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ABSTRACT

Objective: This study was conducted to prepare a deep eutectic ionic liquid based on choline chloride and malonic acid
(Maline) in different molar ratios and evaluate the maline properties to designate the best ratio for solubilizing risperidone,
a poorly soluble drug model.

Method: Malines were prepared using choline chloride and malonic acid in 1:0.8, 1:0.9 and 1:1 molar ratios. The characterization
of malines involved pH rating, rheological test and thermal behavior using DSC. In addition to estimating the interactions that
occur between the choline chloride and malonic acid to form the malines theoretically using the computational prediction
program Mercury and experimentally by 'H-NMR and FTIR.

Results: This study shows that all malines (M1-M3) represents an acidic pH and high viscosity with a non-newtonian behavior
(shear thinning property ) at low temperature while a Newtonian behavior (shear rate-independent) at high temperatures.
In malines (M1-M3) thermograms, the absence of pure compounds melting point peaks with a glass transition temperature
at -14°C that confirms the DES property. FTIR and '"H-NMR results represent a hydrogen bond formation between choline
chloride and malonic acid and further between maline and risperidone which is similar to the computational prediction.
Maline (M1) with molar ratio of 1:1 had a preferable solubilizing effect on risperidone reaching 20.5 mg/mL, while in (M2)
(1:0.9) reaches 13.6 mg/mL, and in (M3) reaches 11.9 mg/mL.

Conclusion: Maline (M1) was chosen as the optimum molar ratio to form a deep eutectic ionic liquid that successfully
enhances risperidone solubility and boosts its bioavailability.
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INTRODUCTION

Recently, a novel class of environmentally benign and
tailored made solvent called ionic liquid (ILs) has been
utilized as solvent, co-solvent and/or materials in the fields
ofpharmaceutical drug delivery and active pharmaceutical
ingredient (API) formulation due to their unique and
tunable physicochemical and biological properties such
as low melting point, chemical and thermal stability, low
vapor pressure and widely tunable properties with regard
to polarity, hydrophobicity, andsolvent miscibility."? These
properties results from a matchless combination of molecular
characteristics of their constitutive ions. Using ILs can
notably improve the pharmacokinetic and pharmacodynamic
properties of drugs and is widely used in medicine, chemistry
and nanotechnology industries. ILs are compounds that consist
of ions with a melting point below 100°C.3

They are organic salts that combine an organic cation and
an organic/inorganic anion. These salts have been classified
into four categories, according to the cation present in these
ILs: dialkylimidazolium, N-alkyl-pyridinium, phosphonium,
or alkyl ammonium cation. Imidazolium-based ILs are the
most studied among these classes due to their high stability,
low viscosity and relatively easy synthesis. However, in drug
delivery field, they have exhibited some limitations since
they have shown high toxicity. In contrast, the quaternary
ammonium-based ILs, such as the choline-based ILs, have
been described as less toxic, so they have been considered
as “green” ILs. This fact puts them at the forefront as more
suitable for applications in the pharmaceutical field.*

Among the pharmaceutical applications of ionic liquid,
it is applied to prepare ionic liquid-in-oil micro emulsions
with biocompatible choline carboxylic acids to improve the
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transdermal delivery of acyclovir composing a hydrophilic
IL (choline formate, choline lactate,or choline propionate) as
the non-aqueous polar phase and a surface-active IL (choline
oleate) as the surfactant in combination withsorbitan laurate
in a continuous oil phase.’

The development of a highly effective oral insulin
formulation using choline and geranate (CAGE) ionic liquid
significantly enhanced paracellular transport of insulin, while
protecting it from enzymatic degradation and interacting
with the mucus layer resulting in its thinning. Leading to
a significant decrease in blood glucose levels, which were
sustained for longer periods.®

Also, an ionic-liquid-based paclitaxel preparation which
were composed of PTX/cholinium amino acid ILs/ethanol/
Tween-80/water, with a significant enhancement in the
solubility of PTX provide a potentially safer alternative to
cremophor EL as an effective formulation for cancer treatment
giving fewer hypersensitivity reactions.’

The choline based ionic liquid can form a deep eutectic
solvent when mixed with distinct components which typically
interact via strong hydrogen bonding, forming deep eutectic
solvents that are also known as deep eutectic ionic liquids
(DEILSs). They are mixtures of substances with a significantly
lower melting point than any of its single components, which is
the most important feature of DES.® On the other hand, the IL
was considered as the parents of DES. Some authors estimate
DES to be a subclass of ILs, and sometimes they consider these
terms interchangeable.’

DES typically formed by mixing a quaternary ammonium
salt (e.g. choline chloride) and a hydrogen bond donor (HBD)
(e.g., urea or carboxylic acid), was found to have relative
physicochemical properties of room temperature ionicliquids
but without metal salt-associated draw-backs, with few
reports studying their performability as a solvent to dissolve
certain poorly water-soluble drugs.!® A significant drug
solubility enhancement was obtained upon using deep eutectic
solvents based on glycolic acid and choline chloride (up to 6700
folds) on selected basic poorly water-soluble drugs.'

The model drug risperidone (RSD) is a class II BSC
(low soluble highly permeable) which is a benzisoxazole
derivative psychotropic agent; it is a selective monoaminergic
antagonist, approved by the United States Food and Drug
Administration for the treatment of schizophrenia, bipolar
disorder and irritability in children and adolescents ages. It is

practically insoluble in water, soluble in methanol and exhibits
a pH-dependent solubility."

The aim of this work is to prepare choline chloride-based
deep eutectic ionic liquid (DEIL) with malonic acid and named
Malines, as well as investigate and evaluate its theological and
thermal activity to optimize its properties for solubilizing RSD
to be used as a potential drug delivery system that may improve
drug miscibility, diffusivity and hence its bioavailability.

MATERIALS

Choline chloride, malonic acid and RSD were purchased from
Hangzhou Hyper chemicals, China. Methanol was purchased
from Thomas Baker, India

METHODS

Preparation of DEILSs, Malines

To prepare DEILSs, choline chloride and malonic acids were
mixed at different molar ratios as shown in Table 1. The
mixtures were sealed in vials and heated in water bath at 80°C
until homogenous solutions were formed. Subsequently, each
sample was stored at room temperature and at refrigeration
temperature for 48 hours. Only those samples that remained
liquid were further tested.'%!%13

Computational Structural Prediction for the H-bonding
Design of Maline Components and Maline with RSD

Using ConQuest and Mercury, two programs have been
developed for searching the Cambridge Structural Database
(CSD) and visualizing database entries. Conquest provides
building queries, searching the CSD and structure parameters
such as distance and angle. Mercury import and visualize
all the structures and the associated parameters providing
an interactive interface connecting data analysis such as
spreadsheets, statistics and plotting of results.!*1¢

Malines pH Determination

Each samples that succeeded to remain liquid (malines M1-M3)
was mixed with corresponding volume of deionized water. The
freshly prepared solutions were kept at room temperature for
period of 30 minutes, and the pH was measured using Pen
pH meter (Kedide instrument, china). Then every solution
was placed in a water bath and heated to 37°C for further pH
measurement.!!8

Saturated Solubility Determination

The saturated solubility of risperidone in each of the prepared
DEILs (malines M1-M3)was determined by adding excess

Table 1: Mixtures of choline chloride and malonic acid (Malines)

DEILS (Malines) Choline chloride molar ratio Malonic acid molar ratio
M1 1 1

M2 1 0.9

M3 1 0.8

M4 1 0.7

M5 1 0.6

M6 1 0.5
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amount of RSD into screw vials containing 5 mL of each
maline. The tubes were closed and placed in water bath at
25 and 37°C for 48 hours. The samples were withdrawn
at several time intervals (1, 2, 4, 6, 12, 24, and 48 hours).
Aliquots were filtered by 0.45 um filter syringe and diluted
using methanol. After making a calibration curve for RSD
in each maline, the drug concentration was then calculated
from the UV absorbance using UV spectroscopy at A, of
RSD (279 nm).!*2°

Thermal Behavior of DEILs by DSC

An approximate amount between 5 to 10 mg of nitrogen dried
sample of each of the DEILs (malines M1-M3) was placed into
the aluminum hermetic pan and covered with the lid, and the
DSC analysis was carried out using (Mettler Toledo DSC823e).
The thermal behavior was also carried for choline chloride,
malonic acid, and RSD from 0 to 400°C, while from 25 to 80°C
for DEILs and for the drug with DEILs (M1, M2, M3) and for
M1 containing RSD and the heating rate of 1-10°C/min.?!

Compatibility Study by FTIR Spectroscopy

A sample of 4 mg of pure RSD powder, choline chloride,
and malonic acid was mixed each one separately with dry
potassium bromide and pressed in the form of a disc. The
IR spectroscopy also applied for DEILs (malines M1-M3),
and RSD in maline (M1). The disc was analyzed by FTIR
spectroscopy (at a range of 4000 to 400 cm™) using Shimadzu
FTIR-84008.2%%

H!-NMR Determination for Maline (M1)

The test carried out for choline chloride, malonic acid, maline
(MlI),and RSD in maline(M1) on a Bruker AVANCE 500
spectrometer operated at room temperature. The samples were

prepared on 5 mm NMR tubes using deuterated methanol
(MEOD) as solvent.'?

Rheological Tests

The rheological properties of DEILs (malines M1-M3) and
for M1 containing RSD were evaluated using a rotational
rheometer (Physica MCR 302, Anton Paar) at 25°C. The
rheometer offers different geometries (concentric cylinder,
cone-and-plate and parallel-plate) with DG27 double gap
concentric cylinder measurement system to determine the
viscosity. This rheometer characterized by high precision
and accuracy. A Peltier temperature system embedded in the
measuring chamber. To ensure accurate results, the rheometer
was calibrated, then rheological tests were programmed via
a computer-controlled rheocompass software (Anton Paar).>*

max

Flow Curve

The flow curves could be measured by either controlled shear
rate or controlled shear stress. Upon low shear behavior
interpretation, the shear rate was varied inthe range (2 to 100s™)
and shear stress was measured. For the presentation of the
data, flow curve will be presented by plotting the shear stress
against the shear rate,and the viscosity (Pa.s) is the slope of
this curve.?>%¢

Temperature Sweep Test

This test shows the temperature dependence of the viscosity.
A constant shear rate of 50 s was used to shear the samples,
and the temperature was decreased from 40 to -10°C with a
slope of 2°C /min.?*

RESULTS AND DISCUSSION

DEILSs Preparation (Malines)

After preparing the DEILs (Malines M1-M3) by mixing
choline chloride and malonic acids at different molar ratios and
storing each maline at room and refrigeration temperatures,
only malines with molar ratio of 1:1, 1:0.9 and 1:0.8 (M1, M2
and M3), respectively succeeded to remain liquid in both
temperatures. Since maline formed from a complexation
between a hydrogen bond accepter (choline chloride) and a
hydrogen bond donor (malonic acid). Therefore, lowering molar
ratio of hydrogen bond donor (malonic acid) influences the
formation and the stability of malines.?” Only the optimal ratio
of the hydrogen bond acceptor and hydrogen bond donor may
lead to the eutectic mixture and depends on the component’s
mutual hydrogen bonding abilities.?® The only maline M1-M3
formed stable deep eutectic ionic liquids and were selected for
further investigations.

Maline Computational Structural Prediction

According to conquest-mercury program, maline could be
formed by two probable hydrogen bonds existed with different
lengths and angles as shown on (Figure 1A and 1B). An H-bond
formed between the chloride of choline chloride and the
hydroxyl group of malonic acid with distance of 2.281A. The
other H-bond occurs between the hydroxyl group of choline in
choline chloride and the carbonyl group of malonic acid with
distance of 1.919A. These results suggested the formation of
a weak to moderate hydrogen bonding corresponding to the
liquid state, and the H-bond angles of 158.252° and 161.508°,
respectively, implies the stability of these hydrogen bond as
they are close to the 180°.2%3¢

Regarding the intermolecular H-bonding that exist between
maline and RSD (as shown in Figure 1C and D), the most likely
H- bonds occured between the benzyl fluoride of RSD and the
hydroxyl group of maline with distance of 2.747A,, and between
the ammonium N6 of RSD and the hydroxyl group of maline
with length of 2.100A.

These results also indicated the formation of weak hydrogen
bonding corresponding to the liquid state. Furthermore, the
H-bond angleof the ammonium N6 of RSD and the hydroxyl
group of maline proposed more stable bond with 157.160° than
H- bonds occur between the benzyl fluoride of RSD and the
hydroxyl group of maline with angle of 111.053°2%%

Figure 2 shows the suggested H-bonding of maline
components (between choline chloride and malonic acid) as
well as H-bonding of RSD with maline M1.

Malines pH Determination

The pH is an important physical property and has an essential
influence on chemical reactions and on DEILs applications.
The results in Table 2 indicate the acidic pH value of maline due
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Figure 1: H-bond distance and angle prediction chart: (A)Chloride
of chloine chloride with hydroxyl of malonic acid. (B) hydroxyl of
chloine in choline chloride with carbonyl of malonic acid (C)benzyl

fluoride of risperidone with hydroxyl of maline and (D) ammonium of

risperidone with hydroxyl of maline.

to the nature of the malonic acid (hydrogen bond donor), and
the pH values decreased with increasing temperature. Same pH
behaviors were observed with several deep eutectic solvents.!”
However, there are no significant differences in the pH values
of the malines (M1-M3) at room and body temperature.

Saturated Solubility of RSD in Malines

RSD solubility was evaluated in malines (M1-M3), and
was found to be soluble in all the tested malines (Table 3).
The highest solubility was recorded in 1:1choline chloride/
malonic acid (M1) where the saturated solubility of the drug
in M1 was significantly (p < 0.5) higher than its solubility in
M2 and M3 where it was 20.5 mg/mL at 25°C and 5.6 mg/

\N'+
o
Cl

Figure 2: Predicted H bonding between: (A) Choline chloride and
Malonic acid (Maline structure (B) Risperidone and Maline.

mL at 37°C. While saturated solubility of RSD in M2 and M3
were 13.6 mg/mL at 25°C and 0.23 mg/mL at 37°C; and 11.86
mg/mL at 250C and 2.69 mg/mL at 37°C, respectively. These
values is much higher than the reported solubility of the drug
in water, i.e., 2.8 yg mL™" at 250C and 5 ug mL™! at 37°C.3132
Therefore, maline (M1) was chosen for the solubilization of
RSD. The high solubility of the drug in maline (M1) due to
the formation of stronger hydrogen bonding. The reduction in
solubility at 37°C was due to the changes in H-bonding that
occur with temperature increasing.>° The same results were
reported utilizing different DES for lidocaine solubilization,>
and studying carbohydrates solvation in various choline
chloride-based deep eutectic solvents.>**°

Thermal Behavior of DEILs by DSC

Since melting point depression is one of the most obvious
properties of DEILs, the DSC analysis provides an effective
technique to track the thermal behavior of the formed DEILs.
The thermogram of choline choride (Figure 3A) revealed an
endothermic peak near 302°C indicating the crystalline nature
of choline chloride.

Also, a sharp endothermic peak near 135°C specifying
malonic acid. These outcomes are in agreement with the reported
melting point data for choline chloride and malonic acid.*® 3’

It is clearly shown in Figure 3B that all malines showed
no peak corresponding to the melting points of the choline
chloride and malonic acid, and no thermal events were
observed. Instead, a glass transition temperature presented near
-14°C which confirmed that these DEILs are supramolecular
complexes via strong hydrogen bonding with the liquid
state over a broad temperature range. The same results were
observed with other deep eutectic solvents based on choline
chloride and carboxylic acid."
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Table 2:Malines pH values

Maline pH at 25°C pHat37°C
Ml 1.90 1.60
M2 1.98 1.79
M3 2.00 1.90

Table 3: Solubility of risperidone in malines.

At 25°C At 37°C
Respirdone in  Concentration Concentration
(solubility) mg/mL + SD  (solubility) mg/mL + SD
1:1 (M1) 20.46 + 1.082 5.64 £0.355
1:0.9 (M2) 13.61 +£1.705 0.23+0.135
1:0.8 (M3) 11.86 £ 1.859 2.69 +0.240
Malonic acid

3

% Vs choline chloride

T

(A)
[} 50 100 150 200 250 300 350 400
A Sample Temperature (°C)
————————
/H’ Ris in M1
e

u_%_ M2

T

£

(B) M1
o 50 100 150 200
B Sample Temperature (°C)

Figure 3: Dsc thermogram of :(A) Choline chloride, Malonic acid,
risperidone (B) Maline M1, M2,M3,and risperidone in M1.

RSD showed a sharp melting endotherm at 171°C as presented
in Figure 3A and aligned with its melting point."” The
thermogram of RSD in the maline(M1) revealed that the
presence of RSD did not significantly affect the main glass
transition temperature of the maline. However, the melting
endotherms of risperidone itself no longer existed indicating
its complete solubilization. In fact, the absence of RSD melting
endotherm underlines the ability of DEILs to maintain the
drugs in the soluble form up to temperatures that are lower
than their melting points.*

Compatibility Test by FTIR Spectroscopy

FTIR is a compelling analytical technique that decides the
functional groups present in the prepared malines and identifies
the structure of chemical bonds with extreme sensitivity to

hydrogen-bonding interactions.!? IR spectrum of maline is a
frequency combination of choline chloride and malonic acid,
except a specific frequency shifting as presented in Table 4.

In Figure 4, choline chloride showed a sharp peak near
3271.38 cm’, revealing the OH group.®® The OH stretching
region of malonic acid as a typical carboxylic acid stretching
that form hydrogen-bonded dimer rings, with a strong broad
overlapping bands centered at frequencies between 2945 and
3153 em™.

In addition, a strong broad peak near1708.99 cm™ referred
to the carbonyl stretching region of malonic acid. The broad
nature of this peak reflected two dimer rings with almost equal
hydrogen strength. These values are comparable to the wave
numbers recorded in previous study.*’

After maline formation, the vibrational mode of the
carbonyl stretching region of malonic acid observed in Figure 4,
shifted from 1708.99 cm! toward a higher wave number 1732 cm™
and considerably became less intense. This indicates that these
carbonyl groups are free in maline.

Furthermore, the -OH groups of malonic acid in malines
(M1, M2 and M3) appear as a broad peak due to the liquid
and the amorphous nature of maline which makes the sharper
peaks overlap. This broad peak was observed at a higher wave
number near 3340 cm™,, representing weaker hydrogen bonds
formed than pure malonic acid cyclic dimers. All these results
was harmonized with the reported data of choline chloride/
malonic acid DEILs FTIR analysis.***

RSD showed a sharp peak at 1651 cm™ related to the
carbonyl group in its structure.”” Once dissolving RSD in

Table 4: FTIR Spectrum stretching

Substance Functional Stretching (em™)
group
Choline chloride OH 3271
Malonic acid OH, C=0 2945-3153,1708.9
Maline M1 M2and . 011 1732.13,2926-3340
M3)
Risperidone C=0 1651
Risperidone in maline C=0 1726, 1633
Ris in M1
— Ris
5
E M1
2
E M.A
=
——\ Chel
4000 35‘0{] 3[;00 25'130 ZD'OD 1 5‘00 1'0‘00 5(‘)0

Wavelength (cm™)

Figure 4: FTIR spectra of (==)Choline chloride, (==)Malonic acid,(==)
Maline(M1), (==)Risperidone, (=) risperidone in maline(M1).
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maline (M1), the IR spectrumdemonstrated a shift in the
carbonyl stretching regions of both maline (M1) and RSD.
These shifts occured from 1732 to 1726 cm™ for maline, and
from 1651 to 1633 cm™ for RSD. These shifting were due to
the formation of further hydrogen bonding between the maline
(M1) and RSD, which resulted in absorption at lower wave
numbers, comparable behavior was observed using different
DES with different drugs 384142

Maline '"H-NMR Determination

"H-NMR spectroscopy is a valuable technique to study the
hydrogen-bonding interactions that could occur upon maline
formation. The pure compounds (choline chloride and malonic
acid) along with maline (M1) were analyzed. Figure 5 shows
that after maline generation, there was a chemical shift occured
from 6.68 ppm in malonic acid for OH to 6.61 ppm, and from
3.27 ppm in choline chloride for OH to 3.24 ppm. This may
confirm the formation of complex anions (formed between
the malonic acid and the chloride anion), which interacted
with the choline cation. This hydrogen bonding between the
chloride anion and the acidic protons inmalonic acid was
suggested earlier in the computational prediction (Figure 2A).
Same results was observed with other choline chloride based
DESs. "4

Upon adding risperidone to maline (M1), Figure S5E shows
a chemical shift that appeared from 6.61 ppm in maline (M1)
for OH to 6.06 ppm implying a hydrogen bonding formation
at this postion.

Rheological tests

Rheological studies assist the characterization of substances
by understanding their flow properties. The flow curves of the
malines (M1 (1:1), M2 (1:0.9) and M3 (1:0.8)) and the viscosity-
shear rate curves were estimated. During these experiments,
the shear was pre-setted with a logarithmic increase and the
measuring-point duration was logarithmically decreased
throughout the experimentfrom 30 to 2 s from first to last
measuring point. The flow curves of malines (Figure 6),
showed that the shear stress for all malines increased with
the increase in the shear rate interval. The gradual increase
in shear stress does not intersect with the origin point (zero
point at Y axis); therefore, all the samples (M1, M2 and M3)
exhibited a non-Newtonian behavior (pseuodoplastic) at room
temperature conditions, as compared with imidazolium based
ionic liquid.*

Similarly, M1 with RSD showed the same behavior of
increasing the shear stress with the increase in the shear rate
interval, indicating no effect of adding RSD to M.

In general, viscosities of DEILs are higher than water, most
molecular solvents and molten salts.*® It is mainly affected by
the chemical nature of the DEILs components, hydrogen bond
accepter and hydrogen bond doner (HBA/HBD) molar ratio,
temperature and the water content. The high viscosity of DEILs
is often attributed the presence of an extensive hydrogen-
bonding network between the components.*”* The shear rate
curve (Figure 7) shows that at low shear rates (2-20s™") as the
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100

—== M3 flow
—e—curve

M2 flow curve
—®— Risin MI flow

Figure 6: Flow curve of malines

shear rate increased, malines tend to illustrate a non-uniform
viscosity profile, and the apparent viscosity decreased from 8.1,
6and 6.4to2,1.5 and 1.8 Pa's for M1, M2 and M3, respectively
with no significant differences between them. Thus, presenting
a shear-thinning property which is non-Newtonian behavior
(shear rate dependent). But as the shear rate approached 20s™
(and above) the viscosity became independent on the shear
rate and a Newtonian plateau was observed at a viscosity of
approximately 1.6, 1.3 and 1.7 £ 0.1 Pa‘s for M1, M2 and M3,
respectively. Thus, they can be considered as Newtonian fluids
at the high shear rates. This possible shear thinning behavior
could be attributed to the different magnitude of H-bonding
leading to aggregated or sponge-like structure which starts
breaking with increasing shear rate until the viscosity shows a
nearly Newtonian behavior, same results observed with other
ionic liquid such as 1-ehyl- 3-methylimidazolium tosylate
[emim][TSO] and DES such as choline chloride:citric acid and
citric acid:glucose.*>*

Similar result was observed for maline M1 with RSD as
there was an initial viscosity decline at range from 2 to around
20 s from 6.5 to 1.3 Pa.s, followed bya Newtonian plateau at
a viscosity of 1.2 £ 0.1 Pa.s, indicating that addition of RSD
has no effect on maline viscosity.

Temperature Sweep

Temperature sweep curves presented in Figure 8, express
that as the temperature increased, the viscosity decreased
for all malines (M1, M2, M3). This could be explained due
to the weakening of the van der waals and hydrogen bond
interaction upon increasing temperature. These DEILs
exhibited a Newtonian behavior at high temperature,
because high temperatures increase their molecules mobility

~— M3 viscosity
—e—curve

M2 viscosity curve
—e—Ris in Mlviscosity

Figure 7: viscosity- shear rate curve for malines.

Temperature vs
6

2 0 —+—M3
£ (1:0.8)
b .
g 0 ——M2
2

0 1 2 3 4 5

Temperature

Figure 8: Temperature-sweep (temp-viscosity) relations for malines.

that eventually increases their fluidity.** This behavior
was similar to reported DES such as ChCl:glucose and
ChCl:sorbitol.*

Moreover, malines viscosity decrease as a function of
temperature can be wellrepresented by the logarithm form
of the Arrhenius equation:

Inn = Innwo + Ea/RT

n is the shear viscosity

N is the viscosity at infinite temperature

Ea is the flow activation energy

R is the ideal gas

T is the absolute temperature.

Since the activation energy (Ea) is the energy that must be
exceeded for the molecules to step past each other in the fluid,
above Ea value, the molecules step past each other loosely,
which is related to the interactions originating in the fluid,
thus, indicates the high fluid viscosity.>*

From Figure 9, the Ea/R values were determined from the
slope of In 1 versus 1/T(as presented in table), indicating that
all malines (M1, M2 and M3) possess almost same activation
energy implying that they have similar extent of intermolecular
interactions within each maline.

The experimental viscosity readings were suited Arrhenius
equation with satisfactory (R? linearity values of > 0.98).
Therefore, this equation can be reliable to evaluate the DEILs
viscosity. 2

Furthermore, upon addition of RSD to maline (M1), no
effect on viscosity ofmaline was observed in the Arrhenius

Arrhenius plot of M3 Arrhenius plot
9 2
£ i s
) E . y=11.033x -
z 4 y=11.654x - 39.772 2 37.642
g z 2
2 R?=0.98 S
> 2 : : : )
5 32 34 36 38 4 z 3% 3. 3 4
2 S 2
4 -
1/T (k) *10° 4 1T (K
Arrhenius plot of M1 Arrhenius plot of M1
6 P with
%
2 <
4 y = 10.085x - 34.203 ﬂE- ....... Ammn
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- z 33.987
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5 ﬁ 3, 34 36 38 4 E o J 3/3 N N .
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Figure 9: Arrhenius plots (The effect of temperature on the viscosity)
for malines (M1, M2 and M3) and risperidone in maline (M1).
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plot. This could be further evidence for the absence of effect
of RSD on maline viscosity and behavior.

CONCLUSION

A deep eutectic ionic liquid based on choline chloride and
malonic acid (maline) has been successfully enhanced RSD
solubility. It was attributed to the hydrogen bonding that occurs
between maline and RSD that was suggested theoretically by
mercury program and confirmed experimentally. Such Deep
Eutectic Ionic Liquid (DEIL) composed of choline chloride-
malonic acid (maline) may act as alternative solvent for RSD to
improve its solubility and absorption. Therefore, maline with
RSD can be a potential candidate to prepare a suitable oral
dosage form with reduced dose, and improved bioavailability
leading to reduced side effects.

REFERENCES

1.

10.

Adawiyah N, Moniruzzaman M, Hawatulaila S, Goto M.
Ionic liquids as a potential tool for drug delivery systems.
MedChemComm. 2016;7(10):1881— 1897. doi:10.1039/
c6md00358c.

Gardas RL, Coutinho JAP. Group contribution methods for the
prediction of thermophysical and transport properties of ionic
liquids. AIChE J. 2009;55:1274-90

Marrucho IM, Branco LC, Rebelo LP. lonic liquids in
pharmaceutical applications. Annual review of chemical
and biomolecular engineering. 2014;5:527-546. https://doi.
org/10.1146/annurev-chembioeng-060713-040024.

Julio A, Caparica R, Costa Lima SA, Fernandes AS, Rosado C,
Prazeres D, Reis S, Santos de Almeida T, Fonte P. Ionic Liquid-
Polymer Nanoparticle Hybrid Systems as New Tools to Deliver
Poorly Soluble Drugs. Nanomaterials (Basel, Switzerland).
2019;9(8):1148. https://doi.org/10.3390/ nano9081148.

Islam MR, Chowdhury MR, Wakabayashi R, Kamiya N,
Moniruzzaman M, Goto M. (2020). Ionic Liquid-In- Oil
Microemulsions Prepared with Biocompatible Choline
Carboxylic Acids for Improving the Transdermal Delivery of a
Sparingly Soluble Drug. Pharmaceutics. 2020;12(4):392. https://
doi. org/10.3390/pharmaceutics12040392

Banerjee A, Ibsen K, Brown T, Chen R, Agatemor C, Mitragotri S.
Tonic liquids for oral insulin delivery. Proceedings of the National
Academy of Sciences. 2018;115(28) 10.1073/pnas.1722338115.
Chowdhury MR, Moshikur RM, Wakabayashi R, Tahara Y,
Kamiya N, Moniruzzaman M, Goto M. (2018). Ionic-Liquid-
Based Paclitaxel Preparation: A New Potential Formulation for
Cancer Treatment. Molecular Pharmaceutics. 2018;15(6):2484—
2488. doi:10.1021/acs.molpharmaceut.8b00305.

HuHC, Liu YH, Li BL, Cui ZS, Zhang ZH. Deep eutectic solvent
based on choline chloride and malonic acid as an efficient and
reusable catalytic system for one-pot synthesis of functionalized
pyrroles. RSC Advances. 2015;5(10):7720— 7728. doi:10.1039/
cdral3577f

Ptotka-Wasylka J, de la Guardia M, Andruch V, Vilkova
M. Deep ecutectic solvents vs ionic liquids: Similarities and
differences. Microchemical Journal. 2020 105539. doi:10.1016/j.
microc.2020.105539

Li Z, Lee PI. Investigation on drug solubility enhancement
using deep eutectic solvents and their derivatives. International
journal of pharmaceutics. 2016;505(1-2): 283—-288. https:// doi.
org/10.1016/j.ijpharm.2016.04.018

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Bandi S, Sanka K, Bakshi V. Enhanced Oral Delivery of
Risperidone through a Novel Self-Nanoemulsifying Powder
(SNEP)Formulations: In-Vitro and Ex-Vivo Assessment, Journal
o f Microencapsulation. 2016; DOI:10.1080/02652048.2016.122
3200.

Perkins SL, Painter P, Colina CM. Experimental and
Computational Studies of Choline Chloride-Based Deep
Eutectic Solvents. Journal of Chemical & Engineering Data.
2014;59(11):3652-3662. doi:10.1021/je500520h.

Florindo C, Oliveira FS, Rebelo LPN, Fernandes AM, Marrucho
IM. Insights into the Synthesis and Properties of Deep Eutectic
Solvents Based on Cholinium Chloride and Carboxylic Acids.
ACS Sustainable Chemistry & Engineering. 2014;2(10):2416—
2425. d0i:10.1021/5¢500439w

Macrae CF, Sovago I, Cottrell SJ, Galek PTA, McCabe P, Pidcock
E, Wood PA. Mercury 4.0: from visualization to analysis,
design and prediction. Journal of Applied Crystallography.
2020;53(1):226-235. doi:10.1107/ s1600576719014092.

Macrae CF, Edgington PR, McCabe P, Pidcock E, Shields GP,
Taylor R, Van de Streek J. Mercury: visualization and analysis
of crystal structures. Journal of Applied Crystallography.
2006;39(3):453—457. doi:10.1107/ s002188980600731x.

Bruno 1J, Cole JC, Edgington PR, Kessler M, Macrae CF,
McCabe P, Taylor R. New software for searching the Cambridge
Structural Database and visualizing crystal structures. Acta
Crystallographica Section B Structural Science. 2002;58(3):389—
397. doi:10.1107/s0108768102003324.

Jablonsky M, Butor S, Andrea, Russ A, Sima J. The pH Behavior
of Seventeen Deep Eutectic Solvents. 2018;13. 10.15376/
biores.13.3.5042-5051.

Teja C, NF. Choline Chloride-Based Deep Eutectic Systems
in Sequential Friedldnder Reaction and Palladium- Catalyzed
sp3 CH Functionalization of Methyl Ketones. ACS Omega.
2019;4(5):8046—8055. doi: 10.1021/acsomega.

Germann D, Kurylo N, Han F. Chapter 8 — Risperidone. Profiles
of Drug Substances, Excipients and Related Methodology.
2012;37:313-361

Maraie N, Almajidi Y. “Effect of different mucoadhesive
polymers on release of ondansetron HCl from intranasal
mucoadhesive in situ gel. 2017.

Dwamena AK. Investigating Anions and Hydrophobicity of Deep
Eutectic Solvents by Experiment and Computational Simulation.
ProQuest Dissertations and Theses, 2019;194. https:// search.
proquest.com/docview/2219248043?accountid=27575.

Jangir A, Patel DK, More R, Parmar A, Kuperkar K. New
insight into experimental and computational studies of Choline
chloride-based “green” ternary deep eutectic solvent (TDES).
Journal of Molecular Structure. 2019;1181:295-299. doi:10.1016/j.
molstruc.2018.12.106.

Khudhur AQ, Maraie N, Raauf A. Highlight on lipids and its use
for covalent and non-covalent conjugations. Al Mustansiriyah
Journal of Pharmaceutical Sciences. 2020

Al-Akayleh F, Adwan S, Khanfar M, Idkaidek N, Alremawi M,
Abu-shaab H. A Novel Eutectic-Based Transdermal Delivery
System for Risperidone. AAPS PharmSciTech. 2020;22. 10.1208/
$12249-020-01844-4.

Jeong SW. Shear rate-dependent rheological properties of
mine tailings: Determination of dynamic and static yield
stresses. Applied Sciences (Switzerland). 2019;9(22). https://doi.
org/10.3390/app9224744

1JDDT, Volume 13 Issue 1, January - March 2023

Page 93



Rheological and Thermal Behavior of Choline-based Deep Eutectic Ionic Liquid and its Impact on a Poorly Soluble Drug Model

26

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Barnes HA. Chapter 18 The rheology of emulsions. In Interface

Science and Technology (Vol. 4, Issue C). Elsevier Masson SAS.
2004 https://doi.org/10.1016/S1573- 4285(04)80020-6.

Savi LK, Carpine D, Waszczynskyj N, Ribani RH, Haminiuk
CWI. Influence of temperature, water content and type of
organic acid on the formation, stability and properties of a
functional natural deep eutectic solvents. Fluid Phase Equilibria.
2019;488:40-47. doi:10.1016/j.fluid.2019.01.025

Marcus Y. Deep Eutectic Solvents. 1st ed. 2019. https://lib.ugent.
be/catalog/ebk01:4100000007181139

Grabowski SJ. Chapter 1:Hydrogen Bond — Definitions, Criteria
of Existence and Various Types , in Understanding Hydrogen
Bonds: Theoretical and Experimental Views, 2020:1-40 DOI:
10.1039/9781839160400-00001.

Sinko PJ, Martin AN. Martin’s physical pharmacy and
pharmaceutical sciences: Physical chemical and biopharmaceutical
principles in the pharmaceutical sciences. 2006 Philadelphia:
Lippincott Williams & Wilkins.

Shakeel F, Alanazi FK, Alsarra IA, Haq N. Solubility of
antipsychotic drug risperidone in Transcutol+water co-solvent
mixtures at 298.15 to 333.15K. Journal of Molecular Liquids.
2014;191:68-72. doi:10.1016/j.molliq.2013.11.026.

Mishra B, Shukla D, Chakraborty S, Singh Shoor. Preparation
and in-vitro characterization of Risperidone-cyclodextrin
inclusion complexes as a potential injectable product. DARU
Journal of Pharmaceutical Sciences. 2009;17:226-235.
Gutierrez A, Atilhan M, Aparicio S. A Theoretical Study
on Lidocaine Solubility in Deep Eutectic Solvents. Physical
Chemistry Chemical Physics. 2018. doi:10.1039/c8¢cp05641b.
Gutiérrez MC, Ferrer ML, Mateo CR, del Monte F. Freeze-
Drying of Aqueous Solutions of Deep Eutectic Solvents: A
Suitable Approach to Deep Eutectic Suspensions of Self-
Assembled Structures. Langmuir. 2009;25(10):5509-5515.
doi:10.1021/1a900552b

Hikkinen R, Abbott AP. Solvation of carbohydrates in five
choline chloride- based deep eutectic solvents and the implication
for cellulose solubility. Green Chemistry. 2019. doi:10.1039/
c9gc00559%¢.

Barzinjy A, Arkawazi A, Hamad S. Physical, Thermal and
Structural Properties of 1 Choline Chloride: 2 Urea Based Ionic
Liquids. Singapore Journal of Scientific Research. 2020;10:417-
424.10.3923/sjsres.2020.417.424.

Zhang Y, Yang Z, Zhang S, Zhou X. Synthesis, Crystal Structure,
and Solubility Analysis of a Famotidine Cocrystal. Crystals.
2019;9:360. 10.3390/cryst9070360.

Al-Akayleh F, Ali HH, Ghareeb MM, Al-Remawi M. Therapeutic
deep eutectic system of capric acid and menthol: Characterization
and pharmaceutical application. Journal of Drug Delivery Science
and Technology. 2019. 101159. doi:10.1016/j.jddst.2019.101159.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Delgado-Mellado N, Larriba M, Navarro P, Rigual V, Ayuso
M, Garcia J, Rodriguez F. Thermal stability of choline
chloride deep eutectic solvents by TGA/FTIR-ATR analysis.
Journal of Molecular Liquids. 2018;260:37—-43. doi:10.1016/j.
molliq.2018.03.076

Thorat G, Jadhav H, Roy A, Chung W, Seo J. Dual role of deep
eutectic solvent as a solvent and template for the synthesis
of octahedral cobalt vanadate for oxygen evolution reaction.
ACS Sustainable Chemistry & Engineering. 2018;6. 10.1021/
acssuschemeng.8b03119.

Aroso IM, Silva JC, Mano F, Ferreira ASD, Dionisio M,
Sa-Nogueira I, Duarte ARC. Dissolution enhancement of active
pharmaceutical ingredients by therapeutic deep eutectic systems.
European Journal of Pharmaceutics and Biopharmaceutics.
2016;98:57-66. doi:10.1016/j.ejpb.2015.11.002

Troter, D. Preparation and FTIR characterization of choline
chloride-based deep cutectic solvents with thiourea and
dimethylurea. 2016.

D’Agostino C, Harris RC, Abbott AP, Gladden LF, Mantle
MD. Molecular motion and ion diffusion in choline chloride
based deep eutectic solvents studied by 1H pulsed field gradient
NMR spectroscopy. Physical Chemistry Chemical Physics.
2011;13(48):21383. doi:10.1039/clcp22554¢

Degam, G. Deep Eutectic Solvents Synthesis, Characterization
and Applications in Pretreatment of Lignocellulosic Biomass. .
Electronic Theses and Dissertations. 2017:1156.

Elhamarnah Y, Nasser, M, Qiblawey H, Benamor A, Atilhan M,
Aparicio S. A comprehensive review on the rheological behavior
of imidazolium based ionic liquids and natural deep eutectic
solvents. Journal of Molecular Liquids. 2019:277. 10.1016/].
molliq.2019.01.002.

Garcia-Alvarez J. Deep Eutectic Solvents and their applications
as new green and biorenewable reaction media. 2014.

Zhang Q, Vigier K, Royer S, Jérome F. Deep eutectic solvents:
Syntheses, properties and applications. Chemical Society
reviews. 2012;41:7108-46. 10.1039/ c2¢s35178a.

Lo YT. Synthesis and Characterization of Deep Eutectic
Solvents (DES) with Multifunctional Building Blocks [Master’s
thesis, University of Akron]. OhioLINK Electronic Theses
and Dissertations Center. 2019. http://rave.ohiolink.edu/etdc/
view?acc_num=akron1559598953036721.

Basaiahgari A, Panda S, Gardas R. Acoustic, volumetric, transport,
optical and rheological properties of Benzyltripropylammonium
based Deep Eutectic Solvents. Fluid Phase Equilibria.
2017;448:41-49. doi: 10.1016/j.fluid.2017.03.011.

Maugeri Z, Maria P. Novel choline chloride-based deep-eutectic-
solvents with renewable hydrogen bond donors: Levulinic acid
and sugar-based polyols. RSC Adv. 2011;2:421-425. 10.1039/
CIRA00630D.

1IJDDT, Volume 13 Issue 1, January - March 2023

Page 94



