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ABSTRACT - Ionic liquids are salts in which the ions are poorly coordinated, which causes them to exist in liquid
form below 100°C, or at room temperature. Therefore, these are also defined as room temperature ionic liquids
(RTILs). In ionic liquids, at least one ion has a delocalized charge and one component is organic, which prevents
the formation of a stable solid form of crystal lattice. Physical properties of ionic liquids, such as melting point,
viscosity, and solubility of starting materials and other solvents, are impacted by the substituents on the organic
component and by the counterions. Many ionic liquids have even been developed to address specific synthetic
problems and that is the reason these are also termed as "designer solvents". Ionic liquids are considered as “green
solvents” that exhibit several unique characteristics such as high ionic conductivity, high solvation power, thermal
stability, low volatility, and recyclability. Although very useful with several advantages, ionic liquids have some
limitations that include high cost and ease of recycling. Moreover, the toxicity and biodegradability of ionic liquids
are not yet well understood. Nonetheless, ionic liquids can potentially be used in the field of pharmacy in drug
design and formulation development. In drug or vaccine dosage formulation development, ionic liquids can be
used as a solubility enhancer, permeability enhancer, stabilizer, targeted delivery inducer, stealth property provider
or bioavailability enhancer. In this article we reviewed the physical properties of ionic liquids and potential
application of ionic liquids in developing formulations for vaccines and small molecule drugs (A table has been
added).
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INTRODUCTION modification of the cations and anions. Due to this
flexibility, ILs have been applied in certain processes
Recently ionic liquids (ILs) have gained attention such as catalytic reactions, desulfurization,
because of their relative environmental friendliness hydrogenation, and electrochemistry [6-15]. All
as well as their flexibility to be used in various these useful properties have led to the consideration
settings. ILs that are generally composed of organic of ionic liquids as suitable candidates for chemical
cations and organic/inorganic anions are a class of syntheses.
molten salts with melting points below 100°C. The Although Paul Walden reported the first IL
cations are mostly alkylated imidazole, pyrrole or (ethylammonium nitrate) in 1914, the ILs have
pyridine derivatives, quaternary alkyl amines and emerged as a critical research field only during the
alkyl phosphines. On the other hand, most past two decades [16, 17,18]. Based on the cation
representative anions of ionic liquids are halides, segment, ILs are broadly classified into four types:
alkyl sulfates, fluorinated hydrocarbons, carboxylic 1) alkylammonium-, 2) dialkylimidazolium-, 3)
acids or amino acids [1,2]. Ionic liquids are non- phosphonium- and 4) N-alkylpyridinium-based ILs.
volatile, nonflammable and recyclable chemical Ethylammonium nitrate [EtNH;3][NOs] (m.p. 12 °C),
components. They possess several distinct the first discovered IL in 1914, is a room
characteristics such as excellent solvating power, Temperature IL [16].
good thermal stability, and tunability by using
appropriate cations and anions [3,4,5]. Moreover, the Corresponding Author: Mohammad Uddin, College of
physical and chemical properties, such as solubility, Pharmacy, Larkin University, Miami, FL, USA; E-mail:
polarity, viscosity and acidity, are amenable to muddin@ularkin.org
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With the advent of binary ionic liquids that comprise
of mixtures of aluminum chloride and N-
alkylpyridinium or 1,3-dialkylimidazolium chloride,
a great interest grew in the scientific community
[17,18]. Generally, ILs are of two types: I) simple
salts that are made of a single anion and cation, and
ID) binary ionic liquids that are salts in equilibrium.
For example, [EtNH3][NO:s] is a simple salt. On the
other hand, a binary ionic liquid system composed of
mixtures of aluminum chloride and 1,3-
dialkylimidazolium chlorides contains several
different ionic species, and their melting points and
properties depend upon the mole fractions of
aluminum chloride and 1,3-dialkylimidazolium
chloride present [16].

One of the unique properties of ILs are that they
can be reused. Several researchers have investigated
the process to recover and recycle ILs in the past few
decades. The recovery and recycling procedures of
ILs include extraction, membrane separation,
distillation,  adsorption, aqueous two-phase
extraction, and crystallization [19-24]. Nevertheless,
distillation and extraction are most widely used. In
order to separate the volatile products from ILs,
vacuum distillation is usually used, and extraction is
preferred for non-volatile or thermally sensitive
substances. Adsorption is a common process to
recover ILs from aqueous solutions. Besides these,
membrane technology is also used to separate any
specific IL from a mixture, where ILs are usually
found in the feed side or permeate through the
membrane using the osmosis process. To recover
hydrophilic ILs, the aqueous two-phase system is
commonly used. This method excludes the use of
any volatile organic solvent. Crystallization is also
another process to obtain ILs. This process is
employed for recovering ionic liquids with high
purity.

The preparation of ILs can be described in two
steps: (1) Synthesis of the cation, where the desired
cation can be synthesized either by protonation of the
amine by an acid or by amine quaternization with a
haloalkane with concomitant heating. (2) Exchange
of the anion, in which anion metathesis is a
commonly used method for the anion exchange. In
fact, this procedure is preferred for the synthesis of
1,3-dialkylimidazolium cation-based ILs that are
stable in water and air. This second approach
requires reactions between the halide salt with the
silver/sodium/potassium salts of NO, , NO;~, BF4",
S04, and CO,CH5 [25-27]. Anion exchange can
also be accomplished by the reaction of halide salts

with Lewis acids that will lead to the formation of
Lewis acid-based ionic liquids. AlCls-based salts are
very common Lewis acid-based ionic liquids. In
these reactions, mixing of the Lewis acid and the
halide salt leads to the production of anionic moieties
and is contingent on the ratio of quaternary halide
salt and Lewis acid [28-30]. Based on the relative
number of reactants, ILs can be acidic or basic.
Molar excess of [emim]Cl over AICI; furnishes basic
ILs, whereas the molar excess of AICl; generates an
acidic ionic liquid. Neutral ILs are formed when both
[emim]Cl and AICl; are present in equimolar
quantities. Some other commonly used Lewis acids
are BCls, AIEtCly, InCls, and CuCl [31-34]. Another
classification of ILs comprises of protic ILs (PILs)
and aprotic ILs (APILs) [35]. The transfer of protons
from a Brensted acid to a Bransted base yields PILs.
Gabriel demonstrated the first PIL,
ethanolammonium nitrate (EOAN), in 1888 [36].
Conventionally, PILs possess greater fluidity,
enhanced conductivity, and lower melting points
[37]. Moreover, byproduct formation is not
associated with their synthesis, thereby making the
process more convenient and less expensive [38]. To
date, the only drawback demonstrated by PILs in
some reports is their predisposition to form a
hydrogen bond network that ultimately compromises
their ionicity [39-40]. This hydrogen bonding has
been confirmed by NMR, X-ray diffraction and
neutron diffraction [39]. Several other ILs have been
reported that include chiral ILs, double salt ILs,
polymeric ILs, solvate ILs, dicationic ILs, and deep
eutectic solvents [41-44]. The complete proton
transfer from a Brensted acid to Brensted base
causes the formation of ILs, however, if the proton
transfer is incomplete it forms a neutral species.
Apart from this, ion complexation or aggregation
also results in partial proton transfer that leads to
decreased ionicity of the PILs [45]. PILs have been
reported to be used in different settings, including
biological systems, chromatography, and as proton-
conducting electrolytes for polymer membrane fuel
cells [38,46,47]. They are also used as a Bronsted
acid or base in many acid-base-catalyzed organic
reactions such as aldol condensation, Fischer
esterification, Knoevenagel condensation, and the
Diels-Alder reaction [48-51]. Due to their
microwave-absorbing nature, they are a good
alternative to be applied as a medium or catalyst in
many microwave-assisted reactions. Some other
uses of PILs are in the esterification of benzoic and
salicylic acids, the dehydration of D-fructose and
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glucose, and the solvent-free synthesis of coumarins
[52-55].

Indeed, plenty of ionic liquids are mixtures of
different cations and anions. More than a thousand
ILs have been reported including single, binary and
ternary ionic liquids. By virtue of being readily
customized they are applied in different settings such
as solvents in organic syntheses, additives in
pigments, storage media for toxic gases, and so on.
By employing state-of-the-art technology that
includes irradiation with microwaves (MW) and
power ultrasound (US), IL synthesis has been
improved significantly. These techniques can be
used either alone or in combination and can result in
better yields within a shorter time. More advanced
methodologies that utilize efficient, solvent-less,
one-pot synthetic protocols are expected to scale
down expenditure associated with the production of
ILs.

PHYSICOCHEMICAL
IONIC LIQUIDS

Ionic liquids have very diverse physicochemical
properties which are impacted by the composition of
the ionic liquid. Physical properties of ionic liquids
are determined by the presence of different types of
ions in the ionic liquid. The IL physicochemical
properties include lattice energy, surface entropy,
molar entropy, the molar enthalpy of vaporization,
molar surface Gibbs energy, interstitial molar
surface Gibbs energy, enthalpy, density, viscosity,
and thermal stability. Physicochemical properties are
extensively studied in pharmaceutical industries as
they are very important for both active
pharmaceutical ingredients (API) and excipients.
Several properties of API and excipients, such as
stability, solubility, flowability, lubricity, and
disintegration, depend on the physicochemical
properties. The particle size and shape of the powder
excipient, as well as fundamental forces acting on
particles in powders such as adhesion, friction, and
gravitational forces, also depend on physico-
chemical properties and are considerable factors in
formulation development [56]. The diverse nature of
the physicochemical properties of ILs have rendered
them as potential excipient candidates in formulation
development. Below we have discussed some of the
physical properties which are relevant to the
pharmaceutical application of ionic liquids.

PROPERTIES OF

1) Enthalpy
Enthalpy is one of the most fundamental
thermodynamic properties of ILs. Although the
measurement of the enthalpy of ILs is at a
rudimentary stage, it is possible to substantiate the
force fields that are employed in computational
studies of the behavior of ILs. These validated force
fields serve as a consistent measure for the
predictions of physical and chemical properties [57].
Using different solvents and with the help of an
1sothermal titration calorimeter at 25°C, the solution
enthalpies of some ILs based on imidazolium cations
have been measured. Several reports are available
that demonstrated the measurement of the enthalpies
of vaporization, AvapHT, at temperature T, for
different ILs by wusing both experimental and
theoretical methods [58-59]. Fumino et al
demonstrated a linear relationship between
published AvapH values and their measured
vibrational frequencies by measuring the far infrared
(FIR) spectra of 1- ethyl-3-methylimidazolium-
based ILs and a variety of anions [60]. By using
tunable vacuum ultraviolet  photoionization,
Chambreau et al. reported AvapH298 values of
several ILs [61]. Meanwhile, Wang et al. estimated
AvapHT values for a group of imidazolium- and
pyrrolidinium-based ILs over a range of
temperatures by using UV absorption spectra [62].
Recently, Deyko et al. determined AvapH298 of
seven ionic liquids by means of temperature-
programmed desorption using line of sight mass
spectrometry. Their ILs included four imidazoliums,
a pyridinium, a phosphonium, and an isouronium
[63].

2) Multi-phases

A group of researchers led by Domanska studied
phase equilibrium data for ILs in water and other
organic solvents where they examined phase
equilibria from melting points of ILs to boiling
points of organic solvents. Different GEx models
were employed to determine the (solid+liquid) and
(liquid+liquid) phase equilibria curves [64]. Mostly
the differential scanning calorimetry (DSC)
technique was used to study phase transitions of
materials. In this method, the same temperature (AT
=Ts — Tr = 0) is applied to both the sample and the
reference substance and any heat transfer between
the sample and reference substance is recorded
against the temperature [65]. Usually alumina
(Al>03) and silicon carbide (SiC) are used as the
reference substances in DSC technique and these
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substances are stable in terms of phase change over
a broad range of temperatures. The phase change is
determined by plotting heat flow against temperature
where divergence from the baseline of the DSC trace
is indicative of a phase change. A phenomenon
called the glass-transition temperature (Tg) of ILs
refers to the cohesive energy within its salt.
Repulsive Pauli forces result in a drop in Tg, while
attractive Coulomb and van der Waals interactions
elevate this parameter. An alteration in cations or
anions can decrease the Tq, thereby lowering the
cohesive energy of ILs. With an increase in
temperature, there will be a decline in viscosity and
consequently more fragility will be observed for ILs
[66].

3) Thermal stability

Generally, the ILs exhibit thermal stability at or
above 400 °C, and this stability is mostly contingent
on the nature of the anions [67]. A decent correlation
has been reported between the thermal stability of
ILs with anion-coordinating nature, hydrophilicity,
and nucleophilicity [68]. For example, when there is
an increase in the hydrophilicity of anions, thermal
decomposition decreases. Compared to pyridinium,
tetra alkyl ammonium, and piperidinium ILs,
imidazolium ILs are conventionally more stable
[69]. Apart from the IL structure, other factors like
contaminants (such as water and halides) and
experimental conditions (such as sample mass,
heating rate, atmosphere type, atmosphere flowing
rate, sample pan material, and instrument type) have
also been reported to impact the thermal stability of
ILs [70, 71]. The mechanism of IL. decomposition is
another aspect to consider. Several robust analysis
methods such as thermogravimetric analysis coupled
with mass spectrometry (TGA-MS), thermal
desorption mass spectroscopy (TD-MS), and
pyrolysis-gas chromatography (pyrolysis-GC), have
been utilized to find out the decomposition products
as well as to reveal the decomposition mechanisms
of ILs. Commonly substituent reactions are involved
in the decomposition of ILs [72-74]. When anions
attack the cations, C—N bonds undergo cleavage,
along with Sy2 and Sx1 pathways [72]. In the
presence of non-coordinative anions, ILs follow
elimination or rearrangement reactions. Quantum
chemical calculations have also been shown to
furnish additional information on the decomposition
mechanisms [75]. The reports on the thermal
stability of ILs include data that were measured at
varying conditions making thermal stability data

from different publications incomparable. Moreover,
nearly all studies focused on traditional ILs, such as
[BMIM][PFs], [BMIM][T:N], [BMIM][CI], and
reports are scanty on long-term stability [76]. Tonset
usually marks thermal stability and as decomposition
occurs, it is calculated on the temperature curve from
the intersection of the baseline weight and the
tangent of the weight dependence. Very often, before
reaching the onset temperature ILs begin to
decompose. Del Sesto et al. showed a substantial
decomposition of ILs [bmpy][T:N] and
[BMIM][Tf:N] at 250 °C negating the regular
decomposition temperature of about 400 °C [77].
Hence, a new parameter, 7001, Was recommended.
Tooix denotes the temperature at which the
decomposition of ILs reaches 1% for a given time x.
But it did not solve the problem since a huge
discrepancy was still observed. For example, the
difference between Tonset and 7o.01/10n (the
temperature at which 1% mass loss occurs in 10 h)
was around 200 °C [78]. Nevertheless, there are
several conflicting data on the thermal stability of
various ILs and therefore, the high decomposition
temperature of ILs should be calculated from fast
thermogravimetric analysis (TGA) that measures the
loss of a sample with respect to temperature in a set
environment.

4) Density

Commonly, the density of ILs is greater than that of
water. An increase in pressure results in an increase
in density while an increase in temperature leads to a
decrease in density. Largely the component cations
and anions are responsible for the magnitude of the
density of the ILs. Generally, the density of ILs
decreases with an increase in the length of the
organic cation and the density decreases with an
increase in length of the anion group. When the
cation is kept constant, the order of density of ILs
follows the order: [BF.s]< [OTf]< [PFs]<
[NTE,"] [38].

5) Viscosity

Viscosity is very critical for ILs and it depends on
van der Waals interactions and hydrogen bonding
[79]. The viscosity of ILs controls the rate of
diffusion inversely. The anionic structure plays an
important role in the viscosity of ILs. Compared to
ILs with high viscosity, ions move more freely in less
viscous liquids. As a rule of thumb, higher viscosities
are preferred for lubrication or in supported
membrane separation processes and lower
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viscosities are required to increase the rate of mass
transfer in solvents. Usually the viscosities of ILs are
greater than those of commonly used solvents. The
viscosities of ILs are variable for different cations
and anions. The cation of an IL having a larger alkyl
chain has a higher viscosity while ILs possessing
very symmetric or almost spherical anions are
comparatively more viscous. One explanation for
this effect is due to the formation of weak hydrogen
bonds between anions and cations. The ILs having
[NTf] anions demonstrate superior charge
delocalization as well as chain flexibility that leads
to a decrease in viscosity compared to other anion-
based ILs. With the same cation and variable anions,
the viscosities of ILs follow this order: [CH;COO] >
[PFe]" > [CiSO4] > [C2SO4] > [BF4] > [OTA] >
[NTL:] [80].

6) Melting point

Melting point is perhaps the most essential property
of ILs that relies on the structure and composition of
ILs. The melting points of ILs are determined by the
presence of both anions and cations. ILs are ionic
compounds which exhibit comparatively lower
melting points. On the other hand, ionic compounds
with high coulombic force have strong interactions
between the ions and have high melting points. For
example, the melting point of sodium chloride is
801°C. Its cations and anions are small, spherical and
of similar size and their packing is well defined,
which results in very powerful Coulomb forces [81].
Normally a cation with low symmetry in an ionic
liquid exhibits a lower melting point than one with
high symmetry. Additionally, a decent charge
distribution and weak intermolecular interactions in
the cation support a low melting point of an IL.
Another example is [EMIM]CI/AICI;, a
chloroaluminate IL that shows interesting trends in
its melting point. The composition of [EMIM]
CI/AICI; greatly affects its melting point [82]. By
combining two species, a suitable IL can be
developed that will have a low melting point. This is
crucial for designing ILs suitable for -certain
applications where low melting point is required.

7) Mutual solubility

The phase behavior, or the mutual solubility, of ionic
liquids with other solvents is another important
aspect to consider. This is determined by the cation,
the substituents on the cation, the anion, and the
solvents. The impact of the anion on the phase
behavior of imidazolium-based ionic liquids with

alcohol was reported by Crosthwaite et al. With
alcohol, the mutual solubility of imidazolium-based
ILs follows the order: [DCA] > [OTf] > [NTf,] >
[BF4] > [PFs] [83]. Heintz et al. reported that with
an increase in the alkyl chain length of the alcohols,
the mutual solubility of the IL and alcohol decreases
[84]. Crosthwaite et al. demonstrated that the
increase in alkyl branching results in a greater
dissolution of the ionic liquid compared with the
corresponding linear alcohol. They proposed that the
phenomenon was due to the diminished infinite
dilution activity coefficient of the branched alcohols
[83]. The van der Waals interactions are known to
increase between the alkyl chain on the cation and
the alkyl chain on the alcohol when there is an
increase in the chain length on the cation, and this
event leads to the augmentation of the mutual
solubility of ILs with alcohols [85]. Also, the mutual
solubility of ILs comprising of water and
imidazolium decreases with an increase in the alkyl
chain length on this cation [86]. This happens due to
the change in the cohesive energy of these ILs
impacted by an escalation of the van der Waals
forces with the alkyl chain length.

8) Conductivity

The ionic conductivity largely depends on the
existing charge and two factors, namely, molecular
weight and the size of the ion. The relationship
between chemical structures and transport properties
of ILs has not been extensively studied yet.
However, based on the reports so far, the extent of
conductivity of ILs is usually moderate and it lies in
between aqueous electrolytes and water. The
diffusion rate of ions in the ILs influences the ionic
conductivity. The ions can move faster when the
diffusion rate is high, and this allows the charges to
get transported through the liquid rapidly. The NMR
data has shown that both [BMIM] and [BPy] cations
diffuse at a similar rate as [BF4]". Considering the
sum of cationic and anionic diffusion coefficients,
ionic liquids follow the order: [EMIM] [Tf:N] >
[EMIM] [BF*] > [BP] [Tf:N] > [BP] [BF4]. Indeed,
not only viscosity but also ionic size and ion pairs
impact the conductivity of ILs [87].

POTENTIAL USE OF IONIC LIQUIDS IN
PHARMACEUTICAL DRUG
FORMULATIONS

Due to their malleable physical and chemical
properties, ionic liquids are potential candidates to be
used as excipients. lonic liquids can be used in drug
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dosage forms to increase the solubility, drug
permeability and stability, to provide charge on drug
formulations, and for site-specific or organ-targeted
delivery. Ionic liquids exhibit better permeability
and bioavailability when acidic and basic drugs were
used [88]. Since they can play multiple roles, using
ionic liquids alone can replace several excipients in
drug formulations which can make formulations
more efficient and less costly. Below we have
discussed the potential applications of ionic liquids
for different purposes such as stabilizers,
permeability enhancers, and solubility enhancers.
The use of different types of ILs as excipients in
small molecule drugs are shown in Table 1.

1) Stabilizer

ILs have been employed as potential protein
stabilizers and this property might play a central role
to address the stability problems of numerous
biopharmaceuticals. Biologics are crucial in the
management of infections, auto-immune diseases,
cancers, and other difficult conditions [89].

Some imidazolium ILs exhibited protein
refolding. For example, Yamaguchi ef al. showed the
refolding property of hydrophobic imidazolium
cations where [BMIM][CI] displayed the maximum
refolding capacity [90]. Contrastingly, the
denaturing property of ILs has also been reported.
Kumar et al. investigated the impact of three
imidazolium ILs—[BMIM][CI], [BMIM][Br], and
[BMIM][I] on the thermal stability of stem
bromelain. [BMIM][I] emerged as the most
denaturing and the order of thermal stability was
[BMIM][CI] > [BMIM][Br] > [BMIM][I] [91].
Takekiyo et al. demonstrated that 1-butyl-3-
methylimidazolium thiocyanate ([BMIM][SCN])
and ethylammonium nitrate (EAN) significantly
reduced the activity of cytochrome C (cyt C) and
lysozyme and elicited unfolding. However, they
regained their activities and refolding was imminent
with the removal of the ILs and this observation
supported the reversible denaturant effects of
imidazolium ILs [92]. Buchfink et al. studied the
effect of the anion on the ability of EMIM-ILs to
stimulate refolding of recombinant plasminogen
activator (rPa) and stability of lysozyme. They found
that the ability of the anion to promote refolding of
rPa while coupled to EMIM followed the order of
[CIT > [MDEGSOy4] > [EtSO4] > [Ac] > [Tos] >
[Et,PO4] > = [HexSO4]. The order of the melting
temperature (Tm) of lysozyme was [Cl'] > [EtSO47]
~ [MDEGSOs] > [Et,PO4] > [Ac] = [Tos] >

[HexSO4] [93]. Attri et al. has reported the thermal
stability of a-chymotrypsinogen (CT) in five ILs
based on phosphonium, ammonium, and
imidazolium salts. The imidazolium ILs, namely, 1-
benzyl-3-methylimidazolium chloride
([BzMIM][CI]) and 1-benzyl-3-methylimidazolium
tetrafluoroborate ([BzMIM][BF4]), enhanced the
thermal stability (Tm) of CT to a small extent.
Triethyl ammonium acetate (TEAA) showed the
highest stabilizing effect on CT with an increase in
Twm from 42 to 65 °C [94]. Lange et al. evaluated the
stability of lysozyme by using [BMIM][CI], [OH-
EMIM][CI], and [OH-PMIM][CI] and reported a
marked decrease in the Ty of lysozyme with an
increase in the alkyl chain length of the cation.
Moreover, they confirmed that an increase in the
alkyl chain length and hydrophobicity of the cation
moiety leads to a decrease in the conformational
stability of lysozyme [95].

Fujita et al. reported a greater long-term stability
of cyt C after dissolution in a solution of 80% w/v
[Chol][DHP] [96]. Weaver et al. showed inhibition
of lysozyme and recombinant human interleukin-2
(rHIL-2) denaturation by [Chol][DHP].
Furthermore, they also demonstrated the formation
of irreversible aggregates after denaturation of rHIL-
2 and lysozyme that were formulated with
[Chol][DHP] [97]. Mazid et al showed a
prolongation of the biological activity of EGFR
(Anti-epidermal growth factor) mAb (monoclonal
antibody) in 50% w/v concentrations of buffered
[Chol][DHP]. The stability was also enhanced in the
presence of proteinase K and 50% w/v buffered
[Chol][DHP]. They proposed that buffered
[Chol][DHP] stabilized the EGFR mAb alpha-
helices [98]. Rodrigues et al. investigated the
stability of lysozyme in different choline-based ILs,

namely, choline dihydrogen phosphate
[Chol][DHP], choline dimethyl phosphate
[Chol][DMP], choline trimethylacetate

[Chol][TMA], choline trifluoromethane sulfonate
[Chol][TFMS], choline lactate [Chol][Lac], choline
propionate [Chol][Prop], choline
bis(trifluoromethylsulfonyl)amide  [Chol][TF:N],
choline hexanoate [Chol][Hex], and choline chloride
[Chol][Cl]. According to their study, [Chol][DHP]
and [Chol][TF,N] resulted in the highest
stabilization and destabilization, respectively. The
order of stability was: [DHP] > [DMP] > [Lac’] >
[CI'] >> [Prop] > [TFMS'] ~ [TMA"] > [Hex] >
[TF2N] [99].
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Meanwhile, Bisht et al. investigated some
choline ILs involving carboxylate and phosphate
anions as a potential media for cyt C. Of all the ILs,
the highest catalytic activity of cyt C was observed
with choline glutarate ([Chol][Glu]) at 50% w/v of
the IL [100]. Recently, Tarannum et al. investigated
the effect of four choline-based ILs (choline serinate,
threoninate, lysinate, and phenylalaninate) on the
structural stability of collagen and confirmed the
destabilization that resulted from the competing
hydrogen bonds between the ILs and OH groups on
the collagen [101].

2) Permeability enhancer

ILs were employed in the delivery of different APIs
such as solvents, nanoparticles, functionalizing
agents, and dispersing agents. These led to improved
transdermal permeation of the APIs. Kandasamy et
al. showed that ammonium acetate-based ILs
facilitate the formulation of  IL-in-oil
microemulsions that result in better solubilization
[102]. Yoshiura et al. advanced this finding by
demonstrating an improvement in microemulsion
size by IL incorporation, thereby augmenting
transdermal permeation [103].

The IL-based formulations displayed great
potential to enhance the permeability of poorly
permeable drugs. An IL composed of octanoic or
isostearic acid and diisopropanolamine or
triisopropanolamine promoted skin permeability
without causing any skin impairment [104]. Another
IL comprised of proline ethylester-ibuprofenate
demonstrated improved transdermal permeation
[105]. A morpholinium-based IL has been reported
to increase the transdermal transport of diltiazem, a
calcium channel blocker [106]. Cholinium geranate
was also shown as a useful permeation enhancer
[107]. Moreover, another IL of lidocainium docusate
showed enhanced membrane permeability by virtue
of forming ionic associates. Apart from these,
improved skin penetration of a model substance in
vitro was reported by oil-in-water and water-in-oil
emulsions with [CsMIM][CI] or [CsMIM][PF¢]
[108]. Some IL-containing nanodispersions that
showed improved skin penetration  were
recommended to be wused with hydrophilic
macromolecules for transcutaneous vaccinations
[109].

3) Solubility enhancer

To be functional, a drug must reach the site of action
from the site of administration, which is defined as
drug absorption.

Lipophilic drugs have solubility problems in the
body fluid; therefore, converting these types of drugs
into lipophilic salts or ionic liquids can increase the
water solubility. On the other hand, the salt
formation or ionic liquid formation of these drugs
may reduce the solubility of the lipophilic salt drug
in lipids. However, it was found that lipophilic salt
ionic liquid forms can also have higher lipid
solubility. Williams et al compared the lipid
formulation candidacy of the lipophilic salts of
Biopharmaceutical Classification System (BCS)
Class I amlodipine and BCS Class III fexofenadine,
ranitidine, and metformin with the existing
commercial salts. For this purpose, lipophilic salts
were prepared from lipophilic anions and
commercial HCI or besylate salt forms, and analyzed
by IH-NMR, differential scanning calorimetry
(DSC), and hot-stage microscopy. X-ray diffraction
and polarized light microscopy were also used to
confirm the salt's physical form. Results showed that
all lipophilic salt forms were substantially more
lipid-soluble (typically >10-fold) when compared to
commercial salts and had greater drug loadings in
lipid formulations. In vitro tests showed that
lipophilic salts or ionic liquids solubilized in a lipid
formulation resulted in dispersion behavior that was
at least as rapid as the dissolution rates of
conventional salts. This study confirmed the
applicability of forming lipophilic salts or ionic
liquids of BCS Class I and III drugs to promote the
utility of lipid-based delivery systems [110].

Sahbez et al. transformed weakly acidic poorly
water-soluble drugs (PWSD) into ionic liquids (ILs)
to enhance solubility. For this purpose, ionic liquid
forms of drugs were prepared directly from
tolfenamic acid (Tolf), meclofenamic acid,
diclofenac, and ibuprofen by pairing them with
lipophilic counterions. The drug-ILs were obtained
as liquids or low melting solids and were
significantly more soluble (either completely
miscible or highly soluble) in lipid-based, self-
emulsifying drug delivery systems (SEDDS) when
compared to the equivalent free acid. They also
conducted an in vivo study of a SEDDS lipid
solution formulation of Tolf
didecyldimethylammonium salt and the same
formulation of Tolf free acid at a low dose (18
mg/kg). The results showed similar absorption
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profiles and overall exposure in both cases. They
demonstrated that the free acid administration was
only possible as a suspension in the SEDDS
formulation or as an aqueous suspension. These
resulted in markedly different plasma profiles with
prolonged exposure and reduced Cmax for the IL
formulations. The advantage of isolating a weakly
acidic drug as an IL is that it allows formulation as a
solution SEDDS rather than a lipid suspension, and
in some cases may provide a means of slowing or
sustaining absorption. This study further confirmed
that weakly basic PWSDs transformed into highly
lipophilic ILs increases the solubility significantly
[111].

Sahbaz et al. also further investigated the
enhancement of solubility of weakly basic, poorly
water-soluble  drugs (PWSDs) itraconazole,
cinnarizine, and halofantrine by converting them to
ionic liquids. Their conversion into lipophilic ionic
liquids facilitates incorporation into lipid-based
formulations and integration into lipid absorption
pathways. Low melting point, completely miscible
and highly soluble drug-ionic liquids (active
pharmaceutical ingredient — ionic liquid API-IL)
were prepared via metathesis reactions of the
hydrochloride salt of the PWSDs with a range of
lipophilic counterions. These API-ILs are self-
emulsifying drug delivery systems (SEDDS)
comprising of mixtures of long or medium chain
glycerides, surfactants such as Kolliphor-EL and
cosolvents such as ethanol. They are readily
incorporated into the colloids formed in intestinal
fluids during lipid digestion. In an in vivo study,
itraconazole docusate or cinnarizine decylsulfate
API-ILs were subsequently dissolved in long chain
lipid SEDDS at high concentrations and orally
administered to rats. The results were compared to
control formulations based on the SEDDS
formulations containing the same concentrations of
drug as the free base. In comparison to the
suspension (or physical mixture for itraconazole)
formulations at the same dose, both the drugs
displayed an increased plasma exposure for the API-
IL-containing formulations (2-fold for cinnarizine
and 20-fold for itraconazole). The API-ILs also
provided advantages in dose uniformity, capsule
filling, and stability compared to similar suspension
formulations. This study lends support to the fact that
the lipophilic ionic liquids facilitate the loading of
dissolved drugs in lipid-based formulations which
consequently promotes the exposure of poorly
water-soluble drugs after oral administration [112].

POTENTIAL USE OF IONIC LIQUIDS IN
VACCINES

Unlike a drug’s therapeutic action in cells for
curative purposes, a vaccine works to stimulate the
immune system of the body. Vaccines work by either
stimulating antibody-producing cells such as B cells
or the killer cells such as T cells. Vaccines can be
administered in different routes, such as oral and
intramuscular, with different forms such as
suspension, nanoparticle or microparticle. Ionic
liquids can be used potentially in different stages of
vaccine mechanisms such as penetration enhancers,
vaccine stabilizers, or adjuvants. The use of
different types of ILs in vaccines has been shown in
Table 1.

1) Penetration enhancer:

Several vaccines are administered via subcutaneous
and transdermal routes. In such cases a penetrating
agent enhances the effects of vaccines. ILs have
potential to be used as penetration enhancers. A
novel IL-mediated transcutaneous  vaccine
formulation was reported by Araki et al. where they
employed a solid-in-oil (S/O) nano-dispersion of
antigen coated with surfactants. The skin
permeability of the model antigen ovalbumin (OVA)
was significantly improved due to the incorporation
of the IL [Ciomim][Tft:N] (1-dodecyl-3-methyl
imidazolium bis(trifluoromethyl sulfonyl) amide) in
the formulation. Moreover, the IL-mediated S/O
nanodispersion exhibited elevated levels of OVA-
specific serum IgG compared to both PBS control
and S/O nanodispersions without IL. These
outcomes evidenced that ILs might boost skin
penetration in transcutaneous vaccinations for
hydrophilic macromolecules. It also showed that the
ILs are biosafe and biocompatible [113].

2) Vaccine stabilizer:

Stabilizers help the vaccine remain unchanged when
the vaccine is exposed to heat, light, acidity, or
humidity. Stabilizers also help the vaccine antigens,
such as proteins, peptides, enzymes, inactivated
bacteria, viruses, and virus-like-particles, to stay in
their original forms. ILs can also be applied to
stabilize vaccines. ILs can enhance stabilization of
proteins, enzymes, and viruses [114-115]. Proteins
are highly sensitive to changes in their vicinity
induced by temperature, pH, humidity, salt
concentration, and any mechanical stress applied
during manufacturing [89]. As they are exposed to
these stressors, they undergo gradual changes in
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structure, and form protein aggregates over time
[116]. In addition, the poor stability of proteins and
enzymes might result in loss of function and activity,
significantly limiting their use in biological
processes and as biopharmaceuticals.

3) Adjuvants
An adjuvant is an ingredient used in vaccines that
helps create a stronger immune response when

administered. Ionic liquids can potentially be used as
adjuvants in vaccine formulations. Conventional
suspension vaccines exhibit problems of separation
of two phases formed by the dissolution of two
polymers (or antigens), a polymer and a salt, or two
salts in water separation processes [117-118].

Table 1: Use of different types of ionic liquids in small molecule drugs and vaccines:

Types of Ionic liquids Purpose of use  Type of drug Dosage form References
1. Lidocanium docusate Permeability Small molecule Transdermal Smith et al

2. [C4mim][CI] (1-Butyl-3- drug and vaccine [149],
methylimidazolium chloride) Cromie et al
3. [BMIM][T£N](1-Butyl-3- [150]
methylimidazolium

bis(trifluoromethylsulfonyl)imide)

1. [C4mim][N(CN)2] Solubility Small molecule Emulsion, Claudio et al
(1-butyl-3-methylimidazolium drug suspension [146],
dicyanamide) Alawi et al

2. [C4mim][Cl] [147]
(1-butyl-3-methylimidazolium chloride)

3. [C2mim][N(CN)2]

(1-ethyl-3-methylimidazolium

dicyanamide)

4. [C4mim][Tos]

(1-butyl-3-methylimidazolium tosylate)

5. Choline—tryptophan

1. BDMImBF4 Adjuvant Vaccine Suspension Anetal [151]
(1-butyl-2,3-dimethylimidazolium

tetrafluoroborate)

2. AAImBF,

(1,3-diallyl imidazolium

tetrafluoroborate)

3. AEImBF4

(1-allyl-3-ethylimidazolium

tetrafluoroborate)

1. DABCO (1,4- Penetration Vaccine Transdermal Monti et al
diazabicyclo[2.2.2]octane) enhancer [106],

2. Choline-geranate Zakrewsky et
3. Tetraalkylphosphonium-hexanoate al [107]

1. TEAA Stability Vaccine Suspension Attri et al [94],
(triethyl ammonium acetate enhancer

2. TEAP Bisht et al
(triethyl ammonium phosphate) [148]

3. Cholinium dihydrogen citrate
4. Cholinium Glutarate




J Pharm Pharm Sci (www.cspsCanada.org) 23, 158 - 176, 2020

However, ionic liquids can be a good alternative to
enhance the separation due to the high solubility of
most ILs in water at room temperature. The use of
small quantities of ILs as adjuvants in polymer-based
aqueous two-phase systems (ATPS) appears as an
alternative to overcome these difficulties [119].
Several studies have attempted to study the ionic
liquid as an adjuvant. Pereira et al. studied the L-
tryptophan partition in aqueous two-phase systems
composed of polyethylene glycol (PEG) with a
molecular weight of 600 g-mol-1 (PEG 600) and
sodium sulfate (Na>SOs4) with the addition of 5% of
imidazolium-based ionic liquid as an adjuvant. It
was found that the partition coefficient (K) of L-
tryptophan is mainly dependent on the IL nature and
on the IL partition to the polymer-rich phase. The
addition of only 5% of imidazolium-based IL
provides enhanced extraction efficiencies (EE%),
varying between 80% and 99%, when compared to
the ATPS with no IL added [118]. A similar study
with different PEG (PEG 300) with higher
concentration of ILs was conducted by Almeida et
al. ILs were also used in concentrations ranging
between 5-10% as adjuvants in ATPS constituted by
PEG 300 and Na,SO4 for the extraction of gallic,
vanillic and syringic acids [120]. Ferreira used ILs as
adjuvants with ATPS composed of PEG 400 and
potassium citrate buffer at pH 7.0 to extract
Immunoglobulin G (IgG) from rabbit serum [121].
The EE of IgG was noted when 5% IL was used.
Aziz et al. used ATPS formed by PEGs of different
molecular weights and potassium phosphate,
potassium citrate and sodium acetate to extract [3-
mannanase. It was found that only 3% of
[Csmim][BF4] (1-butyl-3-methylimidazolium
tetrafluoroborate) in the ATPS formulation enhances
the PB-mannanase partition to the salt-rich phase
[122]. Another study was conducted by De Souza et
al. using two PEG polymers. The partition of two
dyes in ATPS composed of PEG 1500 and 8000 and
a phosphate buffer at pH 7.0 with 5% of ILs as
adjuvants shows that ILs have a minor effect upon
the ATPS formation, and that the partition
coefficient values obtained in the systems with ILs
are lower than in systems without them [123]. The
extraction of lipase produced by submerged
fermentation by Bacillus sp. ITP-001 using
imidazolium-based ILs as adjuvants (5%) in ATPS
composed of several different PEGs (1500, 4000,
6000 and 8000) and potassium phosphate buffer at
pH 7 was also studied [124]. Catarina et al. also
studied a variety of ILs as adjuvants (chloride-based

combined with cholinium, imidazolium,
pyrrolidinium, piperidinium, tetralkylammonium
and tetralkylphosphonium cations) with ATPS
formed by polyethylene glycol (PEG 400) and a
weak salting-out salt ((NH4)2SO4) [125]. The
respective phase diagrams were determined, and the
systems extraction performance for a wide range of
biomolecules (phenolic compounds, alkaloids and
amino acids) were investigated. These results clearly
indicate that the incorporation of ILs as adjuvants in
polymer-salt ATPS leads to the modulation of
biomolecule partitioning.

CYTOTOXICITY OF IONIC LIQUIDS
Although ionic liquids emerged as a potential
replacement for traditional volatile and harmful
organic solvents, studies have shown that large
amounts of ionic liquids can be toxic and less
biodegradable. Therefore, the use of ILs in the
human body as drug components warrants extensive
cytotoxic evaluation. The flexibility of ILs has been
the most important factor for cytotoxicity studies.
Indeed, it is very appealing to develop therapeutic
agents with tailored anticancer activity and
diminished toxicity toward the normal counterparts.
A significant number of evidences have
demonstrated the anticancer properties of ILs. The
cancers targeted include colon cancer, breast cancer,
brain cancer, histiocytic lymphoma, cervical cancer,
lung cancer, and squamous cancer [126-131]. Apart
from these, they have been successfully applied in
other cells, namely, mouse, rat, Chinese hamster, and
human fibroblasts [132-135].

Although the preliminary studies claimed the
cations of ILs to be the principal determinant of
toxicity, it is now obvious that their toxicities include
both the cations and anions [136]. A number of
factors control the extent of toxicity and the most
prominent ones are the length of the alkyl side chain
and the branching and hydrophobicity of the ion.
Some reports have demonstrated an amplification of
IL toxicity due to an increase in the alkyl chain
length of the cation [137]. Introduction of
hydrophilic functional groups (e.g. hydroxyls,
nitriles, and polar ethers) to the side chains of ILs
decreases the toxicity of the IL cation due to a drop
in hydrophobicity [137]. Compared to AILs (anionic
ionic liquid), PILs (pyridinium ionic liquid) have
exhibited reduced cytotoxicity due to their lack of
bulky hydrophobic cations and perfluorinated anions
[138]. Choline is FDA approved and choline-based
ILs are substantially less toxic than an imidazolium-
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or pyridinium-based cation [137]. [Chol][DHP] was
shown to be a biocompatible additive for the
stabilization and formulation of recombinant human
interleukin-2 (rHIL-2). It did not produce any toxic
effects towards primary splenocytes and mouse
melanoma cells (B16-F10) as well. From these
reports, it is evident that the choline-based ILs could
be attractive candidates for biocompatible ILs [139].

A good number of methods are available to study
cytotoxicity. Among them the MTT assay is the most
popular that is based on the mitochondrial enzymatic
activity. The enzymes reduce the tetrazolium dye
MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide) or the related MTS,
XTT, and WST dyes. Other methods such as
fluorescence microscopy and apoptosis assays have
shown that ILs promote oxidative stress, DNA
damage, and apoptosis in cells.

Several ILs have been identified with cytotoxic
activities by employing different human tumor cell
lines. Among them a greater cytotoxicity was
demonstrated by guanidinium ILs with long alkyl
chains [140]. ILs that comprise of the
tetrafluoroborate anions attached to natural amino
acids also exhibited a marked cytotoxicity against a
panel of tumor cell lines. Their cytotoxic mechanism
was conceivably due to an elevation of toxic anion
transport into the cells [141]. Nevertheless, to date
no study has been conducted to evaluate the
cytotoxic effect of ILs on tumor and normal cells.
Compared to nonmalignant HEK (human embryonic
kidney) cells, triethylammonium phosphate, 1-
methylimidazolium chloride, triethylammonium
sulfate, and 1-butyl-3-methylimidazolium chloride
furnished more cytotoxicity toward T98G brain
cancer cells [127]. Interestingly, imidazolium-based
ILs showed non-selectivity in terms of cytotoxicity
toward normal human fibroblasts and CaCo-2
(colorectal adenocarcinoma) cells [135].

A lower cytotoxicity was observed with
cholinium ILs than with common cation-based
imidazolium and pyridinium ILs. Right now, a major
limitation lies in the fact that the cytotoxicity of ILs
cannot be distinguished by their structure only since
the type of cell strongly dictates the extent of
cytotoxicity. An imidazolium-based IL called 1-
octyl-3-methylimidazolium chloride ([CS8MIM][CI])
was found to stimulate the expression of CYP450
genes and their products participated in xenobiotic
metabolism in the mouse mammary carcinoma cell
line EMT6 [142]. Other imidazolium ILs
upregulated the multixenobiotic/multidrug

resistance (MXR/MDR) system in HeLa cells.!*
They also resulted in elevated oxidative stress,
mitochondrial failure, and augmentation in apoptosis
both in normal and malignant cells [141, 144-145].
ILs have also been reported to disrupt the lipid
bilayers of cell membranes. For example, 1-
alkylquinolinium ILs damaged the cell membrane in
3T3 cells [132]. To facilitate the development of
effective anti-tumor agents by employing ILs, it is of
utmost importance to know the mechanism of action
which remains largely unexplored. Because of this,
the potential use of ILs in the field of cancer is
practically challenging. Hence, further studies are
utterly required to explain the mechanistic impact of
ILs in normal and tumor cells.

CONCLUSION

Ionic liquids have very diverse physicochemical
properties. Their malleable physicochemical
properties, such as stability, density, and mutual
solubility, make them excellent candidates as
excipients that can be used for multi-purposes. Their
flexibility endows ingenuity to the researchers to
formulate customized ILs that may serve unique
purposes. So far, a good number of studies have
reported the potential roles of ILs in drug delivery
systems. Research on ILs has advanced beyond
academia and currently chemical/pharmaceutical
industries are extensively exploring the potential to
utilize them in drug delivery systems. These ILs can
be employed either as ingredients of drugs or drug
delivery systems, or as facilitators/catalysts in
reaction media and drug synthesis. Due to their wide
range of physical properties it is possible that ionic
liquids can be used in drug formulation development
for both small molecule drugs and vaccines. In drug
formulations they can be used as stabilizers,
solubility enhancers, and permeability enhancers. On
the other hand, these also can be used as vaccine
stabilizers, penetration enhancers, and adjuvants in
vaccine formulations. Cytotoxicity studies of ionic
liquids also showed that the safe use of ionic liquids
is possible in drug formulation development.
Considering the above discussion, we foresee that
ionic liquids hold an immense potential for their
multi-purpose use in drug development.
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