility and oral
bioavailability of EA (Yuan et al., 2021). However, to the best of our knowledge, the production of EA
SD by HME has not been explored to date certainly because of its melting point estimated at more
than 360 °C. In order to evaluate the potential of this approach, this first study aimed to select an
appropriate polymer to use.



2. Materials and methods

2.1. MATERIALS

Ellagic acid dihydrate (98%) (Fluorochem Ltd Unit 14, Graphite Way Hadfield, Derbyshire, United
Kingdom), acetonitrile HPLC grade (J.T. Baker, Deventer, The Netherlands), hydrochloric acid (37% wt.
%) for analysis and monosodium phosphate (Ph. Eur, Merck, Darmstadt, Germany) were purchased.
Dimethylaminoethyl methacrylate, butyl methacrylate and methyl methacrylate (Eudragit® EPO) was
donated by Evonik (Darm-stadt, Germany). Polyvinyl caprolactam-polyvinyl acetate-polyethylene
glycols (Soluplus®) and polyvinylpyrrolidone vinyl acetate 64 (Kollidon® VA64) were gifts from BASF
(Ludwigshaven, Germany) and ultrapure water was produced by a Milli-Q system (Millipore, Bredford,
MA, USA). All the other reagents and solvents were of analytical grade. The names, structures, and
physicochemical properties of the polymers and drug used are given in Fig. 1.

2.2. METHODS

2.2.1. POLYMER PRE-SELECTION CRITERIA

Different criteria were established to pre-select three polymers among the most used in HME. The list
of these polymers was built by J. Thiry et al in 2016 (Thiry et al., 2016). Thus, the desired polymers
must have the following characteristics:

e asafety of usei.e.,, inert, and generally recognized as safe.

e alow hygroscopicity in order to present a good flow during extrusion process.

e agood solubility in acidic medium to present immediate release characteristics of EA.

e a glass transition (Tg) temperature between 50 and 140 °C, in order to have a favor
antiplasticization of amorphous drug and an easy use during the extrusion process at
reasonable temperature for pharmaceutical processes which does not exceed 180 °C.

e a degradation temperature (Tdeg) at least 100 °C higher than the Tg to avoid the risk of
degradation during the extrusion process.

e athermoplastic behavior in order to be processable in HME.

2.2.2. THERMAL CHARACTERIZATION OF RAW MATERIALS

Thermogravimetric analyses (TGA) of EA and polymers were performed using the TGA Q 500 (TA
Instrument, New Castle, USA). Approximately 10 mg of raw materials were placed in small aluminum
pans which were then placed on a high precision balance before being introduced into a hermetic
furnace. The samples were then heated from room temperature to 500 °C at a temperature heating
rate of 25 °C min™?, using a nitrogen purge at 80 mL min™! for EA and from room temperature to 300
°C for polymers. The weight loss of the samples as a function of temperature was recorded.

Differential scanning calorimetry (DSC) curves of polymers and EA were obtained with the Mettler-
Toledo® DSC 1 (Schwerzenbach, Switzerland) controlled by STARe System software. Samples between
5.0 and 10.0 mg were accurately weighed in aluminum pans, which were crimped before testing, with



an empty crimped aluminum pan being used as the reference pan. The samples were then analyzed
under a nitrogen atmosphere at a temperature heating rate of 10 °C min~%. The EA analysis was initially
performed from 25 °C to 400 °C. To clarify the results obtained, samples were placed in hermetically
sealed aluminum pans with holes in the top, heated from 25 to 120 °C to remove moisture and then
rapidly cooled to 25 °C. These samples were then heated to 520 °C to determine the melting point of
EA. The polymeric samples were heated from 25 °C to 200 °C to determine the glass transition
temperatures.

2.2.3. FILM CASTING

The film casting method is used to evaluate the miscibility, solubility and stability of various
polymer/API blends. In this study, 20 mg of physical blends consisting of different ratios (10/90, 20/80,
30/70, 40/ 60, 50/50, and 60/40 % w/w) of EA and polymer were dissolved in a minimal volume of
methanol. The solutions were then poured onto glass plates and left at room temperature for 24 h to
obtain thin films after solvent evaporation. The films were then visually inspected according to
literature data provided by Lang et al. (Lang et al., 2014). Blank samples consisting of EA or polymer
were also made for comparison.

2.2.4. MANUFACTURE OF SOLID DISPERSIONS

EA SD were prepared by hot melt extrusion, using an 18 mm twin screw hot melt extruder (L/D = 24,
Scamex1, Crosne, France) with a standard screw configuration containing 2 kneading zones and a 2
mm die. Physical mixtures (50 g) consisting of 5% w/w EA and 95% polymer were homogenized for 20
min with a Turbulal shaker-mixer (Clifton, USA). The mixtures were then loaded into the volumetric
feeder of the extruder which fed the barrel through two screws rotating at 1 rpm. The extruder screws
speed was set at 25 rpm and the temperature gradient applied to the 5 heating zones of the barrel
was based on the polymer used. These temperatures were 155 °C, 160 °C, 165 °C, 170 °C and 175 °C
for Soluplus®, 160 °C, 165 °C, 170 °C, 175 °C and 180 °C for Eudragit® EPO and Kollidon® VA64.

2.2.5. DETERMINATION OF DRUG CONTENT

To determine the percentage of EA in the extrudates, samples equivalent to 1 mg EA were accurately
weighed from the milled extrudates and dissolved in methanol. The concentration of EA in the resulting
solutions was determined by high-performance liquid chromatography (HPLC), using an Agilent 1100
HPLC system (Agilent Technologies, Santa Clara, CA). Chromatographic separation was performed
using a LiChrospher®100 RP-18 column (125x4 mm, 5 um) at a temperature of 40.0 °C. The mobile
phase flow rate consisting of phosphate buffer pH 2.5 and acetonitrile (75:25 v/v), was kept constant
at 1.0 mL/min. The injection volume was 50 uL, the total analysis time was 6 min, and EA was detected
at the wavelength of 254 nm. The results were analyzed using Agilent OpenLAB Control Panel software.
The percentage EA content was calculated relative to the theoretical mass of EA dissolved in methanol.

2.2.6. IN VITRO NON SINK DISSOLUTION TESTING

In order to use samples with comparable particle sizes, the extrudates were milled using a commercial
grinder (Frewitt FreDrive-Lab HammerWitt-Lab, Granges-Paccot, Switzerland) and then passed



through a sieve with mesh openings of 0.35 um. The milled extrudates, physical mixtures and pure EA
were manually encapsulated into a size O colorless gelatin capsule, containing 2 mg of the drug. This
amount allowed the conduction of the dissolution tests under non-sink conditions in order to obtain a
potential supersaturation of EA in the dissolution medium. Dissolution was performed using the Sotax®
AT7 (Sotax, The Netherlands) USPII paddle method apparatus. The stirring speed was 100 rpm, the
temperature was maintained at 37 £ 0.5 °C and the medium was 1000 mL of 0.1 N HCI. A volume of 2
mL was sampled and replaced with fresh media at intervals of 5 min, 15 min, 30 min, 45 min, 60 min,
75 min and 90 min, filtered on a Millex-HV Durapore® PVDF filter (0.45 um, 13 mm diameter) before
being analyzed by HPLC as described above. The dissolution profiles of EA from the milled extrudates
were compared to those from the physical mixture and the pure drug, using two-way ANOVA tests.

2.2.7. X-RAY POWDER DIFFRACTION (XRPD)

To evaluate the crystallinity, X-ray diffractograms of raw material (EA and polymers) and the different
milled extrudates were collected, using a Bruker D8 TWIN-TWIN diffractometer in Bragg-Brentano
configuration (Cu Kalpha radiation, variable divergence slit V6, sample rotation 15 rpm) with a Lynxeye
XET detector in 1D mode (192 channels) and a total scan time of 15 min or 40 min for a 0.02° step size.

2.2.8. FOURIER TRANSFORMS INFRARED SPECTROSCOPY (FTIR)

Mid-infrared spectra of EA, polymeric carriers, physical mixtures, as well as extrudates, were
performed using a Frontier FT-IR spectrophotometer (Perkin Elmer, Waltham, USA) equipped with a
diamond crystal ATR device and a DTGS detector. Measurements were made at room temperature on
the samples directly placed on the ATR and the scanning range of 4000 to 650 cm™. The FT-IR spectra
of the extrudates were then compared with those of pure EA, polymers and physical mixtures.

2.2.9. EAAQUEOUS SOLUBILITY DETERMINATION

An excess amount of EA (1 mg) was put in 10 mL of miliQ water or HCL0.1 N. The resulting suspensions
were stirred at 37 °C for 24 h using a shaking bath at a speed of 140 rpm and then filtered on a Millex-
HV Durapore® PVDF filter (0.45 um, 13 mm diameter) before being analyzed by HPLC.

2.2.10. DRUG LOADING ENHANCEMENT

To determine the ideal drug loading in the most promising polymer i.e. Eudragit® EPO, SD with
increasing amounts of EA (7.5%, 10% and 12% w/w) were prepared. The screw speed of the extruder
was adjusted to 100 rpm and the feed rate was set at 4 rpm. The screw configuration as well as the
applied temperature gradient were the same as those used previously (section 2.2.3).

2.2.11. STATISTICAL ANALYSIS

The data statistics were performed using Graphpad Prism version 5.03 software (GraphPad Software,
Inc., La Jolla, CA, USA) by two-way ANOVA test and Tuckey tests. The results are presented as mean +
SD. Statistical differences were considered significant between the groups if the p-value was < 0.05. All
experiments were carried out in triplicate (n = 3).



3. Results and discussion

3.1. PRE-SELECTION OF POLYMERS

The application of the required ideal characteristics to the list of the common polymers used in HME
(Thiry et al, 2016) has allowed to retain five polymers, Eudragit® EPO, Soluplus®, Kollidon® VA 64,
Kollidon® 12 PF (PVP) and Affinisol® (HPMC). Kollidon® 12 PF and Affinisol® HPMC were then dismissed.
In a previous study, Bin Li et al demonstrated that PVP was not a practical candidate for EA SD. Indeed,
while EA and PVP -based SD, produced by solvent evaporation during their study, increased the
solubility of EA more than 45-fold, EA recrystallized very rapidly from supersaturated EA solutions
formed by these SD (Li et al., 2013). This instability is one of the main drawbacks of SD as it may negate
the advantages of these forms in terms of improved solubility and bioavailability compared to pure
drug. It occurs when drug-polymer interactions are not sufficient to delay nucleation and/or crystal
growth of the API (Kong et al., 2023). Therefore, Bin Li et al. recommended the cellulose derivatives,
particularly hydroxypropyl methylcellulose acetate succinate (HPMCAS) to improve the solubility and
stability of EA. However, this polymer being soluble in water at pH higher than 5.5, it is not a good
candidate for the production of EA-based immediate release forms (Sarode et al., 2014). Yuan et al.
also produced by solvent evaporation method EA and PVP-based SD that increased the solubility of EA
by more than 20 times. However, these authors did not evaluate the ability of these SD to form and
maintain supersaturated EA solutions (Yuan et al., 2021). Affinisol® (HPMC) is much more used as an
excipient for the production of modified release forms by HME (Zhang et al., 2017). Furthermore,
extrusion tests carried out by our research group with physical mixtures containing 5% EA and 95% (w/
w) Affinisol® (HPMC), resulted in increases in extruder torque up to 40 Nm, blocking the screws.
Eudragit® EPO, the first of the three selected polymers, is a copolymer of methyl methacrylate (25%),
butyl methacrylate (25%) and dimethylamino ethylmethacrylate (50%). The carbonyl groups act as
proton acceptors and are able to interact with proton donating groups. In addition, the nitrogen of the
dimethylamino group is a strong base, making Eudragit® EPO a pH-dependent solubility polymer (Liu
et al., 2010). Thus, at neutral pH values, Eudragit® EPO is insoluble since the basic dimethylamino
groups are unionized (Salmani et al., 2015). On the contrary, at acidic pH values as the gastric medium,
these groups are ionized, resulting in rapid dissolution of the polymer (Gallardo et al., 2008). Eudragit®
EPO, widely reported as a hot-melt extrusion polymeric carrier, is therefore able to interact by ionic
bonds of cation/anion type with weak acids like EA (J. Li et al., 2015), although this type of interaction
has not been demonstrated. Soluplus® is an amphiphilic polymer exclusively synthesized for HME. It
enhances apparent solubility by the formation of micellar structures and non- covalent interactions
with the drug molecules. Kollidon® VA 64 is a semi-crystalline amphiphilic polymer. Due to its amide
structure, it provides APIs with hydrogen bond acceptors groups. It is therefore a suitable carrier for a
wide variety of drug (Patel and Serajuddin, 2022).

3.2. THERMAL ANALYSIS OF RAW MATERIALS

The thermal analysis method is an indispensable and well established routine tool for the
characterization of SD as well as the raw materials entering in their composition. TGA and DSC are two



of the most popular techniques (Liu et al., 2018). In order to define the temperature window in hot-
melt extrusion to avoid thermal degradation, TGA was used to evaluate the thermal stability of EA and
polymers. As illustrated in Fig. 2, EA was thermally stable up to 471 °C, although 2 % water related to
EA was lost at temperatures below 120 °C. EA then, gradually decomposes from this temperature and
the decomposition is complete at 493 °C. This result is close to that of Hussein et al. who found that
EA decomposed at 496 °C (Hussein et al., 2011). In another study, Y. Li et al. found strong
decomposition (82% weight loss) of pure EA at 635 °C (Y. Li et al., 2015). Similar results were also
reported by Mirulanini et al. (Arulmozhi et al., 2013). Avachat et al. found a single endothermic peak
at 302.78 °Cin the thermogram of EA and interpreted it as its degradation temperature (Avachat and
Patel, 2015). The data on the thermal behavior of EA remain heterogeneous, the only common point
being its stability at high temperatures. The degradation temperatures of the polymers (Fig. 1) were
230 °C, 250 °C and 278 °C for Kollidon® VA 64, Eudragit® EPO and Soluplus® respectively. Therefore,
the use of 180 °C (at least 50 °C below the Tq4eg) as the maximum extrusion temperature should present
a minimal risk of thermal degradation for our raw materials during the process.

DSC is the most common thermal analysis technique used for a wide range of applications, including
fundamental research, development of new materials and quality inspection in industrial production
(zheng et al.,, 2019). In this technique, the energy input associated with heating materials can be
measured to detect thermal transitions such as the melting point, glass transition, polymorphic form
transformation and recrystallization (Liu et al., 2018). The characterization of EA by DSC in this study,
was carried out in three steps. The first step carried out on a temperature range of 25 to 400 °C,
showed a thermogram with an endothermic peak at 112 °C probably related to the evaporation of the
water contained in the sample as already observed by Hussein et al. in 2011 (Hussein et al., 2011) and
Li et al. in 2021 (Li et al., 2021). Furthermore, Davalos et al. found no significant change in the DSC ’
thermogram of anhydrous EA in the measurement range from -10 °C to 476 °C (Davalos et al., 2019).
However, the DSC thermogram obtained by Yuan et al. showed a sharp endothermic peak of around
154.6 °C, attributed by them as melting process (Yuan et al., 2021). These authors did not rule out the
possibility of an endothermic peak related to water evaporation since their EA standard had a purity
of 97%. The second step was performed at a temperature range of 25 to 120 °Cin order to remove the
moisture contained in the sample. The third step aimed at the determination of the melting point of
EA was spread over a temperature range from 25 to 520 °C. Asillustrated in Fig. 3, the DSC thermogram
does not show significant changes until the degradation of the EA around 490 °C materialized by an
endothermic peak. Therefore, the melting temperature of the EA has not been obtained. Bin Li et al.
2013 made the same observation and explained it by the degradation of EA at 360 °C (Li et al., 2013).
Indeed, many drugs are heat-sensitive, degrading upon or even before melting (Guo et al., 2014; Haser
et al., 2017). DSC may be the most widely used method in SD characterization. However, because of
this particular thermal behavior of EA, we opted for the use of XRPD to characterize the physical state
of EA in our extrudates. The thermal characteristics of the three polymers such as Tg are depicted in
the Fig. 1.



3.3. FILM CASTING

Film casting technique in which the active substance and the polymer are solubilized in an organic
solvent to generate uniform thickness films (Psimadas et al.,, 2012), was used to determine the
solubilization capacity of EA by each preselected polymer. This technique is widely used to discard
incompatible API-polymer excipient pairs because after film preparation, APl stability and
recrystallization can be assessed by thermal methods like DSC (Meng et al., 2015a). However, for
molecules like EA with very high melting points (estimated to be over 360 °C), well above the
degradation temperature of all the polymers used in this study, the use of DSC to characterize the
physical state of EA in films would require the application of high temperatures with the risk of
polymers degradation. The thin EA/polymer films obtained have been therefore visually inspected and
according to the literature (Lang et al., 2014), the transparent and opaque films have been considered
as amorphous and crystalline solid dispersions, respectively. Thus, films of Eudragit® EPO were
amorphous up to 20 % EA, those of Soluplus® up to 30% and those of Kollidon® VA 64 were crystalline
at 10% EA.

3.4. EA AQUEOUS SOLUBILITY STUDIES

The solubilities at 37 °C of EA in HCI 0.1 N and in purified water were 0.1 + 0.01 pg/mL and 1.48 £ 0.37
ug/mL, respectively. Because of its acidic nature, the solubility of EA in acid medium is lower than the
one in water (Bala et al., 2006). The samples were measured without any special treatment preventing
precipitation during cooling to room temperature. However, no precipitates were detected by visual
inspection that was performed on all samples prior measurement. The aqueous solubility is close to
what was observed by Y. Li et al. (1.8 £ 0.90 pug/mL) (V. Li et al., 2015) but very lower than that of Bala
et al (9.7 pug/mL). This disparity in results could be explained by methodological differences. Indeed,
the method used by Bala et al. consisted in sonicating the samples for 10 min before maintaining them
at 37 °Cin shaking water for five days. Aliquots were then withdrawn every 24 h, centrifuged, diluted
in phosphate buffer at pH 7.4 and the concentration of EA determined by UV absorbance. Equilibrium
was reached within five day. Sonication, analysis time and the use of phosphate buffer at pH 7.4 to
dilute the samples could have contributed to achieve higher solubility in their study.

3.5. MANUFACTURING OF SOLID DISPERSIONS BY HOT MELT EXTRUSION

During hot melt extrusion, thermal and mechanical energy from heated barrels and rotating screws is
applied to the drug and polymer blend resulting in a SD (Alsulays et al., 2015). The physical aspects of
SD depend on the physicochemical properties of the carrier and the drug, the drug-carrier interactions
and the preparation method (Liu et al., 2013). Furthermore, they orientate on the amorphous or
crystalline character of SD (Shah et al., 2013). The extrudates obtained from EA and the three selected
polymers were opaque (Fig. 4) evoking crystalline SD (CSD) rather than amorphous SD (ASD). Indeed,
to obtain ASD by HME, API must either melt or solubilize in the molten polymers during the extrusion
process (Moseson et al., 2020) which is typically performed at 20 °C above the melting point of the
drug (Haser et al., 2017). For EA, this temperature is greater than 380 °C, which is well above the
degradation temperature of the polymers used in this study. Therefore, treatment of EA at a maximum



of 180 °C by HME could lead to its amorphization if the polymer used sufficiently depressed its melting
temperature and/or if the shear induced by the screw speed was adequate (Haser et al., 2017). For
example, Tian et al. showed that processing APIs below their melting point for an ASD was possible
where there was high miscibility between the drug and the polymer (Tian et al., 2020). Furthermore,
Hughey et al., 2011 found that Kollidon® VA 64 had the ability to suppress the melting point of
meloxicam from 275 °Cto 175 °C (Hughey et al., 2011).

Although the non-amorphization of the API, its apparent solubility and dissolution rate from CSD
produced by HME can be significantly enhanced by parameters such as reducing drug particle size,
increasing drug wettability and forming soluble drug-carrier complexes (Li et al., 2020). Thus, CSD were
designed to improve the dissolution of three poorly water-soluble drugs with high melting point like
griseofulvin (10% and 50%), spironolactone (10%) and phenytoin (10%) in mannitol (Shah et al., 2013).
Moreover, the presence of crystallinity doesn’t raise the problem of physical stability compared to
amorphous one (Thommes et al., 2011).

3.6. CHARACTERISTICS OF THE SOLID DISPERSIONS

3.6.1. DRUG CONTENT

The EA content in the extrudates was evaluated by HPLC and ranged from 89.86 + 1.15 % to 98.71 +
2.06 % of its theoretical amount. Whatever the polymer used, it ranged from 97.71 + 1.34 % to 98.71
1+ 2.06 % and 89.86 + 1.15 % to 90.60 + 1.27 % for the extrudates obtained with a screw speed of 25
rpm (extrudates with 5% w/w EA loading) and 100 rpm (extrudates with 7.5, 10 and 12 % w/w EA
loading) respectively. The slight loss of APl observed during the HME process with a screw speed of 25
rpm could be explained by the equipment surface adherence. In fact, the EA is a fine powder that could
adhere to the feeder screws during the process. The EA loss is more significant when the screw speed
increases from 25 rpm to 100 during the HME process. This could be explained by the degradation of
the drug due to the increase of the material temperature (+20 °C) during the extrusion process. Indeed,
it is well known that an increase in screw speed leads to high shear, a rise in material temperature and
anincreased risk of drug degradation due to the increased mechanical energy (Ghosh et al., 2012; Reitz
et al., 2013).

3.6.2. X-RAY POWDER DIFFRACTION (XRPD)

The X-ray diffraction spectra of raw materials (A) and extrudates (B) are presented in Fig. 5. EA showed
peaks at 2 theta of 20.90°, 25.14°, 26.43°, 28.30° and 29.29°. With Eudragit® EPO extrudates, the EA
peak at 25.85° appeared at 25.14° and the most intense peak observed at 28.30° was absent, probably
due to a huge decrease of the EA crystallinity. However, this intense peak was present in the spectra
of Soluplus® and Kollidon® VA64 extrudates, confirming the presence of residual EA crystals. As the
above visual observations, the X-ray diffraction results confirm that EA, a high melting point drug, was
not completely amorphized during the extrusion process. The presence of the residual crystals proves
the inability of the process parameters and polymers to amorphize all of the EA with an extrusion
temperature of 180 °C (Huang et al., 2019; LaFountaine et al., 2016).



3.6.3. FOURIER TRANSFORMS INFRARED SPECTROSCOPY (FTIR)

FT-IR analysis was performed to identify chemical or physical interactions between EA and the different
polymeric carriers. FT-IR spectra of pure drug, polymers, and physical mixtures and SD samples are
presented in Fig. 6 (A, B and C). The spectra of EA, Eudragit® EPO, their physical mixture, and extrudates
are shown in Fig. 6 A. Pure EA showed six characteristic bands between 4000 and 1500 cm™. The first
two bands (at 3474 cm™and 3151 cm™) and the third one (at 1717 cm™) correspond to the valence
vibrations of the hydroxyl (O—H) and ketone (C = O) groups, respectively. The last three bands at 1615,
1582 and 1507 cm™ correspond to the C = C bond of the aromatic ring. In the fingerprint region
between 1500 and 650 cm™, several bands were also present. The bands at 1448 and 1398 cm™
correspond to the C—-H bond deformation vibrations and those at 1324 and 1033 cm™ are the
symmetric and asymmetric vibrations of the C-O bond. The band at 1189, 1109 and 753 cm™ are
respectively the vibration of the phenolic C-O bond, the C—C bond, and a substituted aromatic ring at
position 4. These results are similar to those of Savic et al (Savic et al., 2019). The FT-IR spectrum of
Eudragit® EPO showed a strong band at 1722 cm™, corresponding to the valence vibrations of the
carboxyl groups of the three monomers. The bands at 2951 and 2875 cm™ are attributed to asymmetric
and symmetric CHz groups, those at 2822 and 2767 cm™to the dimethylamino groups and the one at
1447 cm™ to the C—H bending vibration for the methyl group. The bands at 1270 and 1238 cm™are
due to the C-O stretching vibration of the ester group and the one at 1153 cm™ s attributed to the C-
N stretching absorption of the aliphatic amines and/or the C-O stretching vibration of the ester groups.
These observations are close to the previous ones made by other authors (Juppo et al., 2003; Menjoge
and Kulkarni, 2007). The FTIR spectrum of EA/ Eudragit® EPO extrudates is close to that of pure
Eudragit® EPO. The presence of EA is materialized by specific bands, notably those at 1582, 1356 and
817 cm™. However, the bands of the O—H group of EA at 3474 and 3135 cm™ were absent, probably
due to their involvement in the interaction with Eudragit® EPO. Indeed, the band of the EPO carboxyl
groups showed a broadening and a slight decrease in intensity, suggesting the formation of H-bonds
between the Eudragit® EPO carbonyl groups that accept H atoms from the OH groups of EA. Li et al.
have demonstrated the same type of interaction between Eudragit® EPO and curcumin, another poorly
water-soluble weak acid (J. Li et al., 2015). The spectrum of the physical mixture of EA with Eudragit®
EPO showed characteristic peaks of these two substances. However, a significant decrease of the
intensity of EA specific peaks is observed, suggesting some interactions between the two substances.
The FT-IR spectra of EA, Soluplus®, their physical mixture, and extrudates are shown in Fig. 6 B. A broad
band at 3463 cm-1 corresponding to the valence vibrations of free hydroxyl groups (O-H) and
stretching bands of asymmetric and symmetric CH groups are present at 2927 and 2865 cm™. The
valence vibration band of C = O esters, C = O tertiary amides and C- O-C group stretching appear at
1733, 1631 and 1480 cm™trespectively. The spectrum of Soluplus® / EA extrudates shows a broadening
of the band at 3463 cm™, masking the bands specific of EA OH groups. In addition, the C = O ester and
C = O tertiary amides bands of Soluplus® now appear at 1828 cm™instead of 1733 cm™and at 1652
cminstead of 1631 cm™, suggesting interactions between these groups with OH of EA. Similar results
were also observed in previous works (Shamma and Basha, 2013) (Djuris et al., 2013). In the physical
mixture, only a simple superposition of the spectra is observed, suggesting only limited interactions.
The FTIR spectra of EA, Kollidon® VA64, their physical mixture, and extrudates are shown in Fig. 6 C.



Kollidon® VA64 contains two hydrogen bonding receptor groups, derived from the C = O group of the
pyrrolidone ring with a vibrational band at 1669 cm™*and from vinyl acetate with a vibrational band at
1733 cm™. The FTIR spectra of the physical mixtures and extrudates shows a simple superposition of
the individual spectra, indicating limited interaction between EA and Kollidon® VA64. However, there
are changes in the intensity and position of the bands of the OH moieties of EA and those of the two
hydrogen bonding receptor groups of Kollidon® VA64.

3.6.4.IN VITRO NON-SINK DISSOLUTION TESTING

In vitro dissolution testing plays an important role in drug formulation development and quality control
because it may be relevant to the prediction of in vivo performance (Grignard et al., 2017; Markopoulos
et al., 2015). The results of the dissolution tests, intentionally performed under non-sink conditions,
are presented in Fig. 7. The EA release was much faster from all the extrudates than that from the
physical mixtures or pure EA powder. The dissolution rates obtained at 15 min with Soluplus®
extrudates, Soluplus® physical mixture and pure drug were 42.5 £ 0.70%, 9 + 0.30%, and 1.56 + 0.16%,
respectively. The maximum rate of EA dissolution from the extrudates depended on the polymers
used. It was 41.50 + 4.23 %, 54 + 0.74 % and 99.61 + 1.06 % with Kollidon® VA64, Soluplus® and
Eudragit® EPO respectively. Thus, the increase in apparent solubility of EA resulting from these
dissolution rates was 8.2, 10.8 and 19.92 times its actual solubility. Finally, the EA release profiles from
the extrudates were different from one polymer to another, confirming the complexity of using
polymeric matrices to accelerate the release of poorly soluble API (Shadambikar et al., 2020). With
Kollidon® VA64 extrudates, the EA release reached 41.50 + 4.23 % at 15 min and suddenly dropped,
probably due to a recrystallization resulting in the incapacity of this polymer to stabilize EA at
supersaturated concentration. This phenomenon occurs when the “parachute” effect of the polymer
to maintain the supersaturation fails. Polymeric excipients that increase the drug aqueous solubility
can decrease the free drug available for nuclei/ seed formation and thus, delay the nucleation.
Stabilization can be effective when the drug concentration in the polymer matrix is lower than its
solubility. In this case, the mixture is in an equilibrium state that preserves it from any unmixing process
(Rumondor et al., 2009). In the opposite case like EA - Kollidon® VA64 extrudates, it is apparent and
the recrystallization of the API can occur. The dissolution rate of the physical mixture and pure product
were 12.28 + 3.18% and 1.56 + 0.16% respectively.

On the contrary to Kollidon, the dissolution of EA from Soluplus® extrudates progressively increased
over time, reaching 42.5 £ 0.70% and 54 £ 0.74% at 15 min and 90 min respectively. The supersaturated
solutions of EA were thus more stable with Soluplus®, a polymeric solubilizer consists of 13 %
polyethylene glycol 6000, 57% polyvinylcaprolactam and 30% polyvinyl acetate. As already observed
by some authors (Hughey et al., 2013; Thiry et al., 2016), this structure leads to the formation of a gel
in agueous media, which slows down the release of the API. These authors also recommend the use
of sodium bicarbonate to decrease the gel effect of this polymer. Higuchi et al., have shown that
formulating the drug as a SD changes the dissolution behavior, whereby the dissolution rate of each
component depends on the composition and interactions. This result was then further investigated
and it is accepted that at high drug loadings, the polymer dissolves faster than the drug. In this case,
the drug release is slow and incongruent. At low drug loadings on the other hand, the drug dissolution



rate is dependent on the polymer dissolution rate. The drug release is therefore congruent. It is fast if
the polymer dissolves quickly and slow if the polymer dissolves slowly (Saboo et al., 2020, ). Thus, the
incomplete dissolution rate of EA from the Soluplus® extrudates with 5% w/w EA loading, could be
explained by the dissolution behavior of the polymer. Indeed, in addition to the gelling effect of
Soluplus® which may negatively impact the rate and extent of drug release, extrudate particles were
present in the dissolution media at the end of the tests. Used as a matrix polymer, as a solubilizer
through micelle formation in water and as a carrier in SD formation, Soluplus® has a high molecular
weight (118000 g/mol) slowing down its solubilization and consequently that of the drugs contained
in its SD at low loading rates (Guan et al., 2019). Another factor that could explain the incomplete
dissolution rate of Soluplus® extrudates could be the presence of crystalline residues revealed by
XRPD. Indeed, these residues dissolve much more slowly than the amorphous forms (Kanaujia et al.,
2015).

Compared to Soluplus® and Kollidon® VA64, Eudragit® EPO appears to be the most promising polymer
with regard to the improving of the EA solubility and bioavailability. Indeed, the EA release from
Eudragit® EPO extrudates was the most rapid and complete (p < 0.05) (96.25 +5.30 % and 99.61 + 1.06
% at 15 and 90 min). This stability of drug in the supersaturated state indicates a good interaction
between this polymer and EA. Eudragit® EPO being a cationic polymer, it is capable to establish
cation/anion bonds in solution with weak acids like EA (J. Li et al., 2015). However, this eventuality
remains unlikely in the present study because in acid medium, the weak acids are in a non- ionized
form. The formation of hydrogen bonds between EA hydroxyls as the donor and the oxygen atoms in
the methacrylate backbone of Eudragit® EPO as the acceptor, is the more probable interactions, as
suggested by the FT-IR results (Fig. 6) and the case with atorvastatin (Salmani et al., 2015).

3.7. EFFECT OF INCREASING DRUG LOAD ON EXTRUDATES CHARACTERISTICS

It seems well established that drug load has a direct impact on dissolution and subsequently on the
properties of the dissolved SD (Gottschalk et al., 2022). Indeed, an increase of the drug proportion
leads to a decrease in that of the polymer, which can have a negative impact on the dissolution rate
and the stability of the dissolved product (Shi et al., 2022). However, the low loaded polymer matrices
are only suitable for delivering low dose drugs (Hou et al., 2017). In fact, a low drug loading may result
in a high pill burden for the patient, arising from a large dosage form or multiple dosage units, hence
the need to find the optimum loading rate (Luebbert et al., 2017). In general, the drug loading range
of SD is often set between 10 and 30 % w/w with 25 % w/ w being the target drug loading and drug
loadings exceeding these i.e., up to 50 % are generally seen as the exception to the rule. However,
during preclinical development, optimum drug loading must be investigated on a case-by-case basis.
OMARIA® (Orissa Malaria Research Indigenous Attempt) is a pharmaceutical preparation used in India
for the treatment of malaria at a dose of 1 capsule/8h for 3 days or 1 capsule/day in prophylaxis for 2
weeks. Each capsule contains 825—-850 mg of sun-dried rinds from the immature fruits of pomegranate
(Punica granatum) including 13.5 % of EA (111.38-114.75 mg) (Dell’Agli et al., 2009). For such
therapeutic use, 6683.8—6885 mg of extrudates with 5% w/w EA loading will be required per day, which
may require several capsules per administration and could reduce patient compliance. Therefore, we



investigated using Eudragit® EPO, the most suitable polymer, the effect of increasing the loading rate
of EA on its dissolution profile and on the X-ray diffractograms of the extrudates.

Thus, physical mixtures of EA and Eudragit® EPO at 7.5/92.5%, 10/ 90% and 12/88% w/w have been
successfully extruded with a torque varying between 20Nm and 40Nm. Higher load of EA has not been
extruded because it required a torque higher than 40 Nm, the maximum usable with the extruder. As
can be observed in Fig. 8, any significantly decrease of the EA dissolution rate was observed with the
different extrudates. The extrudability of the physical blends therefore remains the main limiting
factor. The use of plasticizer could be an interesting approach to meet this challenge. The results of
the characterization of the extrudates by X-ray diffraction are presented in Fig. 9. As the diffractogram
of the extrudates with 5% w/w EA loading, that of the extrudates with 7.5% w/w does not show the
main EA peak at 28.30°, which may be due to the significant dissolution of EA in the polymer melt
during extrusion. This peak, on the other hand, is present in extrudates with higher EA content,
probably due to undissolved crystal residues.

4. Conclusion

This study aimed to select the more suitable polymer to be used for preparing by HME EA SD. Based
on the polymer properties compatible with HME process, three polymers (Eudragit® EPO, Kollidon®VA
64 and Soluplus®) have been retained and investigated. The X-Ray diffraction analysis has shown that
the solid dispersions (SD) with 5% w/w EA loading produced by HME all contained residual crystalline
drug. However, the drug release profiles from the three various polymeric extrudates were dissimilar.
While EA release from the Kollidon® VA64 extrudates recrystallize very quickly, that from Soluplus® is
progressive and incomplete for 90 min and that of Eudragit® EPO is rapid, complete, without any
recrystallization. Eudragit® EPO, which is extrudable up to 12% w/w EA loading while maintaining a
better dissolution profile, appears to be the most suitable polymer for the development of EA solid
dispersions by HME.
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Figures

Fig. 1. Names, structures and physicochemical properties of polymers and ellagic acid used in this study.
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Fig. 3. Thermogram of ellagic acid (EA) obtained by Differential scanning calorimetry (DSC) from 25 °C
To 520 °C (speed: 10 °C/min).

100 ————Sept -2.03 % Onset 471.85°C |
-0.18mg Endset 493.87°C

80

60

404

Masse remaining (%)

204

0 T T T T T T T T T T T T
0 40 80 120 160 200 240 280 320 360 400 440 480
Temperature (°C)

Fig. 4. Pictures of extrudates composed of EA/polymers (5/95 % w/w), obtained by HME. Picture
5X5cm2, 674X189 pixels taken with a digital camera. Extrudates of EA/Kollidon® VA64 (A),
EA/Soluplus® (B) and EA/Eudragit® EPO (C).
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Fig. 5. XRPD diffractograms of ellagic acid (EA), Eudragit® EPO (EPO), Soluplus® (SOL) and Kollidon®
VA64 (KOL) (A); EA and milled extrudates composed of EA/ polymer (5/95% w/w) produced by HME (B).
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Fig. 6. FTIR spectra of ellagic acid (black), Eudragit® EPO (blue), milled extrudates (green) and physical
mixture (red) composed of ellagic acid / Eudragit® EPO (5/ 95% w/w) (A); FTIR spectra of ellagic acid
(black), Soluplus® (blue), milled extrudates (green) and physical mixture (red) composed of ellagic acid
/ Soluplus® (5/ 95% w/w) (B) and FTIR spectra of ellagic acid (black), Kollidon® VA64 (blue), milled
extrudates (green) and physical mixture (red) composed of ellagic acid / Kollidon® VA64 (5/95% w/w)

(C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7. Drug dissolution profiles from physical mixtures composed of ellagic acid /polymer (5/95% w/w)
(dotted lines) and from pure ellagic acid and milled extrudates composed of ellagic acid /polymer
(5/95% w/w) (plain lines), obtained in 0.1 N HCL with size 0 capsules containing 2 mg of EA.
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Fig. 8. Effect of the increase of ellagic acid proportion in Eudragit® EPO on its dissolution profiles from
extrudates with 5% w/w (black), 7.5% w/w (red), 10% w/w (blue) and 12% w/w (green) EA loading.
These dissolution profiles were obtained in 0.1 N HCL with size O capsules containing 2 mg of ellagic

acid. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

100 ——t—— "
. EA‘Eudragn EPO
30 5/95 % w/w
3 —o EA/Eudragit® EPO
fc}; 60 7.5/92.5 % wiw
@
5 — EA/Eudragit® EPO
5, 404 10/90 % wiw
= 20 __ EA/Eudragit® EPO
12/88 % wiw
0 "'""I""'"I"""":"'"’"I"" | -+- EA solubility
0 20 40 60 30 100

Time (min)

Fig. 9. XRPD diffractograms of ellagic acid (black) and extrudates of ellagic acid / Eudragit® EPO
7.5/92.5% w/w (green), 10/90 % w/w (blue) and 12/ 88% w/w (red). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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