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Recently, Natural Deep Eutectic Solvents (NaDES) have emerged as potential solvents for boosting drug
bioavailability. In this work, the mechanism of solubility enhancement of some APIs belonging to BCS class II
(tolbutamide, nimesulide, domperidone and cinnarizine) in these eutectic bio-solvents was investigated in order
to get deeper insights into the molecular interactions between the NaDES components and the selected drugs.
Different NaDES formulations based on choline chloride, proline, solid organic acids (citric, tartaric and malic
acid), sugars (glucose and xylitol) and water were prepared by mild heating (70 °C). Characterization of
unloaded NaDES (pH, Karl Fisher titration, viscosity and FTIR analysis) indicated that the type of Hydrogen Bond
Acceptor (HBA) and Hydrogen Bond Donor (HBD), their molar ratio as well as water amount strongly affect the
extent of H-bonding interactions. Hard gelatin capsules filled with NaDES maintained their integrity until 6
months, proving that all water molecules participate in H-bond network. APIs’ solubility enhancement was
significant in all NaDES with respect to buffer solutions (pH 1.2 and 6.8). Analysing NaDES having Choline as
HBA, it was found that the solubility of smaller molecules increased using larger HBD, while higher molecular
weight APIs can be better inserted into the network formed by smaller HBD. NOE experiments demonstrated the
formation of a robust supramolecular structure among the protons of choline, those of organic acid and water. In
addition, 1D ROESY spectra revealed for the first time the crucial role of choline (methyl groups) in establishing
hydrophobic interactions with the relative aliphatic or aromatic portion of the drugs. These data suggest the
complex structure of the API-NaDES supramolecular assembly and underline that drug solubility is dependent on
a balance network of H-bonds and hydrophobic interactions as well. Understanding the type of interactions
between the API and NaDES is essential for their use as effective solubilisation aid.

1. Introduction

Nowadays the development of new formulation strategies for
increasing the bioavailability of poorly water-soluble APIs is still a pri-
mary goal in the pharmaceutical technology field. Orally administered
drugs, especially those belonging to BCS class II and IV, including new
drug candidates, often require a challenging formulation design and
suitable processing technologies to improve their limited solubility and/
or dissolution behaviour (Goke et al., 2018). The pursued strategies are
many and include, for example, crystal size reduction through several
downstream processes as dry or wet milling, as well as bottom-up
technologies as spray drying technique to obtain micronized powders,
nanocrystals or nanosuspensions (Merisko-Liversidge and Liversidge,
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2011)(Arora et al., 2018; Davis and Walker, 2018). Solubility
improvement by solid-state properties modification aims to obtain
amorphous drug dispersions (Bhujbal et al., 2021), co-crystals or poly-
morphs by means of enabling technologies based on either mechanical
(Hasa et al., 2015; Zanolla et al., 2018) and thermal aids (Bertoni et al.,
2019) or on solvent evaporation such as spray drying or freeze drying
(Davis and Walker, 2018). Other strategies include complexation and
the development of lipid-based micro/nano systems (Goke et al., 2018;
Patel et al., 2018). All these approaches display pros and cons; the major
issues are generally related to chemical and physical stability, limited
drug loading, numerous manufacturing steps which also involve sol-
vents, high production costs and low batch-to-batch reproducibility.

In the last decade, a great deal of attention has been addressed on
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more sustainable pharmaceutical manufacturing processes. Some of the
above-mentioned technologies are solvent free processes endorsing one
principle of green chemistry (Bertoni et al., 2022, 2021). Beside these
strategies, neoteric solvents, like Deep Eutectic Solvents (DES), repre-
sent an alternative approach for boosting drugs bioavailability (Alvarez
and Zhang, 2019). DES are eutectic mixture obtained by the complex-
ation of at least one Hydrogen Bond Acceptor (HBA) with a Hydrogen
Bond Donor (HBD). The charge delocalization occurring through
hydrogen bonding is responsible for the deep melting point depression
of the mixture relative to the melting points of the individual compo-
nents (Wang et al., 2019). These solvents display several interesting
properties, such as non-flammability, low-vapour pressure, ease of
preparation, tunability and high biocompatibility (Zhao et al., 2015).
Hence, they have been exploited in different fields of chemistry (Smith
et al., 2014)(i.e., extractions, organic synthesis, biochemistry, bio-
catalysis) up to the most recent application in the pharmaceutical for-
mulations (Hansen et al., 2021; Mokhtarpour et al., 2020; Zainal-Abidin
et al., 2019).

More recently, Natural DES (NaDES) have been evaluated for the
solubility and bioavailability enhancement of some poorly water-soluble
substances (Dai et al., 2013; Liu et al., 2018), among various applica-
tions. In particular, NaDES are binary or ternary systems constituted by
nontoxic substances naturally occurring in food and plants, such as
choline derivatives, sugars, amino acids and organic acids mixed in a
proper molar ratio. NaDES have attracted the attention of the scientific
community due to their sustainable properties. In fact, they can be
prepared by mild heating and gentle stirring and their components are
abundantly present in nature, readily available and biorenewable
(Misan et al., 2020).

Several papers have investigated the suitable combinations, prepa-
ration method and physicochemical properties of these bio-based sol-
vents (Dai et al., 2013; Sut et al., 2017). All the analysed NaDES
displayed strong intermolecular interactions via hydrogen bonding,
mainly dependent on the nature and amount of the neat components,
including water, often added to reduce both temperature and prepara-
tion time as well as the viscosity at RT (Craveiro et al., 2016; Savi et al.,
2019). The usual HBA are quaternary ammonium salts (e.g. choline
chloride) or amino acids (e.g. betaine, proline and glycine), while HBD
are sugars (e.g. sucrose, glucose, fructose among others) or organic acid
(mainly citric, tartaric and malic acids). Acids, amino acids and alcohols
may also behave as HBA. The number of their possible arrangements is
impressive and they might be designed as tailor-made solvents, ac-
cording to their intended application (Misan et al., 2020). Until now, the
selection and the combination between HBA and HBD has been mainly
based on a trial and error approach observing the formation of a clear
solution and its stability over time (Dai et al., 2013). Recently, several
studies have applied computational methods to better understand the
properties of the hydrogen bonded networks of NaDES (Hansen et al.,
2021).

Focusing on the solubilizing ability of NaDES, different combinations
of choline chloride, amino acids, sugars and organic acids have been
tested on several molecules and macromolecules. First, Dai and co-
workers (Dai et al., 2013) demonstrated that the solubility of rutin,
quercitin and cinnamic acid significantly increased in choline chloride
and glucose-based NaDES compared to water. Faggian and co-workers
enhanced the oral bioavailability of rutin in rats using a proline:gluta-
mic acid (1:1) eutectic mixture (Faggian et al., 2016). Similarly, the
bioavailability of berberine was increased up to 8 times administering to
mice a NaDES composed of proline, malic acid, lactic acid and water
(1:0.2:0.3:0.5) with respect to the water suspension (Sut et al., 2017).
Oliveras et al (Olivares et al., 2018) formulated a betaine and urea
(1:1.5) NaDES with a 2 % w/w water added to stabilize p-lactam anti-
biotics without affecting their antimicrobial activity. Further, the
enhancement of lidocaine solubilisation into different arginine based-
NaDES with several organic acids was attributed to the H-bonding be-
tween the DES components and the drug (Gutiérrez et al., 2019). More
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recently, the solubility of several drugs has been tested in a series of
NaDES with different composition, specifically choline chloride or
betaine-based, organic acid-based and sugar based and compared to the
corresponding solubility in neat solvents (acetic acid, lactic acid and
propylene glycol) (Mustafa et al., 2021). The authors observed an
improvement of the drug solubility in the tested NaDES, hypothesizing
the formation of a hydrogen bonds network between the NaDES and the
drug molecules. In particular, the greater solubility of trimethoprim and
methylphenidate in acidic NaDES has been related to bonds involving
the amino groups of drugs. In the case of spironolactone, griseofulvin
and nitrofurantoin the authors supposed that ketone groups in drug
structures may act as electron pair donors towards carboxyl moieties of
acids. The results suggested that, albeit with a different extent, the drugs
might have become part of a new supramolecular assembly based on H-
bonding and composed on NaDES components, the drug itself and water.
In this vein, a study was carried out to understand the nature of inter-
molecular interactions of choline-based DES and several hydrophobic
drugs (LogP 0.5-3.4) (Mokhtarpour et al., 2020). Since all the investi-
gated drugs have the ability to act as HBD or HBA, the authors stated
that drugs having carboxyl and/or hydroxyl groups could interact with
the —-OH, C=O0 and Cl moieties of DES via H bonds. However, despite
these considerations, further research are necessary to better investigate
the mechanisms of dissolution enhancement in these eutectic bio-
solvents (Liu et al., 2022).

The aim of this study was to get deeper insights into the molecular
interactions between NaDES and APIs with low water solubility. NaDES
with different composition were characterized in terms of pH, viscosity,
water content and solubilizing ability towards different poorly water
soluble drugs belonging to BCS class II (drugs with low solubility and
high permeability). Specifically, four APIs, cinnarizine (CIN), tolbuta-
mide (TBM), nimesulide (NIM) and domperidone (DOM) were selected
for their different physicochemical characteristics, such as log P, pKa,
solubility in physiological buffers and melting point, as reported in
Table 1. The molecular interactions between drug and NaDES were
analysed by FTIR and NMR spectroscopy.

2. Experimental
2.1. Materials

Choline chloride (purity > 98 %, MW = 139.62 g/mol), D-
(+)-glucose (>99.5 %, MW = 180.156 g/mol), L-(-)-malic acid (>95 %,
MW =134.0874 g/mol), -proline (>99 %, MW = 115.13 g/mol), xylitol
(>99 %, MW = 152.15 g/mol) and sucrose (>99.5 %, MW = 342.3 g/
mol) were purchased from Sigma Aldrich (Steinheim, Germany). Citric
acid (>99 %, MW = 192.124 g/mol) was bought from Carlo Erba (Milan,
Italy). pi-Tartaric acid (>99 %, MW = 150.087 g/mol) was obtained
from Fluka (Steinheim, Germany). The APIs Cinnarizine, Nimesulide
and Tolbutamide were purchased from Sigma Aldrich. Domperidone
was bought from A.C.E.F. S.p.A (PC, Italy). The characteristics of the
selected APIs are reported in Table 1.

Gelatin capsules type “0” (having a capacity of 0.68 mL) were pro-
vided by Fagron (BO, Italy). For Karl Fisher titration Aquagent® Solvent
and Aquagent® Titrant 5 (Scharlab, Barcelona, Spain) were used.

All other chemicals used for HPLSW analysis were of analytical
grade.

2.2. Preparation of NaDES

NaDES with a specific molar ratio were prepared in glass scintillation
vials with caps by stirring the mixture of solids slowly setting the tem-
perature at 70 °C until a clear and homogeneous solution was observed.
A certain amount of water was included in NaDES composition. Spe-
cifically, increasing amounts of water in 2.5 % w/w aliquots were added
during preparation in order to allow NaDES formation and/or to reduce
the preparation time and viscosity. Finally, the mixture was allowed to
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Table 1
structure and characteristics of BCS class II APIs under investigation and experimental solubility data measured at 25 °C.
APIs Chemical structure MwW pKa Log P MP (°C) Water solubility (ug/mL) Solubility (ug/mL)
(g/mol) pPH1.2 PH 6.8
TBM 0.0 jJ)\ 270.35 5.16% 2.34% 128.5 109 (37 °C)? 106.98 + 17.96 897.87 £ 49.42
S N NN
H H
NIM 0. 9 308.31 6.7° 2.56” 143-144.5 18.2° 6.95 = 0.02 10.88 = 0.00
/S‘NH
O
NO,
CIN O 368.52 8.1¢ 5.77¢ 117-121 750¢ 3281.58 + 406.74 0.75 £ 0.30
SAS
K/N N
DOM 425.91 7.94 9.90¢ 242.5 0.986¢ 221.92 + 6.67 10.28 £+ 0.00

Gj/\'f\o/\/ O/ \Gu

(¢ Https://go.drugbank.com/drugs/DB00568, n.d.; 2 Https://go.drugbank.com/drugs/DB01124, n.d.; ¢ Https://go.drugbank.com/drugs/DB01184, n.d.; ® Https://go.

drugbank.com/drugs/DB04743, n.d.).

Table 2
Composition of the NaDES prepared by heating at 70 °C and their corresponding processing time.
NaDES HBA HBD Molar ratio Added H,0 Time(h)
(% w/w)
1 Choline Chloride Glucose (Glu) 5:2 2.5 3
(ChCh
CH,OH
O,
| + OH
S R §
OH
2 Xylitol (Xyl) 5:2 5 2.5
OH
H OW OH
OH OH
3 Proline (Pro) 2:1 27.5 0.5
(0]
CHk >
NH
4 Citric Acid (CA) 3:1 7.5 1
5 2:1 7.5 0.5
HO, o}
P@
HO OH
OH
6 Tartaric Acid (TA) 2:1 7.5 0.5
OH O
HO.
OH
(0] OH
7 Malic Acid (MA) 1:1 5 0.5
o} OH
HO
8 Proline (Pro) Glucose (Glu) 1:1 22,5 2
9 Xylitol (Xyl) 1:1 20 1
10 Citric Acid (CA) Glucose (Glu) 1:1 20 1.5
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cool down to RT. The final composition of prepared NaDES is reported in
Table 2.

2.3. Characterization of NaDES

The final water content of the studied samples was calculated by
Karl-Fisher titration (SI Analytics® TitroLine® 7500 KF, Scharlab, Bar-
celona Spain). At least six runs for each NaDES were performed. The pH
of the diluted NaDES was measured using a pH-meter (pH 80, XS In-
struments, MO, Italy). The density of the NaDES was assessed by a
simple gravimetric procedure, using a calibrated volume (10-500 pl) at
RT.

The viscosity of NaDES was measured using a viscosimeter Visco
Star R (Fungilab SA, Barcelona, Spain), setting at 25 °C the temperature
of sample adapter of the rheometer. Based on the initial screening, the
measuring element spindle number TR8 was selected and rotated at 12
rpm. Three different samples for each NaDES composition were pre-
pared and measurements were carried out in duplicate on each sample.
The viscosity values were expressed in mPa-s. The viscosity was also
measured after the addition of increasing amount (1 % w/w) of water
until a very low degree of dilution.

2.4. Solubility measurements

Solubility measurements of APIs (CIN, TBM, NIM and DOM) were
performed at 25° C. For the solubility assessment in water-based solu-
tions, an excess of each API was added to 10 mL of the respective me-
dium (buffer solutions at pH 1.2 and 6.8). The samples were
magnetically stirred for 48 h and the suspensions were then twice
centrifuged at 10.000 rpm for 10 min. The supernatants were suitably
diluted with water before the analysis and detected by UV-Visible
spectrometer (Cary 60, Agilent Technologies GmbH, Waldbronn, Ger-
many). Each sample was analysed at least in triplicate.

The conditions used for the quantification of the APIs were the
following: CIN was detected at 253 nm using a linearity curve in the
range of 5-60 pg/mL (R = 0.9999, 1 mg/ml stock solution in ethanol
properly diluted with a HC1 0.1 M); TBM was detected at 235 nm using a
linearity curve in water in the range of 5-45 pg/mL (R? = 0.9998, 1 mg/
ml stock solution in ethanol properly diluted with water); NIM was
analysed at 301 nm using a linearity curve in the range of 5-30 ug/mL
(R? = 0.9984, 1 mg/ml stock solution in ethanol properly diluted with
water); while DOM was detected at 284 nm using a linearity curve in the
range of 1-20 pg/mL (R? = 0.99941,1 mg/ml stock solution in ethanol
properly diluted with a HCl 0.1 M solution).

The solubility of the APIs in the prepared NaDES was evaluated
adding an excess of each drug into 1 mL of NaDES contained in a 2 mL
Eppendorf. The samples were magnetically stirred for 48 h and the
suspensions were then threefold centrifuged (Eppendorf Centrifugate
5810R) at 14.000 rpm for 10 min. The supernatants were suitably
diluted with the proper solvent (as above indicated) and analysed
spectroscopically. Each sample was analysed at least in triplicate.

Statistical analysis was performed with one-way analysis of variance
(ANOVA) followed by the Bonferroni posthoc test (GraphPadPrism,
GraphPad software, Inc., San Diego, CA, USA).

2.5. FT-IR analysis

Fourier Transform-Infrared Spectra (FT-IR) Analysis of neat HBA and
HBD substances, NaDES (3-10), raw drugs and drug-loaded NaDES were
carried out with an IR spectrophotometer (Jasco FT-IR A-200, Pfung-
stadt, Germany), using the KBr disc method. The scanning range was
650-4000 cm ™! and the resolution was 1 cm ™1, The samples were mixed
with KBr and compressed into a tablet (about 10 mm in diameter and 1
mm in thickness), using a hydraulic press (Perkin Elmer, Beaconsfield,
UK), at 3 tons, for 3 min.
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2.6. NMR measurements

NMR experiments were performed on some NaDES samples using a
Varian Inova spectrometer (14.1 T 51-mm Bore Oxford Superconducting
Magnet equipped with a triple-resonance PFG indirect probe and a SW-
PFG Probe) operating at 600 MHz, and the acquisitions were carried out
at 25 °C, 50 °C and 80 °C. The solutions were transferred into 5-mm
NMR tubes equipped with coaxial capillary tube containing DO. The
external deuterated solvent provided both lock frequency and H spec-
trum reference [dypo = 4.76 ppm (25 °C); 4.51 ppm (50 °C) 4.21 ppm
(80 °Q)1.

2D NOESY (Nuclear Overhauser Enhancement SpectroscopY) ex-
periments were carried out at 50 °C in phase sensitive mode employing
90° angle pulse of 8.3 ms, a spectral width of 15 ppm in each dimension,
64 t1 increments, 8 scans for each increment, delay 1.5 s, and mixing
time 300-800 ms.

1D ROESY (Rotating Frame Overhauser Enhancement SpectroscopY)
experiments were measured at 50 °C and 80 °C using 90° angle pulses
optimized for each temperature with a spectral width of 12 ppm delay
1.5 s, and mixing time 50-200 ms. Selective pulses width of 50 Hz and
spin lock power of 2 KHz were employed.

3. Results and discussion
3.1. NaDES production and characterization

NaDES differing in terms of chemical composition (choline chloride-
based; proline-based and citric acid-based, Table 2) were firstly pre-
pared by selecting the HBA:HBD molar ratio from literature (Dai et al.,
2013; Shafie et al., 2019; Sut et al., 2017). We excluded liquid-based
components (e.g. lactic acid or glycerol) for the NaDES preparation
since they are usually excellent solvent themselves for many organic
compounds. Then, a proper evaluation of the right amount of water to
add to the eutectic mixture was carried out. In fact, water plays a key
role in favouring the formation of H-bonds between the NaDES com-
ponents, enabling the formation of a clear solution upon heating and
even after cooling at RT (Dai et al., 2013). For example, NaDES 3, 8, 9
and 10 required at least 20 % w/w of water (Table 2) in order to obtain
the formation of a clear solution at RT, whereas other NaDES could be
formed also without water. However, the addition of water was
important to decrease NaDES viscosity. In fact, depending on the water
percentage, the viscosity of the eutectic solution significantly decreased
influencing the solubilisation of active compounds (Dai et al., 2015). It is
reported that a water amount up to 40 % w/w reduces the viscosity
while keeping the supramolecular structure, as water molecules interact
with both the HBA and HBD forming hydrogen bonds (Mustafa et al.,
2021). Thus, in the case of NaDES with excessive viscosity (NaDES 1-2
and 4-7, Table 2), aliquots of 2.5 % w/w of water were added to mix-
tures until reaching a homogeneous fluid with an acceptable viscosity to
allow handling, stirring or other practical activities. NaDES were then
prepared adding all the water at once: as expected, at higher water
amount the preparation time shortened and ranged between 30 min and
3 h (Table 2). The results evidence that choline-based solvents required
lower amount of water for their formation than NaDES containing
proline and citric acid as HBA. However, NaDES 1 and 2 resulted un-
stable during storage, suggesting that the selected molar ratio and/or the
amount of added water was not appropriate. In particular, NaDES 2
started the crystallization process after 12 h, while NaDES 1 recrystal-
lized after 6 days stored in the close bottle at RT.

The effective amount of water in stable NaDES (3-10) was analysed
by Karl Fisher titration and the values are reported in Fig. 1. The results
evidenced that water contents of the majority of NaDES were higher
(differences ranging 1-4 %) than the theoretical ones, calculated on the
amount of water added during preparation, probably due to the hy-
groscopicity of the neat compounds, especially of ChCl.

Hard gelatin capsules (type 0) were then filled by a syringe with two
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A

NaDES Calculated water oH

Viscosity + SD
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NaDES 8

amount (%) £ SD (mPa-s) NaDES4

3 31.36%+1.33 7.0 40*/

4 8.5610.10 2.0-2.5 2070%170
5 8.51+0.08 2.0-2.5 33271340
6 8.11+0.08 1.5-2.0 26931101
7 6.00+0.20 1.5-2.0 2115+304
8 24.61+0.17 6.0-6.5 2070%210
9 20.6710.36 7.0 1008+238
10 20.50+0.45 1.0-1.5 398057

*/ Out of instrumental range

Fig. 1. A) Characteristics of stable NaDES (n = 8); B) Gelatine type 0 capsules filled with NaDES 4 and 8 containing about 8.5 % and 25 % w/w of water, respectively.

NaDES samples (NaDES 4 and 8) containing different amount of water
and wrapped by aluminium foil at RT during storage, as shown in Fig. 1
B. Weight and structural integrity of the capsules stored for at least 6
months were maintained for both NaDES, even for the one with high
water content (NaDES 9). It appeared, thus, that there was no “free
water”, i.e. water molecules participating in the H-bonding network
were not available to act as plasticizer/solvent towards the gelatine
shell.

Another NaDES important parameter, especially when used to
dissolve ionisable molecules, is pH. In this study TBM and NIM were
selected as examples of weak acids, while CIN and DOM as examples of
weak bases (Table 1). The specific pH values for each mixture are shown
in Fig. 1. NADES were thus divided into two categories: acidic NaDES

4000
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3200
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2800
2600
2400
2200
2000 44|
1800 |
1600 -
1400 +
1200 -
1000 -
800 -
600 -
400 -
200 -

0

—o—NaDES 4

=&=NaDES 5

NaDES 6

=4=NaDES 7

—o—NaDES 8

Viscosity (mPa*s)

—o—NaDES 9

—e—NaDES 10

8 10 12 14 16 18 20 22 24
Added water (% w/w)

0 2 4 6

Fig. 2. Effect of dilution of stable NaDES containing different amount of
starting water.

4-7 and 10 (pH 1-3) and neutral NaDES 3, 8 and 9 (pH 6-7).

The viscosity of NaDES was measured at 25 °C and the results are
reported in Fig. 1, while Fig. 2 shows the influence of further water
addition to the NaDES samples. Apart from NaDES 3, all the other
samples were quite viscous (1000-4000 mPa-s), including NaDES 8 and
10 containing more than 20 % w/w of water. Comparing NaDES 4 and 5,
the viscosity increased with increasing the molar ratio of citric acid, as
previously observed (Shafie et al., 2019).

Regardless the starting viscosity values, small addition of water
caused a large decrease of viscosity in all samples. In particular, the
viscosity of choline-based NaDES reduced by 32-36 % compared to the
original value after addition of 1 % w/w water and decreased by 80-81
% when diluted with 5 % water. The viscosity decrease of the other
samples (NaDES 8-10) was slightly lower: about 16-25 % and 57-71 %
after 1 % and 5 % of water addition, respectively. After the addition of
10 % water the viscosity decreased by about 93 % of the original values
for choline-based NaDEs and about 75-88 % for NaDES 8-10. A water
surplus lead to an aqueous solution of the individual components with
negligible chemical interactions (viscosity < 100 mPa-s), in agreement
with what was observed in some choline chloride-based DES when water
exceeded the 30 % w/w (Rozas et al., 2021). Despite the 20 % of added
water during preparation, NaDES 10 showed the highest viscosity and
an additional 22 % water was required to break the the NaDES supra-
molecular structure. Zhekenov and co-workers (Zhekenov et al., 2017)
using molecular dynamics simulations demonstrated the reduction of H-
bonds between HBA and HBD, while increased the H bonds with the neat
components with water.

To better analyse the interactions between the components and the
effect of water in NaDES interactions, FTIR studies were performed.
Here the FTIR analysis of acidic-based eutectic mixtures are first
described. Comparing the spectra of the single components with those of
NaDES, vibrational shifts emerged at higher (redshift) and at lower
(blueshift) frequencies indicating the formation of hydrogen bonds
(Table 3). In particular, the FTIR spectrum of choline chloride depicts
bands at 949 ecm ™!, 1091 em™!, 1478 ecm™! and 3268 ecm ! which
correspond respectively to N(CHs)s3 bending, C—N stretching, CHjs
rocking vibration and O—H stretching. Organic acids display a band
around 1700 cm ! corresponding to the stretching of C=0, the OH
stretching vibration around 3400 cm ™! and various bands between 1000
and 1200 cm ™! which would be correlated to the stretching of sp? and
sp> C—O. The spectra of NaDES 4-7 (Figure S1) reveal a wide band
between 2900 and 3700 cm ™ relative to O—H stretching. The shift of
the OH stretching band (voy) to higher wavenumbers for choline chlo-
ride and to lower frequencies for organic acids is very pronounced in
NADES compared to single pure compounds, as reported in Table 3. This
indicates a strong interaction, likely due to hydrogen bonds involving
these groups (O—H on Choline to C—0; O—H on acid to Cl  etc.). The
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Table 3
FTIR vibrational shifts of the main groups of acidic NaDES compared to the neat components. Blue and red shift- values moved to higher or lower wavelength for more
than 2 cm 2, respectively.
Shifts (cmfl) NaDES 4 NaDES 5 NaDES 6 NaDES 7 NaDES 10
Chcl
N* (CHs) bending 949.8 954.6 955.6 955.6 954.6
C—N stretching 1091.5 1082.8 1081.9 1083.8 1105.0
O—H stretching 3268.7 3357.5 3390.2 3365.2 3366.1
Citric acid
Cc=0 1742.4 1731.8 1730.8 1732.7
O—H stretching 3449.1 3357.5 3390.2 3419.2
Tartaric acid
Cc=0 1740.4 1740.4
O—H stretching 3405.7 3365.2
Malic acid
Cc=0 1714.4 1732.7
O—H stretching 3392.2 3366.1
Glucose
O—H stretching 3397.0 3419.2

main difference between NaDES 4 and 5 (Figure Sla, SI) is the
displacement of the OH stretching band, which is probably due to the
different molar ratio between ChCl and citric acid, as the amount of
added water is the same. Furthermore, shifts of the C—N stretching of
choline and of the carboxylic group of organic acids are observed
(Table 3). All these NADES exhibit a shift of N*(CHs)3 group of choline
at about 950 cm™!, indicating a further interaction involving choline
nitrogen. These findings are in agreement with previous studies, that
showed clear shifts of the wavenumbers of the functional groups due to
H-bond interactions between the DES components (Gautam et al., 2020;
Olivares et al., 2018; Shafie et al., 2019). FTIR spectrum of NaDES 6
shows a lower displacement of the O—H of tartaric acid, while the fre-
quency of C=O0 stretching (vco) is unchanged (Figure S1b, SI). On the
contrary, NaDES 7 displays clear shifts of both voy and vco (Figure Slc,
SI). Finally, NaDES 10, composed by citric acid as HBA and glucose as
HBD, shows displacements of both the carbonyl group of the acid
(blueshift) and of the broad band at about 3400 cm ! (Figure S1d, SI),
supporting again the hydrogen bonding between the hydroxyl groups of
glucose and CA. In addition, this NaDES contains a larger water amount
(Table 3) compared to the other mixtures with acid character, suggest-
ing the involvement of water in the H-bond network with CA and
glucose.

Regarding NaDES 3, 8 and 9, the main vibrational shifts are reported
in Table 4 and the FTIR spectra are depicted in Figures S2, SI (a, band c,
respectively). NaDES 3 displays vibrational shifts of choline Cl bands
similar to previous NaDES, while only the voy band of proline is shifted.
Similarly, the analysis of NaDES 8 and 9 spectra reveals the blueshift of
vou in proline, while does not evidence shifts of the vco stretching vi-
bration band (Table 4). These results confirm the formation of hydrogen-
bond network, within which water plays a pivotal role being > 20 % w/
w.

Table 4
FTIR vibrational shifts of the main groups of neutral NaDES compared to the
neat components. Blue and red shift- values moved to higher or lower wave-

length for more than 2 cm ™2, respectively.

Shifts (cm ™) NaDES 3 NaDES 8 NaDES 9
ChCl

N* (CHs) bending 949.8 955.6

C—N stretching 1091.5 1084.8

O—H stretching 3268.8 3398.9
Proline

Cc=0 1623.8 1625.7 1621.8 1622.8

O—H stretching 3407.6 3398.9 3398.0 3387.4
Glucose

O—H stretching 3397.0 3398.0
Xylitol

O—H stretching 3388.3 3387.4

Therefore, the investigated NaDES are ternary systems in which
water (accounting for 6-8 % in acid NaDES and in the range 20-30 % for
neutral ones) acts as a HBD, similarly to other polyols used in different
DES formation (Wang et al., 2019). The very broad bands observed in
the O—H stretching vibration region (2900-2700 cm-1) for the inves-
tigated NaDES may be attributed to the sum of several contributions of
different type of hydroxyl groups forming the network of H-bonding in
these samples, i.e. OH-groups of water, as well as those of organic acids
and sugars.

3.2. Evaluation of APIs solubility in NaDES

First of all, the solubility of the selected APIs in water solutions at
different pH was assessed and the results are reported in Table 1. TBM
displays higher solubility (about 8 times) in phosphate buffer than in
acidic pH but still<1 mg/mL. NIM solubility is very low (about 10 pg/
mL) in both pH conditions. As for the bases, DOM solubility increased at
pH 1.2, but the pH-sensitivity was even higher for CIN, which passes
from a negligible solubility in phosphate buffer (<1pg/mL) to an equi-
librium solubility of about 3 mg/mL in acidic pH.

Analysing first acidic NaDES as solubilizing vehicles (Fig. 3A), the
solubility values for all drugs significantly increased, regardless of the
acid-base character of the active molecule. In particular, TBM reached
the highest solubility in NaDES 4 composed by choline chloride and
citric acid (3:1 M ratio) going from 0.1 to about 7 mg/mL (67-fold in-
crease). However, the value was not significantly different from that
found for NaDES 5, indicating that the different molar ratio between
choline chloride and citric acid was not discriminating in terms of TBM
solubility enhancement. For all other drugs, NaDES 7 resulted the best
solvent displaying a solubility enhancement of 243, 593 and 22 times for
NIM, DOM and CIN, respectively.

The solubility values achieved in acidic NaDES were higher
compared to those in neutral NaDES. This was not surprising for the two
weak bases CIN and DOM. In particular, DOM displayed 553-fold in-
crease in the eutectic composed by proline-glucose 1:1 and 22.5 % of
water. The solubility of CIN was increased by 1300 times in NaDES 8 and
NaDES 9 (Fig. 3B). Surprisingly, the higher solubilizing capacity of
acidic NaDES over neutral ones was observed for TBM. In fact, the values
of solubility increase for TBM in neutral NaDES were the lowest among
all APIs. In this regards, it should be mentioned that TBM solubility in
pH 6.8 phosphate buffer was considerably high (about 0.9 mg/ml) and
therefore the order of magnitude of the solubility increase in neutral DES
was modest. For NIM, only NaDES 8 allowed a considerable solubility
enhancement, while the solubility values obtained in NaDES 3 and 9
were lower than the acidic NaDES.

Therefore, for three of the four analysed drugs, the best performances
were displayed by acid NaDES 7 and neutral NaDES 8. These results
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Fig. 3. Solubility values of the APIs in. a) acidic NaDES and b) neutral NaDES compared to the corresponding aqueous solution. Values are expressed as mean (n = 3)
+ S.D. * p < 0.5, **p < 0.01 and ***p < 0.001, significant difference compared to the solubility in aqueous solution (pH 1.2 or 6.8).

suggest that the solubilization mechanism through a supramolecular
assembly between DES components and water is prevalent on the pH-
dependent drug solubilisation process. Among acidic solvents, NaDES
4, 5 and 7 resulted the best ones. In particular, NaDES 4 and 5 behaved

in the same way as solubilisation aid, while NaDES 7 acted distinctly.
Their different solubilisation ability towards the analysed drugs suggests
that the type of organic acid (CA has got three -COOH groups and one
—OH group while MA has two carboxyl groups and one less ~-CHjy) might



B. Albertini et al.

influence the network of interactions, but it could also be due to the
different molar ratio between ChCl and the organic acid, specifically 3:1
for NaDES 4, 2:1 for NaDES 5 and 1:1 for NaDES 7, as well as to the
different water amount (NADES 4 and 5 contain 2.5 % water more than
NaDES 7). Moreover, it may be assumed that TBM, being a smaller
molecule that the others (Table 1), can better interact with a larger HBD
(CA), while DOM and CIN can be better inserted into the network
formed by smaller HBD such as MA. Nevertheless, worthy of note is that
NaDES 4 and 7 exhibit similar viscosity (around 2000 mPa-s, Table 3),
suggesting similar extent of intermolecular interactions between NaDES
components. Therefore, their solubilization ability towards the APIs
may not only depend on H-bonds and the solubilized drug might be
involved in the supramolecular assembly also through different
interactions.

With regard to neutral NaDES, the eutectic mixture based on Pro, Glu
and water (NaDES 8) is the most promising one, except for TBM that is
better solubilized in NaDES 3. Both contain Pro, thus it can be hypoth-
esized prevalent interactions between TBM and ChCl than between TBM
and glucose. In addition, the type of sugar appeared to play an important
role for the H-bond network: comparing NaDES 8 and 9 with TBM, the
solubility increased with Xyl, while, for NIM and DOM, glucose
accounted for the best performance. For CIN, there was no significant
difference between the solubility obtained in these solvents.

Finally, comparing the solubility increases in all formulations, it
seems that the amount of water cannot be considered a discriminating
variable. As above described, solubility enhancement is mainly influ-
enced by the type of HBA and HBD employed for NaDES preparation.

In order to better understand the solubilisation ability of the studied
NaDES towards the selected APIs, an investigation into the molecular
interactions was then performed.

3.3. Evaluation of chemical interactions in API-loaded NaDES

The FTIR spectra of drug-loaded NaDES depicted only the bands
previously described for the eutectic mixtures making difficult the
identification of the characteristic bands of the drugs. The results only
showed slight shifts of the broad band at about 3300 cm ™, suggesting
the involvement of the APIs within the H-bond network. As an example,

d COOH

ChClI

b)
fg
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the FTIR spectra of NaDES 5 containing the studied APIs is reported in
Figure S3 (SI).

Hence, NMR analysis was used to deeply investigate the interactions
between the drugs reported in Table 1, and some acid/choline-based
NaDES, i.e., NaDES 4 and NaDES 7, containing citric acid (CA) and
malic acid (MA), respectively.

The results obtained for neutral NaDES (3, 8 and 9) and NaDES 10
with high water amount are not reported because the aromatic signals of
the drug were completely covered by the intense peaks of water and the
signals of sugars and Pro are overlapped with a large area of aliphatic
peaks.

3.3.1. TBM in NaDES 4

Spectra of pure NaDES 4 and of a solution of TBM in this eutectic
mixture have been recorded at 25 °C and 50 °C. At both temperatures,
chemical shifts of components of the eutectic did not change, but the
resolution of signals improved dramatically with increased temperature.
Therefore, NOE experiments aiming to provide information on intra and
intermolecular interactions involving close protons in space concerning
the eutectic components and TMB protons, were carried out at 50 °C.

In Fig. 4 1H NMR spectra of NaDES 4 (spectrum a) and of 0.022 M
solution of TBM (spectrum b) are reported.

At 50 °C the spectrum of NaDES 4 shows sharp peaks of choline (a,b,c
protons) and citric acid (d), while water and overlapped exchangeable
OH display a broadened signal centred around 6.4 ppm. In trace b
(Fig. 4) the spectrum of 22 mM TMB in NaDES 4 is displayed. Obviously,
signals of the solute are visible increasing the intensity of all the signals
considerably. In particular aromatic (f,g), methyl (e), and butyl (i,L,m)
protons are detectable, while aliphatic CHy (h) signal falls under the
peaks of ChCl resulting not visible.

NOE experiments have been acquired in order to get insights on the
solution structures of the drug/NaDES 4 mixture. The presence of NOE
crosspeaks between protons from different species indicates spatial
contacts of < 5 A. In particular, we used 2D NOESY technique to
examine the interactions that may be associated to the formation of the
liquid phase of NaDES 4. Fig. 5 shows a NOESY spectrum region at
mixing time 300 ms; spectra at different times were also recorded (tpix
=100-500 ms). Already at 300 ms strong negative crosspeaks appeared

(6]
I Cl 2 O\\S//O)I\ /h\/I\
3 HOOC COOCH ~N
// \/\OH f H H ; ™
b CA OH e

\ F5.5

F5.0
H4.5
t4.0
135
13.0

+1.5
F150

+100

75 70 65 60 55 50 45

40 35

m
30 25 20 15 1.0 05 PP

Fig. 4. 1H NMR Spectra at 50 °C of a) NaDES 4 (ChCl/CA 3:1, 7.5 % H,0); b) 22 mM TMB in NaDES 4 (orange box, peaks related to TBM). NaDES 4 and TBM signals
are labelled using the letters reported in the above structures. (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. 5. Partial spectrum 2D NOESY at 50 °C of NaDES 4. Signals of NaDES 4 are
labelled according to the letters reported on structures of ChCl and CA (eutectic
components) in Fig. 4.

among all the proton signals (aliphatic and exchangeable hydrogens),
evidencing the existence of interactions between the protons from the
different species throughout space. It should be noted that all the cross-
correlations involving aliphatic hydrogens and mobile protons are in
phase with the diagonal, meaning that the correlation times (t.) of the
corresponding molecules are typical of large structures (wt. > 1). This is
an indication that NaDES 4 mixture behaves as a supramolecular
structure, according to data previously reported (Caprin et al., 2021;
Delso et al., 2019; Zahrina et al., 2018). Strong NOE couplings between
choline and CA, as well as choline or CA with water, respectively, sug-
gest the formation of an extended and robust aggregated structure,
presumably kept together by a network of H-bond, (Dai et al., 2013) in
which also water might participate. The most intense interactions are
displayed by the methyl groups of choline. However, in the case of water
protons, whose broad peak at 6.4 ppm overlap the OH signals of choline

OH, H,0

Chel)
(Chl)
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and CA, in principle, it is not possible to distinguish whether the
detected correlations in these spectra are generated by NOE intra-
molecular and/or intermolecular interactions.

NOESY spectra of a sample of 22 mM TMB in NaDES 4 were also
registered at 50 °C. These spectra are superimposable to those registered
previously in absence of TBM, in these experiments no cross peaks
correlating protons of TBM with those of NaDES were revealed.

In order to detect a direct involvement between the eutectic com-
ponents and the drug so highlighting the presence of specific aggregates
(El Achkar et al., 2020; Park et al., 2020), a number of 1D ROESY spectra
were acquired by applying selective pulses of 50 Hz on each signal of
choline chloride and citric acid. Fig. 6 reports 1D ROESY spectrum of 22
mM TBM in NaDES 4 acquired employing a selective pulse on the
resonance at 3.14 ppm corresponding to trimethylammonium protons
NT(CHs)3 of ChCL

The spectrum shows a significant increase of signals corresponding
to the butyl protons (i,l,m) of TBM, despite the limits of low signal/noise
ratio due to the large difference of concentration between solute and
eutectic solvent. In the same spectrum no peaks of aromatic protons of
the drug (f,g) were detected. On the contrary 1D ROESY spectra (see
Figure S4, SI) irradiating the other signals of the eutectic, i.e. choline or
CA methylene protons (3.89/3.45 ppm and 2.78/2.90 ppm, respec-
tively) and water broad signal, did not reveal increasing of TBM signals.
In addition, all these ROE experiments show important intermolecular
interactions among the protons of ChCl, those of citric acid and water/
mobile hydrogens occurring in the eutectic itself, as previously observed
in the NOESY spectra described above.

Summarizing, the whole data suggest a spatial involvement of the
aliphatic region of the drug with the methyls of choline, indicating a
predominant interaction of hydrophobic nature between the two
moieties.

3.3.2. TBM in NaDES 7

NaDES 7 is a choline-based eutectic containing malic acid (MA) in
1:1 equimolar ratio. Water is present in the mixture (about 6 % w/w)
and its broad signal includes also mobile protons of ChCl and MA. For
the same reasons explained above, all spectra were recorded at 50 °C.
Fig. 7 shows stacked spectra comparing neat eutectic (trace a), 18 mM
TBM solution in NaDES 7 (spectrum b), and 1D ROESY of the same so-
lution (trace c) obtained irradiating Ch trimethylammonium protons
signal with a soft pulse.

Similarly, as in the case discussed before, also in these experiments
the role of choline is crucial in establishing hydrophobic interactions
with butyl group of TMB. Irradiation of methyls of ammonium ion
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Fig. 6. 1D ROESY spectrum 22 mM TMB in NaDES 4 (tnix 100 ms) at 50 °C. The spectrum was acquired selectively pulsing choline methyl protons N*(CH3)3
(labelled with letter c). Positive ROE peaks relative to the butyl group of TBM (protons i,[,m) are clearly visible in the spectrum. See structures of Fig. 4 for the labels.
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caused enhancements of signal protons i, [, and m, while phenyl protons
peaks did not appear, as well as ROE enhancements were not detected
after selective irradiation of the other signals of ChCl and those of malic

acid.
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Fig. 7. 1H NMR Spectra at 50 °C of a) NaDES 7 (ChCl/
MA 1:1); b) 18 mM TMB in NaDES 7 (orange box,
peaks related to TMB); ¢) 1D ROESY selectively irra-
diating choline methyl protons N¥(CH3)s (labelled
with letter c). Positive ROE peaks relative to the butyl
group of TBM (protons i,,m) are visible in the spec-
trum. NaDES 7 and TBM signals are labelled using the
letters reported in the structures. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

3.3.3. DOM in NaDES 4

In order to get sharper signals in the 'H spectrum of the solution of
the drug in NaDES 4, we decided to increase temperature to 80 °C.
Thereby some signals of DOM are not covered by the intense peaks of the
eutectic resulting clearly visible. In particular, Fig. 8A show signals of

CH,

U

+40
F35
+30
F25
20
+15
r10
r5

Fig. 8. a) 'H NMR Spectrum at 80 °C of 0.12 M
DOM in NaDES 4 (Grey box, peaks related to
water/mobile protons; blue box, peaks related to
choline chloride (ChCl); yellow box, peaks
related to citric acid (CA) and green box, peaks
related to DOM); b) 1D ROESY partial spectrum
at 80 °C of 0.12 M DOM in NaDES 4 (ty,ix 100 ms)
obtained selectively irradiating choline methyl
protons N*(CHz)s. Positive ROE peaks relative to
aromatic protons of DOM are detected. (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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N—H, aromatic and some aliphatic protons in the green box.

Acquisition of 1D ROESY spectrum irradiating choline trimethy-
lammonium moiety gave an interesting correlation with the aromatic
protons of DOM (Fig. 8b), while the other peaks (NH, aliphatic) were not
raised. Similar results were obtained studying the behaviour of the other
signals of choline (protons a and b). The spectra (Figure S5, SI) show
weaker ROE aromatic protons peaks than those observed in Fig. 8b. Asin
the case discussed above, perturbing CA protons did not produce any
ROE enhancements of the proton peaks of DOM. Again the role of ChCl is
important to establish specific aggregate formation with the solute,
however in this case the interaction involves the aromatic portion of
DOM, the analysis of the NMR results does not confirm if one or both
phenyls correlate with choline of the eutectic.

3.3.4. DOM in NaDES 7

The behaviour of DOM in choline-based NaDES 7 eutectic solvent
containing malic acid (MA) was not studied because the signals of the
drug were completely covered by the intense peaks of the solvent at the
range of temperatures investigated (25-90 °C).

3.3.5. CIN in NaDES 4 and 7

This drug possesses three aromatic rings that form the main portion
of the molecule. We could observe the relative signals at 80 °C in a re-
gion of 3 mM spectrum of the drug in NaDES 4 that is free from eutectic
signals. The results are comparable to those exposed in the case of DOM
(Figures S6 and 7, SI). Again choline methyl ammonium protons caused
enhancements of aromatic protons of CIN. However, it should be noted
that the spectrum of the drug solution did not display other signals
corresponding to aliphatic protons of CIN that are presumably over-
lapped with the eutectic signals, so that analysis of the actual in-
teractions is not complete.

The analysis of CIN in NaDES 7 was not carried out owing to signal
overlapping with the solvent protons.

3.3.6. NIM in NaDES 4 and 7

Unfortunately, all the signals of NIM fall under those of both com-
ponents of the eutectic mixtures, and therefore it was not possible to
study its behaviour and the relative structural interactions with the
eutectic even by varying the temperature.

4. Conclusions

In this study, several NaDES formulations, containing mainly choline
chloride as HBA and substances such as proline, organic acids and sugars
acting as HBD, were used to enhance the solubilisation of poorly soluble
APIs belonging to BCS class II. TBM and NIM were selected as examples
of weak acids and CIN and DOM as weak bases. All the studied NaDES
were ternary systems based on HBA, HBD and water. Some eutectic
mixtures, mainly based on choline chloride and organic acids, formed
also in absence of water dilution but low water additions (5-7.5 % w/w)
were necessary to reduce their viscosity and to ameliorate their
handling. Differently, the other NaDES required at least 20 % w/w of
water for the formation of clear solutions. It is noteworthy that gelatin
capsules filled with these solvents maintained their structural integrity
for 6 months, confirming that there was not “free water” and all water
molecules were included in the H-bonding network formed by HBA and
HBD, as evidenced by FT-IR analysis. The results of solubility study
highlighted the ability of these vehicles to increase the solubility of the
low-water soluble APIs through the formation of a hydrogen-bonded
supramolecular assembly. The different behaviour of NaDES towards
the selected APIs was found to be mainly related to the type of HBD and
HBA and to their different molar ratio rather than the pH of the eutectic
mixture. In particular, acid NADES 4 and 7 (ChCl:CA and ChCl:MA at 3:1
and 1:1 M ratio, respectively) displayed the best performance. Surpris-
ingly, NMR studies performed on some organic acid/choline-based
NaDES (4 and 7) revealed the presence of hydrophobic interactions
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between the methyl substituents of ammonium cation of ChCl and the
butyl group of TBM, the aromatic portion of DOM, and the aliphatic
protons of CIN, respectively. Until now, these interactions within the
supramolecular assembly have never been reported in the literature.

Therefore, it can be concluded that the solubilisation mechanism of
NaDES towards the poorly soluble drugs is quite complex and depends
not only to the extent of intra/intermolecular H-bonds but even to hy-
drophobic interactions between drug and ChCl. These findings are
important for better understanding the role of choline-based natural
eutectic mixture as solubilisation enhancers. Ultimately, it has been
demonstrated that these liquid systems can be used to develop a solid
dosage forms by filling hard gelatine capsules.
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