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Preface to “Ionic Liquids and Deep Eutectic Solvents

for Application in Pharmaceutics”

Over the last few decades, ionic liquids (ILs) and deep eutectic solvents (DES) have been studied

academically throughout many fields of chemical and biological research, including pharmaceutical

sciences, due to their highly tunable physical, chemical, and physicochemical properties. In

pharmaceutics, ILs have been studied as alternative solvents for the preparation, purification, and

crystallization of active pharmaceutical ingredients (APIs). However, the tailorable properties of

ILs and DES render them distinct interactions with cellular membranes and organelles, enabling

a myriad of applications ranging from bactericidal agents against pathological microorganisms to

innovative materials for transdermal drug and protein delivery. ILs and DES have also found use

in the manipulation of naturally occurring matrices such as polysaccharides, yielding outstanding

materials suitable for tissue regeneration and wound healing, as well as gene and drug delivery.

Furthermore, there has been striking evidence over the last decade that the formation of ILs by a

combination of ionizable APIs with biocompatible organic counter-ions (API-ILs) is a very capable

instrument to enhance the bioavailability of poorly water-soluble and/or lipid-soluble drugs and

reduce or even eliminate polymorphism, yielding more effective formulations of commercial drugs.

This Special Issue collected emergent discoveries on the application of Ionic Liquids and

Deep Eutectic Solvents in pharmaceutical sciences. Six original papers and one review article

were published.

Miguel M. Santos, Luı́s C. Branco
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Over the last few decades, Ionic Liquids (ILs) and Deep Eutectic Solvents (DES) have been studied
academically throughout many fields of chemical and biological research, including pharmaceutical
sciences, due to their highly tunable physical, chemical and physicochemical properties. In pharmaceutics,
ILs have been studied as alternative solvents for the preparation, purification and crystallization of
active pharmaceutical ingredients (APIs). However, the tailorable properties of ILs and DES render them
distinct interactions with cellular membranes and organelles, enabling a myriad of applications ranging
from bactericidal agents against pathological microorganisms to innovative materials for transdermal
drug and protein delivery. ILs and DES have also found use in the manipulation of naturally occurring
matrices such as polysaccharides, yielding outstanding materials suitable for tissue regeneration and
wound healing, as well as gene and drug delivery. Furthermore, the formation of ILs by a combination
of ionizable APIs with biocompatible organic counter-ions (API-ILs) has shown striking evidence over
the last decade as a very capable instrument to enhance the bioavailability of poorly water and/or
lipid-soluble drugs, in addition to reduce or even eliminate polymorphism, yielding more effective
formulations of commercial drugs.

The goal of this Special Issue was to gather emergent discoveries on the application of Ionic
Liquids and Deep Eutectic Solvents in pharmaceutical sciences. Six original papers and one review
article were published.

The publication by Umerska & Tajber et al. [1] focused on anticrystal engineering of ketoprofen by
combining it with benzocaine, procaine and tetracaine local anesthetics as Deep Eutectic Mixtures (DEMs).
By melting and quench cooling a neat mechanical mixture of the components in discrete proportions,
supercooled liquids were obtained for the vast majority of the prepared ketoprofen-based DEMs.
A detailed thermal study was performed for all mixtures, which showed that the ketoprofen-procaine
systems showed the most promising glass-forming ability of the three, with none of the components
crystallizing when cooled or heated. In fact, this system was the only one that exhibited ionization,
though partial, of ketoprofen’s carboxylic acid moiety by infrared spectroscopy and molecular modeling.

Three papers on the development of Organic Salts and Ionic Liquids from three different families
of Active Pharmaceutical Ingredients (API-OSILs) with enhanced in vitro therapeutic activity were
also included in this Special Issue [2–4]. On all papers, NMR and infrared spectroscopic studies as well
as elemental analysis confirmed the formation of the highly bioavailable API-OSILs.

In more detail, Teixeira, Santos & Branco and co-workers [2] reported the combination of the
anti-bone resorption drug alendronic acid (ALN) with four different cations in 1:1 and 2:1 proportions by
deprotonation of one or two of the ALN phosphonate groups, respectively. In general, the monoanionic
ALN-OSILs tended to be less toxic to healthy cells as well as to breast, lung and bone (osteosarcoma)
cell lines than the dianionic ones. All ALN-OSILs displayed lower antitumor activity than the standard
paclitaxel, however in several cases a distinction between healthy and cancer cells was observed. In this
regard, the authors pointed towards [C2OHMIM][ALN] as the most promising ionic formulation of

Pharmaceutics 2020, 12, 909; doi:10.3390/pharmaceutics12100909 www.mdpi.com/journal/pharmaceutics1
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the set due to its efficiency towards lung cancer and osteosarcoma cell lines and very low toxicity
towards fibroblasts.

By following one previously published methodology for the preparation of ampicillin-based
OSILs [5], Ferraz & Branco and co-workers [3] reported the preparation of amoxicillin and penicillin
antibiotics as OSILs bearing hydrolyzed β-lactam moieties (respectively seco-AMX- and seco-Pen-OSILs).
Despite this shortcoming, on one hand, two of the hydrolyzed seco-Pen-OSILs showed up to a 100-fold
increase in antimicrobial activity in vitro against sensitive S. aureus ([C2OHMIM][seco-Pen]) and E. coli
([TEA][seco-Pen]) strains compared to parent non-hydrolyzed antibiotics. The authors confirmed that
the hydrolyzed version of the parent antibiotics, as Na or K salts, did not affect these bacteria; hence,
there must be a distinct underlying mechanism for the antimicrobial activity of these seco-Pen-OSILs.
On the other hand, the combination of both hydrolyzed antibiotics with [Choline], [P6,6,6,14] and
[C16Py] cations efficiently inhibited the growth of resistant E. coli and MRSA strains in vitro. In fact,
[C16Py][seco-AMX] recorded an increase of at least 1000-fold in comparison with the original antibiotic
bearing an intact or hydrolyzed β-lactam moiety.

Santos & Branco and co-workers [4] reported the preparation of twelve new ciprofloxacin- and
norfloxacin-based OSILs by combination with six different organic cations. The obtained isomorphous
salts and ionic liquids were found to be highly water-soluble as well as non-toxic to mouse fibroblasts.
The in vitro antimicrobial activity studies performed on sensitive pathogenic K. pneumoniae and S. aureus
strains, as well as commensal B. subtilis, revealed that it is possible to develop fluoroquinolone-based
OSILs with very distinct activities, depending on the suitable combinations with organic cations.
For example, the combination of [C16Py] cation with ciprofloxacin and norfloxacin selectively inhibited
the growth of K. pneumoniae (20-fold) and S. aureus (11-fold), respectively, with a reduced effect on the
other strains. On the other hand, the combinations of ciprofloxacin with [EMIM] or [C2OHDMIM]
cations are also promising, as they have enhanced activity against both pathogenic bacteria strains.

Two additional research papers on the development of lipid-based formulations (LBFs) of
water-insoluble drugs by means of Ionic Liquids were also included in this Special Issue. The report by
Tay & Porter et al. [6] focused on the dissolution profile of lumefantrine combined with docusate and
dodecyl sulfate in nine different LBFs. Upon spectroscopic and physicochemical characterization of
the two ILs, solubility studies showed particularly promising loadings with the docusate IL in four of
the LBFs. Type III formulations were able to maintain solubilization and supersaturation of the drugs
in vitro, which consequently prompted a 35-fold plasma exposure in vivo than with the remaining
tested formulations. Moreover, in comparison with lipid and aqueous suspensions of the drug’s free
base, this formulation achieved respectively 10 and 50 times more oral bioavailability.

On the other hand, Islam & Goto et al. [7] prepared promising Ionic Liquid-in-oil microemulsions
(IL/O ME) for the transdermal delivery of acyclovir. The MEs were composed of hydrophilic ILs,
which were based on the combination of choline with formate, lactate and propionate, and choline oleate
as the surfactant IL in combination with Span-20. The highly stable nano-sized droplets of ME allowed
up to 7.7 mg/mL drug loadings (with the propionate salt) and significantly enhanced drug permeation
across pig skin models by reduction of the skin barrier function with very high biocompatibility.

Transdermal drug delivery systems assisted by Ionic Liquids were also the focus of the review
article by Sidat & Pillay et al. [8]. The physical, chemical and physicochemical properties of the ILs are
discussed according to their lipophilic and hydrophilic behavior, as well as their possible interactions
with biomolecules and biological membranes. The authors point out several examples in which ILs
are used as skin permeation enhancers in both seldom or synergistic combinatorial use with striking
advantages over standard systems. Moreover, the dissolution and complexation of ILs with drugs,
as well as the preparation of ILs as Active Pharmaceutical Ingredients for assembly of transdermal
drug delivery systems, have been revised.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Ionic liquids (ILs) and deep eutectic mixtures (DEMs) are potential solutions to the problems
of low solubility, polymorphism, and low bioavailability of drugs. The aim of this work was to
develop and investigate ketoprofen (KET)-based ILs/DEMs containing an ester local anesthetic (LA):
benzocaine (BEN), procaine (PRO) and tetracaine (TET) as the second component. ILs/DEMs were
prepared via a mechanosynthetic process that involved the mixing of KET with an LA in a range of
molar ratios and applying a thermal treatment. After heating above the melting point and quench
cooling, the formation of supercooled liquids with Tgs that were dependent on the composition was
observed for all KET-LA mixtures with exception of that containing 95 mol% of BEN. The KET-LA
mixtures containing either ≥ 60 mol% BEN or 95 mol% of TET showed crystallization to BEN and TET,
respectively, during either cooling or second heating. KET decreased the crystallization tendency
of BEN and TET and increased their glass-forming ability. The KET-PRO systems showed good
glass-forming ability and did not crystallize either during the cooling or during the second heating
cycle irrespective of the composition. Infrared spectroscopy and molecular modeling indicated that
KET and LAs formed DEMs, but in the KET-PRO systems small quantities of carboxylate anions
were present.

Keywords: ionic liquids; deep eutectic mixtures; ketoprofen; non-steroidal anti-inflammatory drugs
(NSAIDs); local anesthetics; procaine; benzocaine; tetracaine; anticrystal engineering; mechanochemistry

1. Introduction

The pharmaceutical industry relies on solid, predominantly crystalline, forms of active
pharmaceutical ingredients (APIs) [1]. Crystalline APIs, including multicomponent systems such
as salts and co-crystals, exhibit polymorphism that could negatively influence the solubility and
bioavailability of the API [2]. Ionic liquids (ILs) have recently been identified as a promising approach
to overcome the above-mentioned problems [3–5]. The IL form can improve the API performance
by providing controlled solubility and drug delivery [6,7]. An IL is a multicomponent, one-phase
system composed of ionized species with either a melting point (Mp) or a glass transition temperature
(Tg) below 100 ◦C [6]. However, it has been shown that not only the proton transfer, but also strong
hydrogen bond formation can be the driving force for the liquefaction of solid APIs, leading to
the formation of deep eutectic mixtures (DEMs) [4,8,9]. For instance, it has been demonstrated that
lidocaine ibuprofenate, generally considered as an IL [10], is in fact a DEM due to the low degree of
ionization/proton transfer [2]. APIs are transformed into ILs by combining them with appropriate
counterions. These counterions should ideally be monovalent, with a minimal number of potential
H-bonds between molecules, asymmetric, with soft electron density, bulky with voluminous side
chains causing steric inhibition crystallization among the salt components [6]. The primary aim of the

Pharmaceutics 2020, 12, 368; doi:10.3390/pharmaceutics12040368 www.mdpi.com/journal/pharmaceutics5
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counterion is to lower the Mp of the salt, yielding a low-melting point phase. However, these counterions
can modify the properties such as solubility, lipophilicity, partition coefficient, thereby affecting the API
transport via biological membranes, its absorption and/or other pharmacokinetic parameters [1–4,10].

Interestingly, some APIs satisfy the above-mentioned IL counterion requirements [6]. The dual
functional ILs (i.e., ILs composed of two APIs) offer the advantage of lowering of the Mp of API,
in addition to providing a second biological function [2–4]. The potential clinical benefits and the
increasing research and development cost of each new molecular entity have attracted interest in
developing drug-drug combinations [11,12]. Hence, the possibility of assembly of drug combination
in the form of ILs or DEMs, whereby two API molecules are associated together via reversible
intermolecular interactions, is a very attractive approach, especially for pharmaceutical combination
products. For instance, non-steroidal anti-inflammatory drugs (NSAIDs) and local anesthetics (LAs)
could create a successful dual drug combination because both are widely used in the treatment of acute
and chronic pain, as non-opioid strategies for pain management [13]. NSAIDs are generally acids,
whereas LAs are bases, hence there is a potential for a proton exchange. There have been attempts to
synthesize NSAID-LA ILs, with ibuprofen being the most commonly used NSAID and lidocaine, the
most commonly used LA [2,10,14]. Ketoprofen (KET) is another very interesting and promising NSAID
candidate to form ILs and information on KET-based ILs is scarce, with only tetrabutylphosphonium [7]
and choline [15] used as the counterions. To the best of authors’ knowledge, there is no reports
describing KET ILs or DEMs with LAs. Among LAs from ester group, there are two interesting APIs
with low melting point that meet the IL counterion requirements: tetracaine (TET) and procaine (PRO).
Another important compound from the ester LAs group, benzocaine (BEN), has a high crystallization
tendency [16] and the presence only a weak base group (aromatic amine), thus providing a challenge
for the IL formation.

The great majority of studies conducted thus far have focused on equimolar mixtures of the
NSAID and LA [5,10,17], whereas only three NSAID-LA examples of complete phase diagrams, i.e.,
lidocaine-ibuprofen [2], lidocaine-indomethacin [18], and lidocaine-naproxen [19] have been described.
However, due to the crucial importance of non-ionic interactions in DEMs, it is important to consider a
wide variety of component ratios in addition to the equimolar mixture.

ILs are usually synthesized by metathesis reactions, which involve dissolving of the salts of the
acid and the base components of ILs in a suitable solvent such as water, methanol, ethanol, within
which the IL readily forms [6]. However, metathesis has considerable disadvantages such as the need
for product purification, removal of counterions such as sodium, chloride, use of organic solvents and
compromised product yield. Alternatively, the solvent-free process that involves co-melting of free
forms of the acid and base components was used by Cherukuvada and Nangia [20] to obtain the ILs of
ethambutol such as ethambutol adipate.

The aim of this work was to develop and characterize KET-ester LAs ILs/DEMs at various
mixing ratios and construct the phase diagrams to inform selection of the compositions with
pharmaceutical relevance. Heating was employed to obtain ILs/DEMs via mechanosynthesis and to
understand the thermal aspects of KET-LA mixing. The glass-forming ability and/or crystallization
tendency of the studied mixtures was also investigated, and solid-state phase identification conducted.
Infrared spectroscopy was the method employed to investigate the nature of the interaction between
the components (i.e., H-bonding versus proton transfer) and to ultimately determine whether they
form a DEM or an IL. To support the experimental efforts, molecular modelling was employed to
understand intermolecular interactions in the KET-LA mixtures.
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2. Materials and Methods

2.1. Materials

Ketoprofen (KET) was purchased from Fluorochem Ltd., (Hadfield, UK). Benzocaine (BEN),
procaine (PRO) and tetracaine (TET) were purchased from TCI (Tokyo Chemical Industry UK Ltd.,
Oxford, UK). All chemicals were used as supplied and had purity of at least 98%.

2.2. Sample Preparation

The binary mixtures were prepared via mixing of an acid (KET) with a base (an LA). A quantity of
200 mg of each powder mixtures containing KET and each of the LA bases was prepared at a range of
KET/LA mol% between 5 and 95. The constituents were accurately weighed using an MT5 Mettler
Toledo microbalance (Greifensee, Switzerland) and ground in an agate mortar using an agate pestle
until a homogenous powder mixture was obtained.

2.3. Thermogravimetric Analysis (TGA)

TGA was performed to evaluate the thermal stability of samples to make sure that they do
not decompose during heating. TGA was carried out on the powders using a Mettler Toledo TG50
measuring module coupled to a Mettler Toledo MT5 balance [21]. Approximately 8−10 mg samples were
analyzed (n = 3) in open aluminum pans, using nitrogen as the purge gas with a flow rate of 40 mL/min.
Samples were heated from 25 to 250 ◦C at a rate of 10 ◦C/min. Mettler Toledo STARe software (version
6.10) was used to determine the mass loss based on the slope of TGA trace. Samples were considered
as stable at temperatures at which the mass loss was smaller than 5% of the initial sample weight.

2.4. Differential Scanning Calorimetry (DSC)

DSC was carried out using a Perkin Elmer Diamond DSC unit (Waltham, MA, USA) with a ULSP
B.V. 130 cooling system (Ede, Netherlands). Nitrogen with a flow rate of 40 mL/min was employed as
a purge gas that was controlled with a PerkinElmer Thermal Analysis Gas Station. The instrument
was calibrated for temperature and heat flow using an indium calibration reference material (99.999%,
transition point 156.60 ◦C) supplied by Perkin Elmer. Approximately 3–5 mg of accurately weighed
powder (MT5 Mettler Toledo microbalance) were analyzed in 18 μL aluminum pans with covers.
The samples were held at either 25 ◦C (KET-BEN) or 0 ◦C (KET-PRO and KET-TET) for 1 min in the DSC
unit, then heated at a rate of 10 ◦C/min (=first heating), cooled at a fast, nominal rate of 300 ◦C/min, held
at −60 ◦C for 5 min and reheated at a rate of 10 ◦C (=second heating). Thermal analysis was repeated at
least three times for every sample. Samples referred to as quench cooled (QC) were obtained by first
melting in situ in the DSC and then cooled at a nominal rate of 300 ◦C/min. Pyris software (version
9.01.0174) was used to analyze the thermograms.

2.5. Hyperscan DSC (HSDSC)

HSDSC measurements were carried out using a PerkinElmer Diamond DSC unit described
in Section 2.4 using helium at a flow rate of 60 mL/min as the purge gas. Approximately 0.5 mg
of accurately weighed powder (MT5 Mettler Toledo microbalance) was analyzed (n = 3) in 18 μL
aluminum pans with covers. Samples were heated from 0 to 110 ◦C using heating rates of 50, 100 and
300 ◦C/min.

2.6. Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction analysis, in duplicate for every sample studied, was performed with a
Rigaku Miniflex II desktop X-ray diffractometer (Tokyo, Japan) set to 30 kV and 15 mA and equipped
with a Haskris cooling unit (Elk Grove Village, IL, USA). Ni-filtered Cu Kα radiation (λ = 1.5408 Å)
was used. The measurements were carried out in a range of 5–40 2theta degrees at a step size of 0.05◦
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per second at room temperature. The samples were front-loaded onto a low background silicon mount
(Rigaku, Tokyo, Japan) [22].

2.7. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR experiments (n = 2) were performed using a PerkinElmer Spectrum 100 FTIR
spectrometer (Shelton, CT, USA) equipped with a PerkinElmer universal ATR sampling accessory.
A spectral range of 650–4000 cm−1, resolution of 4 cm−1, accumulation of 10 scans and data interval of
1 cm−1 were used. Spectrum software version 10.6.0 was used for background correction, normalization,
and infrared spectra analysis.

2.8. Analysis of Thermal Data

Experimental phase diagrams were constructed using the thermal data obtained as described
in Section 2.4. Theoretical phase diagrams of an ideal eutectic mixture, which implies the existence
of complete insolubility between the two components at all concentrations, were also calculated.
The theoretical phase diagrams were constructed using the Schröder van Laar equation (Equation (1)) [23]:

lnxi = −
ΔH f i

R

(
1
T
− 1

T f i

)
(1)

where xi is the mole fraction of the component i at temperature T (in Kelvin), R is the gas constant
(R = 8.314 J K−1 mol−1), ΔHfi is the molar enthalpy of fusion of component i, and Tfi is the melting
temperature (onset) of pure component i (in Kelvin). ΔHfi and Tfi were determined by DSC (Section 2.4).

The eutectic composition, i.e., the composition with the maximal ΔH of the eutectic peak, was
determined for the KET-BEN mixtures using the Tammann plot, which represents ΔH of the eutectic
peak as a function composition.

Experimental Tgs were compared with those calculated based on the knowledge about the
properties of the pure components [24] using the Fox equation (Equation (2)):

1
Tgm

=
w1

Tg1
+

w2

Tg2
(2)

where Tg is the glass transition temperature (midpoint) (in Kelvin degrees), w is the weight fraction
concentration in the mixture and the subscripts denote component 1, component 2 and the mixture
(m), respectively, [24]. Tg of pure components were determined by DSC (Section 2.4).

For the BEN- and TET-containing samples, for which melting was observed in the second heating
cycle, the percentage of crystallinity was calculated using the following formula (Equation (3)) [25]:

% crystallinity =
ΔH

ΔHre f
·100% (3)

where ΔH is the enthalpy of melting obtained from DSC and corrected for the content of either BEN
or TET and ΔHref is the enthalpy of melting of the reference, which was considered 100% crystalline
(i.e., ΔH of BEN and TET from the second heating, 132.2 J/g and 116.4 J/g, respectively, as determined
experimentally in this work).

2.9. Density Functional Theory (DFT) Calculations

Gaussian03 program was employed to optimize the structures of KET, PRO, TET and BEN [26].
The B3LYP/6-311++G(d,p) level of density functional theory (DFT) was used with no constraints
on the geometry of molecules imposed. The dipole moment and charges were estimated using the
CHelpG algorithm. A number of global electronic descriptors were calculated according to Koopmans’
theorem [27]. The electron affinity (A) was expressed in terms of the HOMO (Highest Occupied
Molecular Orbital) energy (EHOMO) and ionization energy (I) as the LUMO (Lowest Unoccupied
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Molecular Orbital) energy (ELUMO). The following global reactivity descriptors were calculated: energy
band gap (ΔE), absolute electron negativity (χ), absolute hardness (η) and electrophilicity index (ω) as
per the equations published previously [9,28,29]. Wavefunction analysis was also conducted using
Multiwfn 3.6 [30,31].

3. Results

3.1. Chemical Structure and Relevant Physicochemical Properties of Investigated Molecules

The relevant physicochemical properties of investigated molecules are shown in Table 1 and
their structural formulas are depicted in Figure 1. KET belongs to the propionic acid class of NSAIDs,
it is a weak acid due to the presence of a carboxylic acid group (pKa = 3.88) and it bears negative
charge at physiological pH (7.4). Each molecule of KET has one hydrogen donor and three hydrogen
acceptors. TET (also known as amethocaine), PRO and BEN are local anesthetic drugs from the amino
ester group. The structure of these local anesthetics consists of three components: a lipophilic part, an
intermediate aliphatic chain and a hydrophilic (amine) part, with the ester-type linkage between the
lipophilic part and the intermediate chain. The p-aminobenzoic group of ester-type LAs is divided into
three subgroups based on the structural differences: procaine group, tetracaine group and benzocaine
group. Hence, the investigated molecules are key representatives of each of these groups. PRO has
the unsubstituted p-aminobenzoic group and tertiary amine as the hydrophilic group. TET also
has the tertiary amine group as the hydrophilic group, but in contrast to PRO, it has a substituted
p-aminobenzoic group. BEN is an ester of p-aminobenzoic acid with an unsubstituted amino group
and it lacks the terminal tertiary amine group. Except for BEN, the pKa of the tested LAs is greater
than 8, so they are positively charged at pH 7.4. All LAs tested contain one hydrogen donor per
molecule. TET and PRO contain three hydrogen acceptors per molecule, whereas BEN contains two
hydrogen acceptors.

  
(a) (b) 

  
(c) (d) 

Figure 1. Chemical structures of the investigated molecules: (a) ketoprofen (KET), (b) procaine (PRO),
(c) tetracaine (TET) and (d) benzocaine (BEN).

Table 1. Physicochemical properties of the investigated molecules (obtained from [32]).

Molecule Ketoprofen Tetracaine Procaine Benzocaine

Molecular weight 254.28 g/mol 264.37 g/mol 236.32 g/mol 165.19 g/mol
Melting point 1 94.7 ± 0.4 ◦C 42.2 ± 0.0 ◦C 60.5 ± 0.1 ◦C 90.0 ± 0.1 ◦C

ΔH 1 106.0 ± 1.3 J/g 144.2 ± 0.2 J/g 106.0 ± 0.5 J/g 129.3 ± 0.7 J/g
pKa

2 3.88 8.42 8.96 2.78
Physiological charge −1 +1 +1 0

Hydrogen donor counts 1 1 1 1
Hydrogen acceptor counts 3 3 3 2

1 Obtained experimentally in this work. 2 Strongest acidic for KET, protonated amine for LAs.
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3.2. Ketoprofen-Procaine (KET-PRO) Systems

KET starting material in the first heating cycle showed a single melting endotherm with an onset
at 94.7 ± 0.4 ◦C. PRO starting material in the first heating also exhibited a single melting endotherm
(onset: 60.5 ± 0.1 ◦C). The heat treatment of the binary KET-PRO mixtures resulted in the formation
of a eutectic phase (Figure 2a) and a phase transition to viscous liquids. The Mps of KET and PRO
decreased, and the melting endotherms became broader corresponding to their decreasing content in
the mixtures. DSC traces of the KET-PRO samples containing 30–80 mol% of KET showed a very broad
endotherm with an onset at around 30 ◦C, which had a low enthalpy of transition. This event can
be considered as melting of the eutectic phase. The experimental Mps of PRO in samples containing
5–20 mol% of KET agreed with the predicted values calculated using the Schröder van Laar equation
Equation (1), whereas the Mps of KET were lower (Figure 2b). The experimental eutectic temperature
was also lower than that determined from Equation (1), which was 46 ◦C. Therefore, the behavior of
PRO and KET in KET-rich mixtures cannot be considered as that of an ideal system, where no strong
intermolecular interactions take place. The calculated eutectic composition is 33 mol% of KET, but it
was impossible to determine the experimental eutectic composition, due to an overlapping peak of
PRO melting.

PXRD analysis of the KET-PRO physical mixtures prior to the heat treatment revealed the presence
of crystalline substances with the peaks corresponding to both, PRO and KET starting materials
(Figure 3a). The phase behavior of an equimolar KET-PRO mixture was further investigated by
HSDSC (Figure 4a). When heated at a standard rate (10 ◦C/min), a very broad endotherm with an
onset at 28.7 ± 0.4 ◦C was observed, which can be attributed to the eutectic melting followed by
melting/dissolution of the excess of either KET or PRO. The onset of this eutectic endotherm moved
from 40.8 ± 1.6 ◦C to 50.6 ± 1.5 ◦C when the heating rate increased from 50 ◦C/min to 300 ◦C/min
and the peak became narrower. Moreover, in the equimolar mixture, at heating rates 50–300 ◦C/min,
a second endotherm with an onset at approximately 92 ◦C appeared, which was attributed to KET.
KET and PRO starting materials at heating rates 50–300 ◦C/min showed a single narrow melting
endotherm with an onset at approximately 92 and 57 ◦C, respectively, independent on the heating rate
(data not shown). Thus, the fast thermal treatment prevented the eutectic phase formation and a phase
separation occurred, indicating that the eutectic was, indeed, composed of KET and PRO.

KET did not crystallize either during the fast cooling step or during the second heating (10 ◦C/min)
as evidenced by the lack of the endothermic events and by a glass transition event (Tg) in the second
heating cycle (midpoint: −2.7 ± 0.5 ◦C) (Figure 2c,d). Similarly, PRO did not crystallize either during
cooling or during the second heating cycle and exhibited a Tg at −39.1 ± 0.4 ◦C. Quench cooled
(QC) PRO and KET were disordered by PXRD (Figure 3a). In the phase diagram of the heat-treated
KET-PRO samples (Figure 2c) only one phase transition was observed, i.e., the Tg, consistent with the
disordered “halo” pattern recorded by PXRD (Figure 3a). The presence of one Tg in the binary mixtures
implies mixing of the components at the molecular level. The Tg values, which were dependent on
mixture composition (Figure 2d), indicate that heat-treated KET-PRO mixtures formed supercooled
liquids. The experimental Tg values of samples containing at least 30 mol% of KET were larger than the
predicted values calculated by the Fox equation (Equation (2)), thereby implying strong interactions
between PRO and KET in the glassy state, which could involve proton transfer or at least strong
H-bonds. KET-PRO supercooled liquids showed no tendency to crystallize when heated at 10 ◦C/min
supported by the lack of crystallization exotherms and melting endotherms during the second heating.
Moreover, slower heating and/or cooling rates (2 ◦C/min) did not induce crystallization.
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Figure 2. Thermal analysis of KET-PRO systems: (a) DSC thermograms from first heating; the broken
line indicates the position of the eutectic peak while the arrows show the position of the melting peaks,
(b) phase diagram based on thermal analysis of first DSC heating; the broken lines show the theoretical
liquidus curves calculated using Equation (1), (c) DSC thermograms from second heating (the samples
were first heated to 110 ◦C at 10 ◦C/min, quench cooled at a nominal cooling rate of 300 ◦C/min and
reheated at 10 ◦C/min) (d) phase diagram based on thermal analysis of second DSC heating; the broken
line shows the theoretical Tg values calculated using Equation (2). For plots (a) and (c) the subscript
indicates the content of the named component in mole%.
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Figure 3. PXRD of: (a) KET, PRO and equimolar KET-PRO mixtures; (b) KET, TET and KET-TET
mixtures; (c) KET, BEN and KET-BEN mixtures. QC-quench cooled, PM-physical mixture, raw-as
supplied, TET I-TET polymorphic form I, TET II-TET polymorphic form II. The subscript indicates the
KET content in mole%.
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Figure 4. HSDSC thermograms of equimolar KET-LA powder mixtures heated at different rates:
(a) KET-PRO and (b) KET-TET.
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The infrared spectra of QC PRO, KET and KET-PRO mixtures are shown in Figure 5a. The band
at 1695 cm−1 in the crystalline KET (starting material) can be ascribed to the C=O stretching of the
carboxylic groups of KET molecules organized in dimers in the crystal lattice [33]. In the QC KET,
which contained carboxylic acid monomers due to release of KET molecules from crystal lattice, this
band shifted towards higher wavenumbers, giving a peak with the center at 1704 cm−1 and shoulder
at 1737 cm−1. The band at 1655 cm−1, assigned to the stretching mode of the ketone group [33], was
observed at 1656 cm−1 in QC KET. The broad peak in the range 2200–3400 cm−1 observed in both, KET
starting material and QC KET can be assigned to the O–H stretching [33]. It overlaps with the alkane
C–H stretching band at 2800–3000 cm−1 [34]. In the spectrum of crystalline PRO, two sharp peaks at
3463 and 3366 cm−1 can be ascribed to the N–H stretching bands [35]. The NH2 groups in the crystal
structure form intermolecular hydrogen bond with the ester C=O group [36]. The intensity of these
N–H stretching bands decreased drastically in the QC PRO. The band at 1600 cm−1 can be attributed
to the NH2 scissoring mode [35]. The band at 1665 cm−1 in PRO starting material is probably the
ester C=O stretching [35]. In the spectrum of QC PRO this band shifted towards higher wavenumbers
(1689 cm−1). The band at 1272 cm−1, the most intensive band in the spectrum of PRO starting material,
can be attributed to the ester C–O stretching [35]. The band at 1272 cm−1, most likely of the C–O
stretching, shifted towards lower wavenumbers (1267 cm−1) in the spectrum of heated PRO. In the
spectra of the QC KET-PRO mixtures, the doublet of N–H stretching bands shifted towards lower
wavenumbers (3444 and 3361 cm−1 for equimolar mixture), but in the samples containing 70–90 mol%
of KET it shifted back towards higher wavenumbers. The broad O–H stretching band was present
in the sample containing 90 mol% of KET, but it was difficult to observe it in the sample containing
80 mol% of KET. The position of the N–H scissoring band (1600 cm−1) did not change in QC KET-PRO
mixtures, neither did the position of the ester C–O stretching band. The ketone C=O stretching band
shifted slightly towards lower wavenumbers (1652 cm−1 in the equimolar mixture), and in the sample
containing 10 mol% of KET it was no longer observed. In the case of the ester C=O band of PRO
(1689 cm−1) and carboxyl C=O band of KET (1704 cm−1), the gradual change of one band into another
was observed, in the equimolar sample the position of the ‘hybrid’ band was 1697 cm−1. The shoulder
of the KET carboxyl C=O monomers shifted towards lower wavenumbers in samples containing
90–70 mol% of KET and it was no longer observed in the sample containing 60 mol% of KET. Hence,
the carboxyl group of KET is strongly involved in interactions with PRO molecules. The carboxylate
group bands should appear at 1650–1550 cm−1 and 1400 cm−1, arising from asymmetric and symmetric
stretching, respectively, with the former that should be intensive and the latter weak. An increased
absorbance in the region above 1550 cm−1 was observed in the spectra of QC KET-PRO samples. It was
the most intensive in samples containing 60–70 mol% of KET. Hence, it is possible that a fraction of
KET molecules is ionized in the supercooled mixtures and the proton is transferred probably to tertiary
amine of PRO.

13



Pharmaceutics 2020, 12, 368

1100120013001400150016001700250030003500

(NH)
(C-O)
ester

(C=O)
ketone

(C=O)
carboxyl

Wavenumber (cm-1)

 KET100%

 KET90%

 KET80%

 KET70%

 KET60%

 KET50%

 KET40%

 KET30%

 KET20%

 KET10%

 PRO100%

a(COO-)(OH)
Ab

so
rb

an
ce

 (a
.u

.)

a(NH) s(NH)
(C=O)
ester

s(COO-)

 

(a) 

1100120013001400150016001700250030003500
Wavenumber (cm-1)

 KET100%

 KET90%

 KET80%

 KET70%

 KET60%

 KET50%

 KET40%

 KET30%

 KET20%

 KET10%

 KET5%

 TET100% II
 TET100% I

Ab
so

rb
an

ce
 (a

.u
.)

(NH)
(C=O)
ester

(C-O)
ester

(NH)

(C=O)
ketone

(C=O)
carboxyl

(OH)

 

(b) 

1100120013001400150016001700250030003500

Wavenumber (cm-1)

 KET100%

 KET90%

 KET80%

 KET70%

 KET60%

 KET50%

 KET40%

 KET30%

 KET20%

 KET10%

 BEN100%

Ab
so

rb
an

ce
 (a

.u
.)

a(NH) s(NH)
(C=O)
ester

(C-O)
ester(NH)

(OH)

(C=O)
ketone

(C=O)
carboxyl

 

(c) 

Figure 5. Infrared spectra of: (a) quench-cooled KET, PRO and KET-PRO mixtures; (b) quench-cooled
KET, TET I, TET II and KET-PRO mixtures and (c) quench-cooled KET, BEN and KET-BEN mixtures.
ν—stretching, νa—asymmetric stretching, νs—symmetric stretching and Δ—bending vibrations.
The subscript indicates the content of the named component in mole%.

14



Pharmaceutics 2020, 12, 368

3.3. Ketoprofen-Tetracaine (KET-TET) Systems

TET showed a single melting endotherm (onset: 42.2 ± 0.0 ◦C) in the first heating (Figure 6a,b).
The Mp of KET and TET decreased and the melting endotherms became broader corresponding to the
decreasing quantity of the drugs in the sample. The KET-TET samples with 5–10 mol% of KET showed
an Mp similar to that calculated using the Schröder van Laar equation, whereas all other experimental
Mps were lower than those predicted for ideal systems. Similar to the KET-PRO mixtures, the formation
of a eutectic phase was observed. A decrease in Mp in mixtures containing 15–20 mol% of KET may be
explained by accelerated dissolution of TET crystals in the presence of the liquid phase. The eutectic
point is probably close to that observed for 30–70 mol% of KET mixtures with an onset of approximately
21–23 ◦C, hence it is lower than the value calculated for an ideal system (35.8 ◦C). The theoretical
eutectic composition determined from Equation (1) was 26 mol% of KET, but it was impossible to
determine the experimental composition, due to overlapping peak of the TET melting endotherm
(Figure 6a). PXRD revealed that the equimolar sample (unheated) displayed a pattern corresponding
to the mixture of crystalline TET and KET (Figure 3b). To better understand the phase behavior of
KET-TET systems, the equimolar physical mixture was heated at different rates. At 300 and 100 ◦C/min
two melting endotherms were observed; the first one that appeared at approximately 33.7 ± 0.9 ◦C,
and the second one had an onset above 90 ◦C (melting of KET) (Figure 4b). When the heating rate
was reduced to 50 ◦C/min, the first endotherm appeared at lower temperature (30.6 ± 1.3 ◦C) and was
broader, and the melting endotherm of KET was no longer observed. Upon heating at 50–300 ◦C/min
TET showed a sharp melting event at 38 ◦C (data not shown). Hence, the eutectic and either KET or
TET were present in the sample, but at a standard heating rate of 10 ◦C/min dissolution of KET and/or
TET crystals dispersed in the liquid phase can take place resulting in a broad and flat endotherm.

After rapid cooling, TET formed a supercooled liquid with a glass transition at −53.6 ± 0.1 ◦C
(Figure 6c,d). Upon second heating, supercooled TET showed a crystallization exotherm (onset:
−5.2 ± 0.3 ◦C, ΔH = 102.8 ± 2.7 J/g) followed by a melting endotherm (onset: 37.8 ± 0.1 ◦C,
ΔH = 116.4 ± 0.7 J/g). Since the value of crystallization ΔH is approximately 88% of melting ΔH, the
crystallization occurs mainly during re-heating, but it is possible that the sample partially crystallized
during the cooling step. The melting of TET in the second cycle occurred at a lower temperature
compared with that from the first heating cycle (onsets 37.8 ± 0.2 ◦C and 42.2 ± 0.1 ◦C, respectively).
Moreover, the PXRD pattern of QC TET that was heated past the crystallization in the DSC was different
than that of the starting material (Figure 3b), indicating a different polymorphic form. Two polymorphs,
II and I, have been reported for TET with melting points at 37 ◦C and 42 ◦C, respectively [37]. Hence,
the starting material is most likely polymorph I (TET I), whereas the product obtained by crystallization
during the second heating (heating of supercooled TET) is form II (TET II). The sample containing
5 mol% of KET formed a supercooled liquid and upon heating only 15% of TET crystallized into TET
II, the rest of TET remained in the supercooled state. The TET crystallization peak for this sample
appeared at higher temperatures (onset: 9.3 ± 4.4 ◦C) and was broader compared with that of 100%
TET. The enthalpy of crystallization was the same as the enthalpy of melting, hence the crystallization
process took place during heating. The QC sample containing 10 mol% of KET was disordered by
PXRD, but a small quantity of crystalline TET (less than 1%) was detected by DSC. All other QC
KET-TET mixtures (15–95 mol% of KET) exhibited only one phase change, a Tg, indicating mixing TET
and KET at molecular level. The Tg values were dependent on the composition and they increased
corresponding to an increasing quantity of KET, but in the KET-rich samples (90 and 95 mol% of KET)
the Tgs reached a maximum and this temperature was the same as that of 100% KET. The Tgs of the
QC mixtures samples containing at least 20 mol% of KET were higher than those calculated from Fox
equation (Figure 6d), thereby implying important deviations from the behavior of an ideal system due
to interactions between KET and TET.
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Figure 6. Thermal analysis of KET-TET systems: (a) DSC thermograms from first heating; the broken
line indicates the position of the eutectic peak while the arrows show the position of the melting peaks,
(b) phase diagram based on thermal analysis of first DSC heating; the broken lines show the theoretical
liquidus curves calculated using Equation (1), (c) DSC thermograms from second heating (the samples
were first heated 110 ◦C at 10 ◦C/min, quench cooled at a nominal cooling rate of 300 ◦C/min and
reheated at 10 ◦C/min) (d) phase diagram based on thermal analysis of second DSC heating; the broken
line shows the theoretical Tg values calculated using Equation (2). For plots (a) and (c) the subscript
indicates the content of the named component in mole%.

The infrared spectrum of TET starting material (TET I) showed a single sharp band at 3371 cm−1

ascribed to the N–H stretching of the secondary aromatic amino group (Figure 5b), which shifted
towards a higher wavenumber in TET II (3387 cm−1). In the spectrum of TET I the stretching of C=O
and C–O ester bonds produced bands at 1684 cm−1 and 1279 cm−1, respectively, [35,38] and they shifted
to lower wavenumbers (1681 cm−1 and 1261 cm−1, respectively) in TET II. The presence of TET II was
also observed in the spectrum of the mixture containing 5 mol% of KET. In the sample comprising
10 mol% of KET broadening and a dramatic decrease in the intensity of the N–H stretching band
(3375 cm−1) was observed due to TET molecules being able to interact with KET. The O–H stretching
band was detected in the sample containing 90 mol% of KET, and it was difficult to observe it in
the samples containing a smaller amount of KET. The position of the ester stretching C–O band was
depended on the solid-state properties of the sample: it shifted from 1279 cm−1 (TET I) to 1261 cm−1 in
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TET II, and in the QC KET-TET samples it was present at 1267 cm−1. A decreased intensity of the ester
C=O stretching band was observed in the QC samples. In the sample containing 10 mol% of KET it was
localized at 1688 cm−1 and it shifted towards a higher wavenumber corresponding to an increasing KET
concentration and overlapped with the carboxyl C=O stretching band. The latter band shifted towards
a lower wavenumber and its intensity decreased corresponding to a decreasing KET concentration.
The shoulder of the carboxyl C=O stretching band localized at 1737 cm−1 (100% KET) also shifted
towards lower wavenumbers and was no longer observed in the sample containing 60 mol% of KET,
similar to the KET-PRO system. The IR results indicate that TET interact with KET by strong hydrogen
bonding, and the carboxyl group of KET is involved in the interactions. Interactions between KET
and TET are sufficiently strong to break the crystal lattice of TET even at KET concentrations as
low as 10 mol%. However, in contrast to KET-PRO, in the KET-TET samples carboxylate anion was
not detected.

3.4. Ketoprofen-Benzocaine (KET-BEN) Systems

BEN exhibits polymorphism and three polymorphic forms have been described to date. Form I,
formerly known as form β, is a monoclinic P 21/c polymorph (Z = 4) [39,40]. Form II, formerly known
as α, is orthorhombic with space group P212121 (Z = 4) [40,41]. Form III is another monoclinic P21

polymorph (Z = 8) [40,42]. Polymorph II (referred to as Mod I0 by Schmidt, [43]) is thermodynamically
stable under ambient conditions, and is present in commercial products. The starting material used
in our study was form II. In the first heating cycle BEN showed a single melting endotherm (onset:
90.0 ± 0.1 ◦C). The KET-BEN mixtures formed a eutectic phase (Figure 7a). Both, KET and BEN melted
at lower temperatures and had broader melting endotherms corresponding to their decreasing content
in the mixture. Experimental Mps of KET and BEN showed an agreement with values calculated using
the Schröder van Laar equation. All binary KET-BEN mixtures showed eutectic peaks with an onset at
approximately 62–63 ◦C. The shape of the eutectic peak depended on the composition: the peaks were
broader in the KET-rich samples than in the BEN-rich samples. It was difficult to discern individual
peaks in the mixtures containing 30–70 mol% of KET. Thus, to construct the Tammann plot (ΔH of the
eutectic peak as a function composition), only the mixtures containing 5–20 and 80–95 mol% of KET
were taken. The eutectic composition determined using the Tammann plot was 34.8 of mol% of KET
(Figure 7b). This composition contains less KET that the theoretical eutectic composition determined
by Equation (1), which is 47 mol% KET. Assuming that this eutectic phase was a simple mechanical
mix, the enthalpy of mixing (ΔHmix) was calculated using Equation (4) [23]:

ΔHmix = (ΔH f us)exp −
(
xKET·ΔH f usKET + xBEN·ΔH f usBEN

)
(4)

where (ΔHfus)exp is the heat of fusion of the eutectic peak at the eutectic composition obtained from the
Tammann plot, x is the mole fraction of the component (KET or BEN) and ΔHfus is the heat of fusion of the
pure constituent (KET or BEN). The value of ΔHmix for the KET-BEN system was negative, –2.33 kJ/mol,
indicating the presence of weak intermolecular forces leading to cluster formation [44]. The KET-BEN
physical mixtures showed peaks characteristic of starting materials in X-ray diffractograms (Figure 3c).
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Figure 7. Thermal analysis of KET-BEN systems: (a) DSC thermograms from first heating; the broken
line indicates the position of the eutectic peak while the arrows show the position of the melting peaks,
(b) phase diagram based on thermal analysis of first DSC heating; the broken lines show the theoretical
liquidus curves calculated using Equation (1). The Tammann plot is shown in the inset; the broken lines
present the best linear fits to the experimental data, (c) DSC thermograms from second heating (the
samples were first heated 110 ◦C at 10 ◦C/min, quench cooled at a nominal cooling rate of 300 ◦C/min
and reheated at 10 ◦C/min) (d) phase diagram based on thermal analysis of second DSC heating; the
broken line shows the theoretical Tg values calculated using Equation (2). For plots (a) and (c) the
subscript indicates the content of the named component in mole%.

In the second heating cycle BEN melting endotherm was observed at the same temperature as
in the first heating, but it was preceded by a small endotherm at −7.0 ± 0.1 ◦C (ΔH = 1.0 ± 0.2 J/g)
(Figure 7c,d). Interestingly, Gana et al., [45] observed a similar endothermic event, which was attributed
to a phase transition of form III into form II. Forms II and III are enantiotropic under ambient conditions.
Form III is stable at low temperature and form II is stable at higher temperature and melts eventually.
Form III becomes more stable with increasing pressure at ambient temperature [45]. Form II was
detected in the QC BEN by PXRD (Figure 3c). After a rapid cooling step of the KET-BEN melt, a
supercooled liquid was formed, except for the mixture containing 5 mol% of KET. A Tg was detectable
down to the KET content of 10 mol%. A very strong linear relationship was observed between the
composition (mol% of either BEN or KET) and the Tg (R2 = 0.999). It was not achievable to obtain
BEN 100% in the supercooled state, because it crystallized during cooling despite the very fast cooling
rate employed. Hence, to determine the calculated Tgs using the Fox equation, the Tg of BEN 100%
(−38.5 ◦C) was determined by extrapolation. The experimental Tgs showed a good agreement with the
calculated Tgs. This implies the behavior of an ideal mixture, in which the tendency of two kinds of
molecules (BEN and KET) to transfer from the glassy state to the supercooled liquid state is unchanged.
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The presence of only one Tg in the binary mixtures containing at least 10 mol% of KET indicates that
KET and BEN are miscible. The amount of crystalline of BEN decreased from 86.0 ± 0.7% (5 mol%
of KET) to 15.2 ± 7.8% (40 mol% of KET), and crystalline BEN was no longer observed in samples
containing at least 50 mol% of KET. QC mixtures that contained at least 50 mol% of KET showed a
halo-pattern characteristic of disordered materials (Figure 3c). Hence, the increasing concentration
of KET increased the amount of BEN entrapped in the supercooled state. In the sample containing
5 mol% of KET, crystallization of BEN took place during cooling. The crystallization of BEN was
viewed during the second heating for mixtures containing 40–90 mol% of KET. The onset temperature
of the crystallization peak increased corresponding to a decreasing BEN concentration in the sample.
The percentage of BEN that crystallized during heating increased from 23% (10 mol% of KET) to
approximately 100% in mixtures containing 20–40 mol% of KET. X-ray diffractograms confirmed that
it is BEN that crystallizes, because only BEN peaks were observed in the X-ray diffractograms of
heated, previously QC KET-BEN systems (KET ≤ 40 mol%) (Figure 3c). Some samples, such as that
containing 10 mol% of KET, showed a multistep crystallization process, which could be the interfacial
crystallization (first part of the peak) that was followed by bulk crystallization (second part of the peak).
PXRD patterns of this QC sample that was heated in the second heating cycle to either 20 ◦C or 50 ◦C
were the same and showed peaks characteristic for BEN (data not shown). The BEN crystallization
peak was followed by the melting peak with an onset temperature decreasing corresponding to a
decreasing BEN content, from 78.1 ± 2.3 ◦C to 54.0 ± 1.6 ◦C for KET 10 and 40 mol%, respectively.
ΔH values of the BEN melting peak in the second heating cycle were markedly higher than those
observed in the first heating cycle for the mixtures containing 5–30 mol% of KET.

The interactions between BEN and KET were further examined by ATR-FTIR (Figure 5c).
The doublet consisting of two bands at 3421 and 3340 cm−1 can be ascribed to asymmetric and
symmetric N–H stretching bands, respectively [35,40]. The scissoring band of NH2 is present at
1595 cm−1. The C=O and C–O bonds of aromatic esters produce bands at 1680 and 1273 cm−1,
respectively [35]. The latter may overlap with the C–N stretching band characteristic of aromatic amines
in the range 1240–1366 cm−1 [35]. In the spectra of QC KET-BEN mixtures the positions of bands at
1273 cm−1 of the ester C-O stretching and at 1656 cm−1 of the stretching of ketone C=O group did not
change markedly. In mixtures containing at least 50 mol% of KET the bands at 3421 and 3340 cm−1

of the asymmetric and symmetric N–H stretching bands disappeared, and new bands at 3472 and
3371 cm−1 were observed. The latter bands became noticeable in samples containing 20–30 mol% of
KET. Interestingly, in the sample comprising KET 40 mol% both, the two former (3421 and 3340 cm−1)
and the two latter (3472 and 3371 cm−1) bands were easily observed. The presence of those bands
is in a good agreement with the crystallinity of BEN determined by PXRD and DSC. The packing of
BEN molecules in crystals is stabilized by N–H···O hydrogen bonds [42]. Hence, the bands at 3421
and 3340 cm−1 correspond to N–H stretches of the NH2 group in the crystal lattice that interact via
H-bonding with the C=O moiety of the ester groups, and the increase in wavenumber to 3472 and 3371
cm−1 is probably due to the liberation of the NH2 groups from the crystal lattice due to interactions with
KET. This is consistent with the fact that the band of the ester C=O stretching of BEN (1680 cm−1) was
no longer detectable in the equimolar KET-BEN mixture. The peaks characteristic of the NH2 group in
the crystal lattice disappear in the samples that do not contain a detectable amount of crystalline BEN
(at least 50 mol% of KET). The intensity of the bands characteristic of ‘supercooled’ NH2 groups also
agree well with the content of noncrystalline BEN in the sample. The band of the NH scissoring at 1595
cm−1 shifted towards higher wavenumbers (1600 cm−1) in the QC samples containing 50–80 mol% of
KET, the band shifted to 1597 cm−1 for the sample containing 90 mol% of KET because it was dominated
by the C–C stretching band of KET at 1596 cm−1 [34]. The intensity of the broad O–H stretching band
decreased corresponding to a decreasing KET concentration. Interestingly, this band was observed in the
sample containing 60 mol% of KET, whereas in the PRO and TET mixtures it was only observed at KET
90 mol%. Also, both shoulders of the C=O stretching group band of the carboxyl acid monomer of KET
(1704 and 1737 cm−1) moved to lower wavenumber corresponding to a decreasing KET concentration
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(1693 and 1727 cm−1 for the equimolar KET-BEN mixture). It can be concluded that KET interacts
BEN via H-bonding, as suggested by the negative value of ΔHmix, thereby decreasing the interactions
between BEN molecules in the crystal lattice and leading to entrapment of BEN in the supercooled state.

3.5. DFT Studies

Molecular modelling studies were carried out to determine the likelihood and mode of
intermolecular interactions in the binary systems. The global reactivity parameters are listed in
Table 2. For LAs, the higher HOMO energy was calculated for TET, therefore this molecule should be
the best electron donor, while the lowest LUMO energy was determined for BEN and PRO, implying
the best electron acceptor properties of these two substances [46]. The values of I and A also suggested
the same characteristics. Electronegativity values indicate if a molecule is a Lewis acid (large χ) or a
base (low χ), therefore it can be said that KET will act as a Lewis acid (also consistent with the high
value of ω) [47]. The molecule that is deemed as most reactive, based on the chemical hardness is TET
followed closely by PRO. The global reactivity parameters, however, do not show a similar trend as
that observed from the experimental studies, where PRO interacted with KET most strongly, followed
by TET and BEN. It is because the calculated values do not include any effects of ionization (proton
transfer), that possibly occur between KET and PRO.

Table 2. Dipole moments and global reactivity parameters of KET, PRO, TET and BEN.
ΔE—HOMO/LUMO energy gap, I—electron affinity, A—ionization potential, χ—electronegativity,
η—hardness and ω—electrophilicity index.

Dipole
moment

HOMO
(eV)

LUMO
(eV)

ΔE (eV) I A X η ω

KET 2.4855 −7.048 −2.150 4.898 7.048 2.150 4.599 2.449 4.318
PRO 3.2811 −5.905 −1.143 4.762 5.905 1.143 3.524 2.381 2.608
TET 4.5044 −5.769 −1.034 4.735 5.769 1.034 3.4015 2.3675 2.444
BEN 3.4108 −6.068 −1.143 4.925 6.068 1.143 3.6055 2.4625 2.640

The molecular electrostatic potential (ESP) calculations can be vital in predicting intermolecular
interactions [48]. Mapping the ESP on molecular vdW surface of KET and the studied LAs (Figure 8),
clearly showed that the most likely intermolecular interactions between KET and each of the LAs will
be between the –OH moiety of the carboxylic group of KET (ESP maximum of 48.5 kcal/mol) and the
carbonyl of the ester moiety of the LA (ESP minimum of −38.13, −40.04 and −39.25 kcal/mol for PRO,
TET and BEN, respectively). This is consistent with the results of the infrared analysis presented above,
evidencing H-bond formation in the binary systems.
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(b) 

 

(c) 

(d) 

Figure 8. Electrostatic potential of: (a) KET, (b) PRO, (c) TET and (d) BEN mapped on the 0.001 au
contours of the electron density of the molecules optimized by DFT. The negative regions are indicated
in blue, while the positive regions are shown in red. Surface local minima and maxima (only values > 15
kcal/mol) are represented as orange and cyan points, respectively. The global maximum and minimum
for every molecule are shown in boxes in large font. The unit is kcal/mol.
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3.6. General Discussion

Multicomponent mixtures were successfully produced by the mechanosynthetic process, which
involved mixing of an acid (KET) with a base (LA) in a range of molar ratios followed by heating.
This process has important advantages. It does not necessitate the use of solvent, hence there is no
need for product drying and determining the residual solvent content. Another advantage is the high
product yield and purity because the process does not require product isolation and/or purification.
Thus, the mechanosynthesis eliminates the drawbacks of commonly used metathesis reactions.
The mechanosynthetic process described in this paper is applicable for NSAID-LA combinations and
other DEMs/ILs. If the chosen combination contains substances that decompose upon melting (such as
acetylsalicylic acid or diclofenac), solvent assisted grinding such as that described previously [20] for
ethambutol ILs/salts or aspirin cocrystals [49] could be an alternative.

The heat treatment of a binary KET-LA physical mixtures resulted in the formation of eutectic
phase. The thermograms of the binary KET-TET and KET-PRO mixtures contained broad endotherms
with low intensity, except of mixtures containing very large excess of one of the components. It may be
due to the fact that a part of dispersed crystals is surrounded by the liquid phase generated by the
melting of the eutectic. This can induce the accelerated melting and/or dissolution of the component in
excess (either KET or LA). Kataoka et al., [14] observed a similar phenomenon for ibuprofen-lidocaine
binary mixture. The formation of eutectic mixtures has been observed for another NSAID–LA pair:
indomethacin-lidocaine [18]. The eutectic peak in the KET-LA systems studied very often overlapped
with the subsequent melting events. KET-PRO and KET-TET, except of LA-rich mixtures, showed
important deviations from the behavior of an ideal system due to interactions between the KET and
LA molecules, hence it was impossible to determine the eutectic composition. The behavior of the
KET-BEN system, on the other hand, agreed with the theoretical predictions. The eutectic peaks were
better separated from the succeeding thermal events compared with KET-TET and KET-PRO, and it
was possible to determine the KET-BEN eutectic composition using the Tammann plot.

In the phase diagrams from the second heating, all KET-PRO samples were characterized by a
single-phase transition from glass to the supercooled state. Similarly, only one Tg was observed in the
samples containing 5–85 mol% of TET and 5–50 mol% of BEN. The presence of only one Tg confirms
that KET and LAs are mixed at molecular level. KET-BEN and LA-rich KET-TET and KET-PRO mixtures
showed a good agreement with theoretical predictions of Tg by Fox equation, however in the other
KET-TET and KET-PRO combinations a considerable increase in Tg compared with predicted value
was observed. This may imply the existence of strong KET-TET and KET-PRO interactions in the
glassy state. During the second heating in the mixture containing 95 mol% of BEN only one melting
was observed, whereas in the samples containing 60–90% of BEN and 95 mol% of TET three phase
transitions were observed: a Tg, followed by LA crystallization and LA melting. The crystallization
was always to the pure LA (either TET or BEN). Active pharmaceutical ingredients can be categorized
into three different classes based on their crystallization tendency [16]. Despite the similarity of their
structures, the tested LAs show a wide variation in crystallization tendency. BEN has been categorized
as class I molecule, because it crystallizes during cooling from the undercooled melt state prior to the Tg
event [16]. Hence, it has high crystallization tendency and low glass-forming ability. On the other hand,
PRO and KET are class III molecules, with low crystallization tendency and high glass-forming ability
for which no crystallization occurs upon either cooling to below Tg or upon subsequent reheating
up to the melting point [16]. Baird et al. [16] did not investigate TET, but based on our results it can
be categorized as a class II molecule, for which no crystallization is observed upon cooling from the
undercooled melt state to below Tg, however, crystallization is observed during reheating above Tg.
Although BEN has a very low glass-forming ability, after mixing with KET it was possible to capture
some BEN molecules in the supercooled state. Interactions between KET and TET are sufficiently
strong to break the crystal lattice of TET even at KET concentrations as low as 10 mol%.

The preparation of protic ILs typically demands a sufficient pKa difference between the acid and the
base that could lead to an effective proton transfer and formation of an ion pair [6]. The recommended
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difference of ΔpKa of 10 is not possible to achieve for most APIs [6], including NSAIDs and LAs.
The pKa is determined in a diluted aqueous solution, hence its application for tested multicomponent
systems in the pure form that are not dissolved/dispersed in water, is limited. The ionization depends
not only on the pKa, but also on structural features of acid and base [6,8,17]. The DSC and IR results
show that interactions between KET and BEN are markedly weaker than those between KET and
either TET or PRO. This is consistent with the fact that BEN is weaker base than either of TET or
PRO. The interactions between PRO and KET seem to be stronger than those between TET and KET,
because there are indications of the presence of a small level of carboxylate anions in the former
mixture. Moreover, the positive deviations from the theoretical Tgs that are larger in KET-PRO system
(a difference of 16 ◦C for the equimolar mixture) than in KET-TET system (a difference of 11 ◦C
for mixtures containing 40–60 mol% of KET) imply stronger electrostatic interactions in the former.
In systems composed of ciprofloxacin and Eudragit L100, particularly large positive Tg deviations
(45–48 ◦C) from theoretical predictions were observed due to ionic interactions [21]. The low degree
of proton transfer in the KET-LA systems tested is consistent with the previous observations for
similar systems such as ibuprofen-lidocaine [2]. When a tertiary amine is used as the base (PRO and
TET in our study) the proton transfer may be severely restricted because of the lack of a satisfactory
hydrogen bonding solvation environment for the anionic species formed [2]. In conclusion, all KET-LA
systems studies in this work are DEMs, i.e., mixtures of hydrogen bond donors and acceptors with
intermolecular interactions via hydrogen bonding.

Although the salt preparation of the APIs with poor solubility in water is one of the most effective
and developable approach to improve their solubility and dissolution rate, new salts of the API may be
recognized as new chemical entities by the FDA and other healthcare authorities. Therefore, the absence
of ion pair formation in the KET-LA systems could be beneficial from the regulatory point of view, as
they should not be considered as new chemical entities.

4. Conclusions

A mechanosynthetic process that involved mixing and co-melting of a free acid and a free
base proved to be applicable for producing KET-LA DEMs. The binary KET-LA powder mixtures
formed eutectic phases. After a rapid cooling the formation of a supercooled liquid, with a Tg that
was highly dependent on the composition, was observed for all mixtures with exception of that
containing 95% mol% of BEN. Crystallization of LA was observed for QC samples comprising BEN-rich
mixtures (BEN ≥ 60 mol%) and the sample containing TET 95 mol%. In the presence of KET the high
crystallization tendency of LAs of TET and BEN can be decreased, and their glass-forming ability
increased. The KET-PRO DEMs in the entire composition range did not crystallize either during the
cooling step or during the second heating cycle. Experimental Mps and Tgs of KET-BEN mixtures
follow the theoretical Schöder van Laar and Fox prediction, respectively. On the other hand, for PRO
and TET-based systems, high deviations from the theoretical Schröder van Laar and Fox predictions
were observed, indicating the formation of strong H-bonded complexes between these LAs and KET.
A small quantity of carboxylate anions was present in the KET-PRO samples, but the proton transfer is
severely restricted due to the lack of a satisfactory hydrogen bonding solvation environment necessary
for anion stabilization. The strength of interactions with KET can be ranked in the following order:
PRO > TET > BEN. Therefore, it can be concluded that KET-LA mixtures do not form ILs, but DEMs.
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35. Fuliaş, A.; Ledeţi, I.; Vlase, G.; Popoiu, C.; Hegheş, A.; Bilanin, M.; Vlase, T.; Gheorgheosu, D.; Craina, M.;
Ardelean, S.; et al. Thermal behaviour of procaine and benzocaine Part II: Compatibility study with some
pharmaceutical excipients used in solid dosage forms. Chem. Cent. J. 2013, 7, 1–10. [CrossRef]

36. Kashino, S.; Ikeda, M.; Haisa, M. The structure of procaine. Acta Crystallogr. Sect. B Struct. Crystallogr.
Cryst. Chem. 1982, 38, 1868–1870. [CrossRef]

37. Schmidt, A.C. The role of molecular structure in the crystal polymorphism of local anesthetic drugs:
Crystal polymorphism of local anesthetic drugs, part X. Pharm. Res. 2005, 22, 2121–2133. [CrossRef]

38. Shibata, A.; Ikawa, K.; Terada, H. Site of action of the local anesthetic tetracaine in a phosphatidylcholine
bilayer with incorporated cardiolipin. Biophys. J. 1995, 69, 470–477. [CrossRef]

39. Lynch, D.E.; McClenaghan, I. Monoclinic form of ethyl 4-aminobenzoate (benzocaine). Acta Crystallogr. Sect.
E Struct. Rep. Online 2002, 58, o708–o709. [CrossRef]

40. Paczkowska, M.; Wiergowska, G.; Miklaszewski, A.; Krause, A.; Mroczkowka, M.; Zalewski, P.;
Cielecka-Piontek, J. The Analysis of the Physicochemical Properties of Benzocaine Polymorphs. Molecules
2018, 23, 1737. [CrossRef]

41. Chan, E.J.; Rae, A.D.; Welberry, T.R. On the polymorphism of benzocaine; A lowtemperature structural phase
transition for form (II). Acta Crystallogr. Sect. B Struct. Sci. 2009, 65, 509–515. [CrossRef]

25



Pharmaceutics 2020, 12, 368

42. Sinha, B.K.; Pattabhi, V. Crystal structure of benzocaine-A local anaesthetic. J. Chem. Sci. 1987, 98, 229–234.
[CrossRef]

43. Schmidt, A.C. Structural characteristics and crystal polymorphism of three local anaesthetic bases—Crystal
polymorphism of local anaesthetic drugs: Part VII. Int. J. Pharm. 2005, 298, 186–197. [CrossRef]

44. Rastogi, R.P.; Singh, N.B.; Dwivedi, K.D. Solidification behaviour of addition compounds and eutectics of
pure components and addition compounds. Ber. Bunsenges. Phys. Chem. 1981, 85, 85–91. [CrossRef]

45. Gana, I.; Barrio, M.; Do, B.; Tamarit, J.L.; Céolin, R.; Rietveld, I.B. Benzocaine polymorphism:
Pressure-temperature phase diagram involving forms II and III. Int. J. Pharm. 2013, 456, 480–488. [CrossRef]

46. Gázquez, J.L.; Cedillo, A.; Vela, A. Electrodonating and electroaccepting powers. J. Phys. Chem. A 2007, 111,
1966–1970. [CrossRef]

47. Pearson, R.G. Absolute electronegativity and hardness correlated with molecular orbital theory. Proc. Natl.
Acad. Sci. USA 1986, 83, 8440–8441. [CrossRef]

48. Murray, J.S.; Politzer, P. The electrostatic potential: An overview. Wiley Interdiscip. Rev. Comput. Mol. Sci.
2011, 1, 153–163. [CrossRef]

49. Darwish, S.; Zeglinski, J.; Krishna, G.R.; Shaikh, R.; Khraisheh, M.; Walker, G.M.; Croker, D.M. A New 1:1
Drug-Drug Cocrystal of Theophylline and Aspirin: Discovery, Characterization, and Construction of Ternary
Phase Diagrams. Cryst. Growth Des. 2018, 18, 7526–7532. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

26



pharmaceutics

Article

Alendronic Acid as Ionic Liquid: New Perspective
on Osteosarcoma

Sónia Teixeira 1,†, Miguel M. Santos 2,†, Maria H. Fernandes 1,3, João Costa-Rodrigues 1,4,5 and

Luís C. Branco 2,*

1 Faculdade de Medicina Dentária, U. Porto, Rua Dr. Manuel Pereira da Silva, 4200-393 Porto, Portugal;
soniateixeira.88@gmail.com (S.T.); mhfernandes@fmd.up.pt (M.H.F.); joao.m.rodrigues@gmail.com (J.C.-R.)

2 LAQV-REQUIMTE, Departamento de Química, Faculdade de Ciências e Tecnologia, Universidade Nova de
Lisboa, 2829-516 Caparica, Portugal; miguelmsantos@fct.unl.pt

3 UCIBIO-REQUIMTE, Departamento de Química, Faculdade de Ciências, Universidade do Porto,
4169-007 Porto, Portugal

4 ESS—Escola Superior de Saúde, Instituto Politécnico do Porto, R. Dr. António Bernardino de Almeida 400,
4200-072 Porto, Portugal

5 Instituto Politécnico de Viana do Castelo, Escola Superior de Saúde, Rua D. Moisés Alves Pinho 190,
4900-314 Viana do Castelo, Portugal

* Correspondence: l.branco@fct.unl.pt
† These authors contributed equally to the article.

Received: 31 December 2019; Accepted: 16 March 2020; Published: 24 March 2020
��������	
�������

Abstract: Herein the quantitative synthesis of eight new mono- and dianionic Organic Salts and
Ionic Liquids (OSILs) from alendronic acid (ALN) is reported by following two distinct sustainable
and straightforward methodologies, according to the type of cation. The prepared ALN-OSILs
were characterized by spectroscopic techniques and their solubility in water and biological fluids
was determined. An evaluation of the toxicity towards human healthy cells and also human
breast, lung and bone (osteosarcoma) cell lines was performed. Globally, it was observed that the
monoanionic OSILs showed lower toxicity than the corresponding dianionic structures to all cell
types. The highest cytotoxic effect was observed in OSILs containing a [C2OHMIM] cation, in
particular [C2OHMIM][ALN]. The latter showed an improvement in IC50 values of ca. three orders
of magnitude for the lung and bone cancer cell lines as well as fibroblasts in comparison with ALN.
The development of OSILs with high cytotoxicity effect towards the tested cancer cell types, and
containing an anti-resorbing molecule such as ALN may represent a promising strategy for the
development of new pharmacological tools to be used in those pathological conditions.

Keywords: alendronic acid; Active Pharmaceutical Ingredients; API-OSILs; anticancer drugs;
ionic liquids

1. Introduction

Alendronic acid is an aminobisphosphonate derivative that has shown efficacy in postmenopausal
osteoporosis, malignant hypercalcemia and Paget’s disease [1]. Alendronate localizes preferentially
at active sites of bone resorption, which has been inhibited at doses that have no effect on bone
mineralization [2].

Bisphosphonates bind at the bone mineral surface, where they potently inhibit osteoclast-mediated
bone resorption and subsequently embed in the bone, being released only during subsequent
resorption [3]. In contrast to other antiresorptive agents, bisphosphonates with the greatest binding
affinity to bone (zoledronic acid > alendronate > ibandronate > risedronate) may persist in bone,
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and patients continue to be exposed to the pharmacologic effects of these drugs several years
after discontinuation.

All bisphosphonates rapidly reduce bone resorption, which leads to decreased bone formation
because resorption and formation are coupled. Within three to six months, equilibrium is reached at a
lower rate of bone turnover [4].

It is described that alendronate in rats exhibited 200 to 1000 times more potency than etidronate
and approximately 100 times more in comparison with clodronate or tiludronate [5]. It is recognized
that the presence of amino group side-chain from alendronate chemical structure contributes to greater
potency and specificity [3–5].

The introduction of specific functional groups in the BPs structure can lead to modifications in
their physicochemical, biological, therapeutic and toxicological properties. In recent literature studies,
alendronic acid is reported as an FDA drug already approved for the prevention and treatment of
osteoporosis in men and women, either postmenopausal or glucocorticoid-induced [6]. However, BPs
present low bioavailability when administered orally and frequently require parenteral administration,
which is not the most convenient route in case of continuous treatment.

The combination of Active Pharmaceutical Ingredients (APIs) with biocompatible organic
counter-ions has rendered over the last decade an attractive class of materials entitled API–Organic
Salts and Ionic Liquids (API-OSILs) [7–10]. Ionic Liquids (ILs) are defined as salts with a melting
point below 100 ◦C, which display peculiar properties such as negligible vapor pressure, high
thermal and chemical stability and tunable physicochemical properties according to the cation-anion
combinations. These novel API–OSILs can improve the drug performance in terms of stability,
solubility, permeability, biological activity and delivery [10–22]. Recent achievements showed
that the suitable combination between different families of pharmaceutical drugs such as NSAIDs
(e.g., ibuprofen and naproxen [15,16]), β-lactam (e.g., ampicillin, amoxicillin, penicillin [16–20])
and fluoroquinolone (ciprofloxacin, norfloxacin [16,21]) antibiotics and bone antiresorptive agents
(zoledronic acid [22]) rendered novel pharmaceutical drug formulations based on OSILs. Elimination
of original polymorphism, improvement of permeability and solubility in water and biological fluids
as well as increased therapeutic efficiency was observed for these innovative compounds.

Thus, considering the pharmaceutical importance of bisphosphonate drugs as antiresorptive and
potential antitumoral agents, it is of paramount importance that novel formulations of such drugs,
which render higher bioavailability and lower systemic toxicity than the latter are developed. Hence,
in this paper, we report our latest results on our research line regarding bisphosphonate-based OSILs.
In particular, we describe the synthesis of eight new Ionic Liquids and Organic Salts from alendronic
acid (ALN–OSILs) as mono- and dianion by combination with one or two units of biocompatible cations,
respectively. The desired compounds were prepared in quantitative yields by two distinct sustainable
and straightforward methodologies, according to the type of cation. All prepared ALN–OSILs were
characterized by spectroscopic techniques and their solubility in water and biological fluids was
determined. Finally, evaluation of the toxicity towards human healthy cells and lung, breast and bone
(osteosarcoma) cell lines was performed.

2. Synthesis and Characterization of ALN–OSILs

Figure 1 depicts the structures of ALN and the selected cations, which were combined in 1:1 or 1:2
stoichiometric ratios, thereby deprotonating one or two phosphonate groups, respectively.

The selection of protonated organic superbases (1,1,3,3-tetramethylguanidinium [TMGH]
and 1,5-diazabicyclo(4.3.0)non-5-enium [DBNH]) and quaternary ammonium (cholinium [Ch] and
1-(2-hydroxyethyl)-3-methyl-1H-imidazol-3-ium [C2OHMIM]) cations relied on the known information
about their biocompatibility [15,23]. Despite their low toxicity, the combination of these cations
with other APIs has rendered highly active API–OSILs in the past, in particular antimicrobial and
anti-tumoral [19,20,22].
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Figure 1. Structure of mono- and dianionic alendronate, protonated superbases and organic quaternary
cations used to prepare the alendronic acid (ALN)–Organic Salts and Ionic Liquids (OSILs).

Scheme 1 resumes the synthetic methodologies employed in the synthesis of the API–OSILs.

 
Scheme 1. Methodologies (A,B) for the preparation of ALN–OSILs.

The preparation of compounds 1–4 consisted of the addition of the diluted superbases to a
dispersion of ALN (pathway A). These particular compounds, termed Superionic Liquids of APIs,
were prepared according to a previous methodology reported by us for zoledronic acid [22] as well as
other APIs [16]. While both monoanionic ALN–OSILs were obtained as solids, the two dianionic were
isolated as pastes.

On the other hand, a combination of ALN with one and two equivalents of [Ch] and [C2OHMIM]
cations yielded four more ALN-based OSILs (compounds 5–8) by following another methodology
already described by our group [15,22]. In this case, quaternary ammonium hydroxide cations are
previously prepared by the corresponding halide exchange with hydroxide exchange resins (e.g.,
Amberlyst A26-OH) in methanolic solution. The very basic solutions were then neutralized by addition
to an aqueous solution of bisphosphonate yielding the desired salts in quantitative yields. From the
four synthesized compounds, two are RTILs while the other two are solids (see below).

All products were characterized by NMR (1H and 13C) and FTIR spectroscopic techniques, as well
as elemental analysis. The thermal properties were evaluated by DSC and the solubility in water and
saline solution was determined for all compounds.

The NMR spectra of the ALN–OSILs were acquired in D2O taking advantage of their high solubility
in water (see below). In all cases, the 1H NMR spectra showed that the cation/anion proportion is
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strictly 1.0:1.0 or 2.0:1.0, in agreement with the intended stoichiometry (see Figures S1–S16). In addition,
only one set of signals was observed, meaning that the reactions were complete and only one product
was formed. No comparison with alendronic acid is achievable because of its lack of solubility in the
same solvents as the ALN–OSILs. In the 13C NMR spectra, the resonance of the quaternary carbon
atom of ALN appears at ca. 74 ppm, with no particular difference if only one or two neighboring
phosphonate groups are deprotonated. Similarly, the 1H NMR data is also irreflective of the ionic state
of the bisphosphonates and also of the cations. In contrast, the collected FTIR spectra (Figures S17–S25)
show pristine variations between the neutral bisphosphonates and the ALN–OSILs, as well as between
mono- and dianions. The FTIR spectrum of ALN shows two characteristic regions, namely a weak and
undefined structure at 2400–2000 cm−1 with maximum intensity at 2256 cm−1, and also very intense
multiple peaks at 1250–900 cm−1 (see Figure 2A). While the first one accounts for O–H stretches from
the O=P–OH groups, the second region contains peaks assignable to the stretch of both P=O and P–OH
bonds [24]. In the spectra of the synthesized ALN–OSILs (see Figure 2 for [TMGH]-based ALN–OSILs),
the peaks in the first region become sharper and much weaker, and two other sets of peaks appear
in the vicinity (at ca. 2400–2300 cm−1 and 2200–2100 cm−1) which are more intense for the dianionic
ALN–OSILs than for the monoanionic. This is in complete agreement with changes in the vibrational
modes of the OH groups from the phosphonate moieties that are particularly enhanced when both
groups are deprotonated. This corollary is also sustained by the changes observed in the second region
of peaks, which in general displays two very intense broad peaks at ca. 1160 cm−1 and 1060 cm−1, and
one or two of medium intensity between 960 and 900 cm−1.

 
Figure 2. FTIR spectra of (A) ALN, (B) [TMGH][ALN] and (C) [TMGH]2[ALN].

3. Thermal Analysis of ALN–OSILs

All prepared OSILs from alendronic acid were studied by Differential Scanning Calorimetry (DSC)
techniques (see Figures S26–S33). Table 1 contains the obtained data, namely melting, crystallization
and glass transition temperatures, as well as the physical state of the analyzed compounds.

In general, the monoanionic ALN–OSILs are foam-like solids while the dianionic ones were
obtained as thick colorless pastes at room temperature, thus being considered Room Temperature Ionic
Liquids (RTILs). The exceptions to this rule are the compounds with the [C2OHMIM] cation, where
the mono- and dianionic are, respectively, a paste and a foam. This inversion of the trend is probably
related to specific interactions of ALN with the electron-rich imidazolium ring [25].
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Table 1. Physical state, melting (Tm), cold crystallization (Tcc) and glass transition (Tg) temperatures of
the prepared ALN–OSILs.

Salt Physical State Tm/
◦C Tcc/

◦C * Tg/
◦C

[TMGH][ALN] White solid 162.7 107.1 -
[TMGH]2[ALN] Colorless paste - - 97.5
[DBNH][ALN] White solid 130.3; 133.2 - -
[DBNH]2[ALN] Colorless paste - - 45.7

[C2OHMIM][ALN] Colorless paste - - 64.5
[C2OHMIM]2[ALN] White solid 153.0 (dec) - 46.3

[Ch][ALN] White solid 141.2 - 74.9
[Ch]2[ALN] Colorless paste - - 63.8

* Cold crystallization.

In comparison with sodium alendronate, which presents a melting temperature of 259.3 ◦C [26],
all solid compounds melt at lower temperatures, more specifically between 130.3 and 162.7 ◦C, for
[DBNH]- and [TMGH][ALN] OSILs, respectively. These melting temperatures are determined in the
third cycle of the experiment, which consists of heating from −90 ◦C to 150–190 ◦C (depending on the
compound) at 10 ◦C/min. The first two cycles typically consist of heating to 125 ◦C and isotherm for
15–20 min (for the complete removal of residual water) followed by cooling to −90 ◦C. From Cycle
3 onwards, consecutive cooling/heating cycles are performed at 10 or 20 ◦C/min. These cycles show
glass transition temperatures (Tg) for the majority of the ALN–OSILs, showing that they become
supercooled products, i.e., amorphous after the first melt. The exceptions to this behavior are [TMGH]
and [DNBH][ALN], to which no glass transition nor crystallization (Tc) temperatures were observed in
the experimental conditions. However, [TMGH][ALN] showed different behavior in comparison with
the remaining ALN–OSILs in the first cycle, in particular a cold crystallization (Tcc) peak at 107.1 ◦C
(Figure 3A).

 
Figure 3. DSC thermograms of (A) [TMGH][ALN], (B) [TMGH]2[ALN], (C) [C2OHMIM][ALN] and
(D) [DBNH][ALN].

The DSC thermogram of the RTIL [TMGH]2[ALN] (Figure 3B) showed an endothermic signal at
ca. 150 ◦C of the third cycle that could be assigned to a melting process. However, it is preceded by a
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glass transition at ca. 40 ◦C in the same cycle, meaning that the compound is in an amorphous state. So,
the referred endothermic signal is most likely due to evaporation, consistent with the irregular shape of
the curve caused by the formation of bubbles in the thick pasty compound. A similar observation can
also be observed in [C2OHMIM][ALN] (Figure 3C). From the set of eight compounds, [DBNH][ALN]
is the only one that possesses a polymorphic structure, given by the two melting temperatures at
130.3 and 133.2 ◦C recorded in the DSC thermogram (Figure 3D). The remaining RTILs, more precisely
[DBNH]2[ALN] and [Ch]2[ALN] show well-defined glass transitions confirming their amorphous
nature at room temperature (Figures S29 and S33, respectively).

4. Solubility Studies

As expected, all OSILs were more soluble in water and saline solution at 37 ◦C than alendronic
acid as well as its sodium salt. Figure 4 contains the data obtained from the solubility studies.

With the exception of the [DBNH]- and [C2OHMIM]-containing ILs, the dianionic ALN–OSILs
are equally or more soluble than the monoanionic siblings in the tested media. In further detail, it
is noteworthy that [TMGH]2[ALN], [DBNH][ALN] and [Ch]2[ALN] are completely soluble in both
water and saline solution in the tested conditions. Moreover, the [C2OHMIM]-, [C2OHMIM]2- and
[Ch]-based ALN–OSILs are also fully soluble in saline solution while the solubility in water was found
to be between 392 and 918 times higher in comparison with the parent neutral drug, and between
77 and 198 times when compared with Na[ALN]. In addition, [DBNH]2[ALN] presents full water
solubility and a 1682-fold increase in solubility in saline solution. Finally, [TMGH][ALN] shows the
lowest solubility in both media from the set of eight synthesized compounds.

 

 
Figure 4. Solubility in water and saline solution at 37 ◦C of ALN, Na[ALN] and corresponding
ALN–OSILs (detection limit is 5 g/mL, represented by the upper threshold).

5. Cytotoxicity on Human Cells

The cytotoxicity of the prepared ALN–OSILs was determined on human cells, by means of IC50

calculation. The analysis was performed on human gingival fibroblasts (GF) and on different cancer
cell lines, namely T47D (breast), A549 (lung) and MG63 (osteosarcoma). The results obtained with the
starting materials of the synthesis, as well as the prepared ALN–OSILs upon incubation for 24 h are
presented in Table 2. The cytotoxic effect of the ALN-OSILs on the cancer cell lines was also evaluated
after 72h of exposure, and the data is presented in Table 3. A comparison with the standard anticancer
drug paclitaxel is presented for both exposure times.
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Table 2. Cytotoxicity of the ALN–OSILs on GF cells and T47D, A549 and MG63 cell lines after 24 h.

IC50/mM

IL GF T47D A549 MG63

Paclitaxel 1.91 × 10−5 ±
0.34 × 10−5

6.46 × 10−6 ±
0.57 × 10−6

4.08 × 10−6 ±
0.60 × 10−6

8.19 × 10−6 ±
1.03 × 10−6

ALN 3.17 × 10−2 ±
0.12 × 10−2

4.09 × 10−3 ±
0.12 × 10−3 (*)

8.10 × 10−3 ±
0.88 × 10−3 (*)

5.55 × 10−4 ±
0.79 × 10−4 (*)

[TMGH]Cl 1.47 × 10−3 ±
0.40 × 10−3

1.94 × 10−4 ±
0.35 × 10−4

4.98 × 10−4 ±
0.55 × 10−4

2.46 × 10−4 ±
0.81 × 10−4

[DBNH]Cl 3.80 × 10−5 ±
0.53 × 10−5

2.78 × 10−4 ±
0.19 × 10−4

9.13 × 10−3 ±
1.03 × 10−3

9.79 × 10−8 ±
1.76 × 10−8

[Ch]Cl (a) (a) 5.99 × 10−3 ±
0.72 × 10−3

3.47 × 10−4 ±
0.52 × 10−4

[TMGH][ALN] 7.19 × 10−3 ±
0.97 × 10−3

8.23 × 10−3 ±
0.99 × 10−3

2.54 × 10−3 ±
0.32 × 10−3

9.23 × 10−3 ±
1.12 × 10−3

[TMGH]2[ALN] 1.11 × 10−3 ±
0.22 × 10−3

3.16 × 10−5 ±
0.25 × 10−5

5.14 × 10−4 ±
0.71 × 10−4

7.11 × 10−5 ±
0.85 × 10−5

[DBNH][ALN] 7.20 × 10−2 ±
0.55 × 10−2

(a) 6.14 ± 0.87 (a)

[DBNH]2[ALN] 6.01 × 10−5 ±
0.94 × 10−5

(a) 3.12 × 10−2 ±
0.45 × 10−2

1.02 ± 0.18

[C2OHMIM][ALN] 2.19 ± 0.32 5.92 × 10−3 ±
0.69 × 10−3 (*)

2.10 × 10−6 ±
0.37 × 10−6 (*)

5.16 × 10−5 ±
0.67 × 10−5 (*)

[C2OHMIM]2[ALN] 4.07 × 10−4 ±
0.47 × 10−4

3.28 × 10−6 ±
0.40 × 10−6 (*)

(a) 7.84 × 10−5 ±
0.98 × 10−5 (*)

[Ch][ALN] 1.87 × 10−1 ±
0.32 × 10−1 3.14 ± 0.43 6.66 × 10−2 ±

0.89 × 10−2 (*)
4.10 × 10−1 ±
0.62 × 10−1

[Ch]2[ALN] 4.92 × 10−3 ±
0.58 × 10−3

2.64 × 10−3 ±
0.38 × 10−3

5.41 × 10−3 ±
0.61 × 10−3

1.01 × 10−2 ±
0.14 × 10−2

(a) Not determined in the tested concentration range. (*) Significantly lower than GF; p < 0.05.

Table 3. Cytotoxicity of the ALN–OSILs on GF cells and T47D, A549 and MG63 cell lines after 72 h.

IC50/mM

IL GF T47D A549 MG63

Paclitaxel 5.66 × 10−5 ±
0.94 × 10−5

9.28 × 10−6 ±
1.02 × 10−6

7.83 × 10−6 ±
0.85 × 10−6

1.10 × 10−6 ±
1.25 × 10−6

ALN 9.26 × 10−2 ±
0.99 × 10−2

8.93 × 10−3 ±
1.53 × 10−3 (*)

1.46 × 10−2 ±
0.43 × 10−2 (*)

1.07 × 10−3 ±
0.26 × 10−3 (*)

[TMGH][ALN] 1.33 × 10−2 ±
0.51 × 10−2

1.84 × 10−2 ±
0.24 × 10−2

6.16 × 10−3 ±
0.94 × 10−3

1.64 × 10−2 ±
0.82 × 10−2

[TMGH]2[ALN] 1.68 × 10−3 ±
0.27 × 10−3

1.87 × 10−5 ±
0.43 × 10−5 (*)

9.84 × 10−4 ±
0.67 × 10−4

1.67 × 10−4 ±
0.25 × 10−4

[DBNH][ALN] 2.55 × 10−1 ±
0.34 × 10−1 (a) 0.99 ± 0.07 (a)

[DBNH]2[ALN] 1.65 × 10−4 ±
0.25 × 10−5 (a) 9.33 × 10−2 ±

1.00 × 10−2 1.14 ± 0.21

[C2OHMIM][ALN] 4.54 ± 0.66 1.14 × 10−2 ±
0.25 × 10−2 (*)

5.65 × 10−6 ±
0.46 × 10−6 (*)

9.57 × 10−5 ±
0.91 × 10−5 (*)

[C2OHMIM]2[ALN] 6.21 × 10−4 ±
0.67 × 10−4

8.83 × 10−6 ±
0.94 × 10−6 (*)

(a) 1.65 × 10−4 ±
0.26 × 10−4 (*)

[Ch][ALN] 7.33 × 10−1 ±
0.63 × 10−1 4.86 ± 0.55 7.84 × 10−2 ±

0.83 × 10−2 (*)
6.85 × 10−1 ±
0.85 × 10−1

[Ch]2[ALN] 8.57 × 10−3 ±
0.87 × 10−3

4.87 × 10−3 ±
0.65 × 10−3

8.94 × 10−3 ±
1.34 × 10−3

8.33 × 10−2 ±
0.93 × 10−2

(a) Not determined in the tested concentration range. (*) Significantly lower than GF, p < 0.05.
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Globally, it was observed that the IC50 values determined at 72 h of incubation were higher than
those obtained with a culture period of 24 h. The IC50 values obtained for paclitaxel in the tumor
cell lines were the lowest ones, which is in line with its well-known cytotoxic potential. However, it
showed no selectivity between healthy and cancer cells.

In the case of the ALN–OSILs, the obtained data clearly shows that the monoanionic OSILs elicited
lower cytotoxicity than the corresponding dianionic versions for all cell types. Regarding gingival
fibroblast cell cultures, the OSILs containing one unit of [DBNH], [C2OHMIM] and [Ch] appeared to
be less deleterious than alendronic acid. Comparatively, OSILs containing [TMGH]2, [C2OHMIM] and
[C2OHMIM]2 seemed to be more cytotoxic to breast cancer T47D cells. In the case of lung cancer A549
cell line, high cytotoxic activity was observed in cell cultures supplemented with the OSILs containing
[TMGH]2, [C2OHMIM] and [Ch]. Finally, osteosarcoma MG63 cell line seemed to be particularly
sensitive to the OSILs containing [TMGH]2, [C2OHMIM] and [C2OHMIM]2.

Breast and lung cancers are often associated with bone osteolytic metastases [27–29] and also
osteosarcoma, which are usually caused by disturbances in bone metabolism and increases in bone
turnover rates [6,30,31]. Thus, the development of OSILs with high cytotoxicity towards the tested
cancer cell types and containing an anti-resorbing molecule (alendronate) may represent a promising
strategy for the development of new pharmacological tools to be used in those pathological conditions.

Overall, [C2OHMIM][ALN] was found to be particularly active against lung cancer and
osteosarcoma cell lines while retaining very low toxicity towards healthy cells. These enhanced
biological properties, in addition to the absence of polymorphism in this monoanionic compound,
suggest that this room temperature ionic liquid could be a very promising alendronic acid formulation.

6. Experimental Section

6.1. General Procedure (A) for the Synthesis of ALN–OSILs with Organic Superbases as Cations

To a dispersion of alendronic acid (400 mg, 1.61 mmol) in MeOH/H2O (15 mL, 1:1) a methanolic
solution of 1 or 2 molar equivalents of organic superbase (15 mg/mL) was added dropwise at room
temperature under magnetic stirring. After reacting for 1 h, the solvent was evaporated and the desired
product was dried under vacuo for 24 h.

6.2. General Procedure (B) for the Preparation of ALN–OSILs with Ammonium and Methylmidazolium Cations

The halide salts of the selected ammonium and methylimidazolium cations were dissolved in
methanol and passed slowly through an anion-exchange column A-26(OH) (3 equivalents). The
freshly formed methanolic solutions of the corresponding hydroxide salts (1 or 2 equivalents) were
consequently added dropwise to alendronic acid (400 mg, 1.61 mmol) dispersed in H2O under magnetic
stirring at room temperature. After 1 h, the solvent of the clear solution was evaporated, and the
desired product was dried under vacuo for 24 h.

Toxicity studies are described as supporting information.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/3/293/s1,
Materials, experimental procedures, compound characterization data. Figures S1–S16: NMR spectra of ALN-OSILs;
Figures S17–S25: FTIR spectra of ALN and ALN-OSILs; Figures S26–S33: DSC thermograms of ALN-OSILs.
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Abbreviations

IL ionic liquid
ALN alendronic acid
ALN–OSILs alendronic acid-based ionic liquids and organic salts
RTILs Room Temperature Ionic Liquids
API–OSILs Active Pharmaceutical Ingredient Ionic Liquids and Organic Salts
TMG 1,1,3,3-tetramethylguanidine
DBN 1,5-diazabicyclo(4.3.0)non-5-ene
Ch choline
C2OHMIM 1-(2-hydroxyethyl)-3-methylimidazolium
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Abstract: The preparation and characterization of ionic liquids and organic salts (OSILs) that
contain anionic penicillin G [secoPen] and amoxicillin [seco-Amx] hydrolysate derivatives and
their in vitro antibacterial activity against sensitive and resistant Escherichia coli and Staphylococcus
aureus strains is reported. Eleven hydrolyzed β-lactam-OSILs were obtained after precipitation in
moderate-to-high yields via the neutralization of the basic ammonia buffer of antibiotics with different
cation hydroxide salts. The obtained minimum inhibitory concentration (MIC) data of the prepared
compounds showed a relative decrease of the inhibitory concentrations (RDIC) in the order of 100
in the case of [C2OHMIM][seco-Pen] against sensitive S. aureus ATCC25923 and, most strikingly,
higher than 1000 with [C16Pyr][seco-Amx] against methicillin-resistant Staphylococcus aureus (MRSA)
ATCC 43300. These outstanding in vitro results showcase that a straightforward transformation of
standard antibiotics into hydrolyzed organic salts can dramatically change the pharmaceutical activity
of a drug, including giving rise to potent formulations of antibiotics against deadly bacteria strains.

Keywords: active pharmaceutical ingredients-ionic liquids and organic salts (API-OSILs); penicillin
G and amoxicillin hydrolysate derivatives; sensitive bacteria; resistant bacteria

1. Introduction

Bacterial resistance to antibiotics has been increasing in Europe over the last few years [1–3].
New classes of antibiotics have not been introduced recently [4–7], and, thus, more resistances to
old drugs are developing daily [8–10]. Recent efforts and huge investments being made in this field
by big pharma companies such as GlaxoSmithKline, Merck, Pfizer and Wyeth [3–5,11,12] have had
disappointing returns from their R&D departments, including clinical trials. This is a significant
factor to allocate anti-infective R&D resources into other fields of investigation and thus remain highly
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competitive [3–5,13]. Considering the disappointing results on genomics and the exodus of big pharma,
the problem of bacteria resistance has continued to evolve, reaching alarming dimensions [3,8,10].

For the last 12 years, organic salts and ionic liquids (OSILs) from active pharmaceutical ingredients
(APIs), or simply API-OSILs [14–22], have been studied at the academic level [14,18,19,23–25].
Ionic liquids (ILs) are salts with melting points below 100 ◦C (some of them are liquid at room
temperature) that result from the pairing of organic cations with organic and inorganic anions [14,20,23].
When the melting point is above 100 ◦C, these compounds are simply designated by organic salts [24].
Nowadays, there is a significant increase in the scope of both the physical and chemical properties of
OSILs [19,26–29], and, thus, their application in several topics of science and technology is currently
being studied [15–18,20,23,26].

In the case of API-OSILs, it is known that the interaction between an ionic API with selected
counter-ions may significantly improve the pharmaceutical activity of the former [17,30–32]. In addition,
this combination may also boost the stability and solubility of the API in physiological media, as
well as enhance the bioavailability and modify the pharmacokinetics and delivery mode of the
drug [21,27–29,33–35]. Consequently, the biopharmaceutics drug classification system (BCS) for
API-ILs can be significantly modified in comparison with the parent drugs [24], meaning that
this new salt of the old API can be treated as a new chemical entity and thus be independently
patented [17,26,30,36]. Furthermore, the polymorphism of a given API can be severely mitigated
or even eliminated if it becomes liquid, hence tackling one of the most important problems in the
pharmaceutical industry that can dramatically alter a drug’s solubility and dosages [26,30,37–40].
In fact, solid forms of drugs can suffer from several limitations such as low solubility, polymorphic
conversion, and low bioavailability [20,26,36,41].

The inherent properties of ILs could be of extreme importance to overcome such difficulties
of solid form drugs [20,36,41]. Recent works have shown that API-OSILs possess many attractive
properties when compared to conventional drugs [14,16,20,23]. Our group recently studied the relevant
pharmacological properties of ampicillin- and primaquine-based API-OSILs such as water solubility,
the octanol–water partition coefficient, the hexadecylphosphocholine (HDPC) micelle–water partition
coefficient, and critical micelle concentration [14–17,30]. In the case of ampicillin-based API-OSILs,
the data are clearly consistent with a greater potential of API-ILs in comparison with the parent API,
specifically regarding their solubility in water, as well as more specific properties such as membrane
affinity and permeation. In fact, the accurate selection of the organic cation allows for the fine-tuning
of some important physical and thermal properties like water solubility, membrane permeation,
melting point, and thermal stability [17]. In another study, we found that primaquine API-OSILs had a
particular affinity to intercalate negatively-charged lipid bilayers (membrane models of Plasmodium
infected erythrocyte) and also, to a lesser extent, zwitterionic lipid bilayers (membrane models of
healthy cells), in comparison with the parent drug [14,42].

A large quantity of recent communications and reviews have referred to the toxicity and activity
of ILs against microorganisms and cell cultures, especially antimicrobial activity, and as novel forms of
bioactive materials and as drug delivery systems [14,20,43–46]. Recently, OSILs have been studied to
fight multi-drug resistance [16,47] and as agents for microbial biofilms [32,45,48–51], and they have
shown a potent, broad spectrum activity against a variety of clinically significant microbial pathogens,
including methicillin-resistant Staphylococcus aureus (MRSA) [32,49,52]. The 2011 outbreak of multi
drug-resistant Escherichia coli O104 in Germany as well as as Gram-negative Enterobacteriaceae due to
presence of the New Delhi metallo-β-lactamase [53,54] are examples of an increasingly documented
major public health problem.

Therefore, there is an increasing demand to develop new drugs to address multi-resistant infections
and to develop more efficient tools so that new resistances are not developed. In this context, the results
up to this point given by API-OSILs have followed these demands [20].

Thus, following our work on ampicillin [16–18] and fluoroquinolone-based API-OSILs [30],
we herein describe the synthesis of ILs based on amoxicillin and penicillin G through a synthetic
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strategy that was optimized by us in the past for the preparation of ampicillin-OSILs [18]. The synthetic
method consists on the deprotonation of an API with different hydroxides of organic cations in
an ammonium buffer (buffer-controlled reaction procedure) [18]. In all cases, the antibiotic API is
combined as an anion with organic cations that contain imidazolium, ammonium, phosphonium and
pyridinium structures.

2. Results and Discussion

2.1. Chemistry

Ionic liquids and organic salts based on the ammonia hydrolysate anion of penicillin G and
amoxicillin (α-amide of benzyl penicilloic acid and of amoxicillin penicilloic acid, respectively),
abbreviated here as [seco-Pen] and [seco-Amx], respectively, were prepared by an ammonia buffer
reaction procedure that was recently developed by us for the synthesis of ampicillin API-OSILs [18].
Our original idea was to test a new method for preparation of API-OSILs based on parent penicillin
and amoxicillin in the anionic form. However, due to ammonolysis (β-lactam ring opening with the
formation of an amide group) of amoxicillin and penicillin G under the employed reaction conditions,
ionic liquids and organic salts of [seco-Pen] and [seco-Amx] anions were prepared instead (see Figure 1).
The prefix seco (Latin verb secare) is used in antibiotics nomenclature [55], and it means to cut.
Two penicilloic acids of penicillin G and amoxicillin are already well known in the literature [56–58],
and some of their stable amides—products of the amino- and ammonolysis of β-lactam ring of parent
antibiotics—have also already been described [59–61].

While amoxicillin (Amx) was used as provided (in trihydrate form), penicillin G, which was
supplied as a potassium salt ([K][Pen]), was previously converted to the corresponding ammonium
salt [NH4][Pen] by following the procedure of Brown et al. [62]. The experimental procedure consisted
on the reaction of hydroxide of the selected cations with amoxicillin and penicillin ammonium salt.
Halide (chloride, bromide) salts of selected organic cations were converted into the corresponding
hydroxides on Amberlite resin (OH form), and the highly basic solution that was obtained was then
added to the solution of the API in an aqueous ammonia buffer in order to provide the compounds [18].
[Na][seco-Amx] was prepared through a reaction with sodium hydroxide (instead of organic hydroxide),
while a [K][seco-Pen] derivative was directly obtained by ammonolysis from [K][Pen].

Hydrolyzed amoxicillin (seco-Amx) and penicillin G (seco-Pen) derivatives in the anionic form
were combined with the following organic cations (see Figure 1): 1-ethyl-3-methylimidazolium [EMIM],
1-hydroxy-ethyl-3-methylimidazolium [C2OHMIM], (2-hydroxyethyl)trimethylammonium [Choline],
tetraethylammonium [TEA], cetylpyridinium [C16Pyr] and trihexyltetradecylphosphonium [P6,6,6,14].
These cations were selected due to their low toxicity, except for [P6,6,6,14], which was chosen because it
usually produces room temperature ionic liquids (RTILs). Cetylpyridinium chloride is also already used
in some types of mouthwashes and toothpastes [53], although it is irritant in higher concentrations [54].
For control purposes in the biological activity studies, we also prepared the corresponding sodium and
potassium salts of the hydrolyzed antibiotics by following the same synthetic procedure.

The isolation of these compounds was performed similarly to the previously reported
ampicillin-based API-OSILs [18]. Briefly, the excess reactant was filtered-off after crystallization
from acetonitrile/methanol (9:1), and this was followed by solvent evaporation. Table 1 shows the
reaction yields, physical states and melting points of the prepared compounds. From the eleven
synthesized API-OSILs, two were organic salts and nine were ionic liquids, including four RTILs.
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Figure 1. Schematic synthetic methodology for the preparation of metallic active pharmaceutical
ingredients (API) salts and [seco-Amx] and [seco-Pen] ionic liquids and organic salts (OSILs).

The strict 1:1 cation–anion stoichiometry of the prepared API-OSILs, as well as the structural
integrity of both components, was confirmed by 1H NMR spectroscopy. Further characterization
was performed by 13C NMR and FTIR spectroscopies, as well as specific rotation, elemental analysis,
and mass spectrometry. The ammonolysis of the β-lactam rings of the original APIs was confirmed
by mass spectrometry. In the acquired electrospray ionization mass spectra (ESI-MS) spectra of all
analyzed API-OSILs in the negative mode, the base peak corresponded to [M + 17]− (m/z), which was
consistent with the β-lactam ring opening with the consequent formation of an amide group and a
secondary amine at the thiazolidine group.
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Table 1. Yield, physical state, and melting point of the synthesized API-OSILs.

Compound Yield Physical State Melting Point/◦C
[EMIM][seco-Amx] 77% Yellow solid 84–86
[C2OHMIM][seco-Amx] 60% Yellow solid 109–111
[P6,6,6,14][seco-Amx] 92% Yellow viscous liquid -
[C16Pyr][seco-Amx] 94% Yellow solid 96–98
[Choline][seco-Amx] 93% Yellow solid 143–144
[Na][seco-Amx] 96% Yellow solid 137–139
[EMIM][seco-Pen] 81% Colorless viscous liquid
[C2OHMIM][seco-Pen] 83% Yellow solid 48–50
[Choline][seco-Pen] 95% Yellow solid 69–71
[P6,6,6,14][seco-Pen] 97% Yellow viscous liquid -
[C16Pyr][seco-Pen] 89% Yellow solid 76–78
[TEA][seco-Pen] 90% Yellow viscous liquid -
[K][seco-Pen] 97% White solid 193–195

* This is a outside table footnote.

2.2. Biological Activity

In the present study, all prepared compounds were tested against several sensitive and resistant
Gram-positive and Gram-negative bacteria strains: Staphylococcus aureus ATCC 25923, Escherichia coli
ATCC 25922, methicillin resistant Staphylococcus aureus (MRSA ATCC 43300) and E. coli CTX M2 and
CTX M9.

The minimum inhibitory concentration (MIC) values were determined from three assays in
triplicate by the broth micro dilution method in a 96-well microtiter plate by using tryptic soy
broth (TSB) and adapted methodology from the Clinical Laboratory Standard Institute (CLSI) [62].
The strains were grown individually on tryptic soy agar for 24 h at 37 ◦C prior to each antibacterial
test. Preceding MIC determination, each inoculum density was adjusted in TSB to 0.5 McFarland
standards with a photometric device [62]. This resulted in a suspension that contained approximately
1 × 108 to 2 × 108 colony forming units (CFUmL−1) for E. coli ATCC25922® [60]. A similar approach
was used for the other strains. Then, 0.5 μL of the suspension was added to each well to have
5000–25,000 CFUmL−1. Bacteria were exposed to API-OSIL concentrations of 5, 2.5, 0.5, 0.05, 0.005,
0.0005, and 0.00005 mM. All compounds were dissolved in water except for OSILs that contained
[P6,6,6,14] and [C16Pyr] cations, which were diluted in 1% dimethyl sulfoxide (DMSO). Their activity was
determined in aqueous media, and the results of their activity were compared with bacteria that had
been grown in TSB broth in the presence of 1% DMSO. The MIC for each compound was recorded as
lowest molar concentration, showing no turbidity after 24 h of incubation at 37 ◦C [63,64]. The presence
of turbidity was an indication of microbial growth, and the corresponding concentration of antibacterial
agent was considered ineffective. The pharmacological activity of the prepared compound was then
compared to the parent commercial API in terms of the relative decrease of inhibitory concentration
(RDIC) as described earlier [16]. Herein, the RDIC value was calculated by dividing the MIC of the
commercial API (penicillin G potassium salt or amoxicillin trihydrate) by the MIC of the corresponding
synthesized compound.

2.3. Studies on Sensitive Bacteria

Table 2 shows data from the bioactivity study of the prepared compounds on S. aureus and E. coli
sensitive strains.

The data gathered in Table 2 show that, on a first approach, the hydrolyzed salts of both Amx
and Pen lost all antimicrobial activity against the tested sensitive strains. In fact, this was true for
the vast majority of prepared OSILs. It has been a consistently and firmly established belief that
the antimicrobial activity of β-lactam antibiotics relies on the sacrificial action of these functional
groups [65] on transpeptidases that are responsible for the last cross-linking step of peptidoglycan
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synthesis in the bacterial cell wall. For that purpose, the transpeptidase active site (Ser residues in the
case of D, and D- and Cys residues in the case of L,D-transpeptidases) nucleophilically attacks the
nucleophilicity the carbonyl of the β-lactam ring, resulting in its opening of the ring and the irreversible
formation of a covalent and stable acyl-enzyme complex [66,67]. However, this premise is widely
accepted but poorly demonstrated. Recently, it was shown that even the acylation reactions of Cys
residue of L,D-transpeptidases can be reversible, thus leading to limited antibacterial activity [68].

Table 2. Minimum inhibitory concentrations (mM) and relative decrease of inhibitory concentrations
(RDIC) of the new compounds that were produced on sensitive strains.

Compound
S. aureus

ATCC25923
RDIC E. coli

ATCC25922
RDIC

[EMIM][seco-Amx] 5.0 0.01 2.5 0.002
[C2OHMIM][seco-Amx] 0.050 1 5.0 0.001
[P6,6,6,14][seco-Amx] >5.0 <0.01 0.5 0.01
[C16Pyr][seco-Amx] >5.0 <0.01 0.050 0.1
[Choline][seco-Amx] >5.0 <0.01 >5.0 <0.001
Na[seco-Amx] >5.0 <0.01 >5.0 <0.001
Amx 0.050 1 0.005 1

[EMIM][seco-Pen] >5.0 <0.1 >5.0 <0.1
[C2OHMIM][seco-Pen] 0.005 100 >5.0 <0.1
[Choline][seco-Pen] >5.0 <0.1 5.0 0.1
[P6,6,6,14][seco-Pen] >5.0 <0.1 >5.0 <0.1
[C16Pyr][seco-Pen] >5.0 <0.1 >5.0 0.1
[TEA][seco-Pen] >5.0 <0.1 0.050 10

K[seco-Pen] >5.0 <0.1 >5.0 <0.1
K[Pen] 0.500 1 0.500 1
[EMIM][Br] 0.05 — >5 —
[C2OHMIM][Cl] >5.0 — 5.0 —
[P6,6,6,14][Cl] 2.5 — 2.5 —
[C16Pyr][Cl] 0.5 — 0.5 —
[Choline][Cl] 2.5 — >5.0 —
[TEA][Br] 2.5 — >5.0 —

The same result was obtained for the majority of the prepared salts, irrespective of the cation polarity,
resembling an ion trapping effect [69], i.e., ionic compounds such as [seco-Amx] and [seco-Pen] and their
conjugated acids are subject to a variety of processes, such as dissociation, electrical interactions with
organic matter, and changes in their partitioning in hydrophobic/hydrophilic media. These processes
depend on pH, ionic strength, their polarity, and pKa, and they ultimately lead to their accumulation
in certain zones of the bacterial cell, i.e., the ion-trap effect. On the other hand, highly polar cations
are more prone to closely interact with them in anionic form, anchoring them in the polar solution.
This effect has also been seen by us with ampicillin-based API-OSILs against sensitive Gram-positive
and Gram-negative species [16] and seem to adversely affect the activity of those compounds. In the
case of highly hydrophobic cations, the micelles of API-OSILs may be formed, thus reducing their
antimicrobial activity [70].

The only observed exceptions were [C2OHMIM][seco-Amx], [C2OHMIM][seco-Pen],
and [TEA][seco-Pen]. While the first one showed no advantage over Amx (RDIC = 1) against S. aureus,
the second and third seco-Pen OSILs recorded RDICs of 100 (S. aureus) and 10 (E. coli), respectively.

While inactive in the Cl− salt form, the [C2OHMIM]+ cation was the only selected cationic
entity that allowed for the enhancement of the antimicrobial activity of both seco-Amx and seco-Pen
against this sensitive S. aureus strain. These results most probably come from specific intermolecular
interactions between the cation and the anion, thereby enabling the deactivating interactions of crucial
PBPs. PBP:API-OSILs interaction studies will be conducted in the future and published accordingly.
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In the case of the sensitive Gram-negative E. coli strain, its outer membrane can hinder drug
delivery, as proposed above. In fact, the activity of [seco-Amx] and [seco-Pen] towards this strain did not
seem to be enhanced by the combination with [C2OHMIM] or with any of the other cations, with the
exception of [TEA] (RDIC = 10). In truth, [TEA][seco-Pen] was found to be ten times more effective
than the parent K[Pen]. These results are probably related with augmented hindrance of the porin
entrance and/or uncompetitive phase transfer delivery through the outer membrane in comparison
with the free antibiotic.

Similar results were also recorded in a past study regarding ampicillin-based API-ILs with
sensitive Gram-positive and Gram-negative bacteria [16]. Recent results in the literature regarding
API-OSILs as antibiotics against sensitive bacteria have referred to discrete interactions with the bacteria
cell wall or membrane [71–79]. In particular, pyridyl cationic-modified benzylidene cyclopentanone
photosensitizers (PSs) that were developed by Wu et al. [77] showed that Gram-positive bacteria are
more sensitive than Gram-negative bacteria to photodynamic therapy because their walls are more
porous and all types of PSs can readily diffuse through them. In contrast, Gram-negative bacteria
possess an additional negatively charged outer layer that serves as a permeability barrier, so neutral
and anionic PSs often fail to effectively inactivate Gram-negative bacteria, while cationic PSs can
still strongly bind to their outer membrane and damage their integrity. In addition, antimicrobial
studies that were supported by FTIR spectroscopy experiments revealed that nalidixic acid salts
with particular ammonium cations exhibit enhanced antimicrobial activity against six different
Gram-negative Salmonella species and two nalidixic acid-resistant S. typhimurium strains by displaying
different modes of action towards proteins, carbohydrates, and lipids within the cell membrane [78].
One final example concerning FTIR bioassays revealed that hydrophobic N-alkyltropinium bromide
surfactants preferably interact with the fatty acids and amide groups within the cell envelope of
Gram-negative E. coli and with the peptidoglycan multilayer of the Gram-positive Listeria innocua
cells [79]. The interaction of the ILs based on penicillin and amoxicillin, as well as [seco-Pen] and
[seco-Amx] anions with the cell membrane of Gram-positive and Gram-negative bacteria strains, will be
studied soon and published accordingly.

2.4. Studies on Resistant Bacteria

The prepared OSILs from hydrolyzed amoxicillin and penicillin antibiotics were also studied
against resistant Gram-negative E. coli strains CTX M9 and CTX M2, as well as the methicillin-resistant
S. aureus ATCC 43,300 (see Table 3).

Table 3. Minimum inhibitory concentrations (mM) and and relative decrease of inhibitory concentration
(RDIC) of the new compounds that were produced on resistant strains.

Compound
E. coli CTX

M9
RDIC E. coli CTX

M2
RDIC MRSA

ATCC 43300
RDIC

[EMIM][seco-Amx] >5 - >5 - >5 -
[C2OHMIM][seco-Amx] >5 - > 5 - 5 >1
[P6,6,6,14][seco-Amx] 0.05 >100 1.0 >5 > 5 -
[C16Pyr][seco-Amx] 0.05 >100 0.05 >100 0.005 >1000
[Choline][seco-Amx] 0.5 >10 0.05 >100 0.5 10
Na[seco-Amx] >5 - >5 - >5 -
Amx >5 1 >5 1 >5 1

[EMIM][seco-Pen] >5 - >5 - >5 -
[C2OHMIM][seo-Pen] >5 - >5 - >5 -
[Choline][seco-Pen] 1.0 >5 >5 - 1.0 >5
[P6,6,6,14][seco-Pen] 0.5 >10 0.5 >10 >5 -
[C16Pyr]seco-[Pen] 0.5 >10 0.5 >10 0.05 >100
[TEA][seco-Pen] >5 - > 5 - >5 -
K[seco-Pen] >5 - >5 - >5 -
K[Pen] >5 1 >5 1 >5 1
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As expected, parent antibiotics (Amx and [K][Pen]), as well as the sodium and potassium salts
of their ammonia hydrolysates, were found to be inactive against all tested resistant bacteria strains.
For E. coli, five OSILs that contained the [seco-Amx] anion and three that contained the [seco-Pen]
anion showed increased activity (RDIC values between >5 and >100) against the parent antimicrobials.
The highest activity (RDIC > 100) was recorded for [C16Pyr][seco-Amx] against both resistant E. coli
strains, while [P6,6,6,14][seco-Amx] and [Choline][seco-Amx] were selective towards only one of the
strains—CTX M9 and CTX M2, respectively.

These results were somewhat similar to those regarding ampicillin-based API-OSILs against
resistant Gram-negative E. coli species that were previously described by us [16], where [C16Pyr][Amp]
and [P6,6,6,14][Amp] showed the highest antimicrobial activities of all compounds tested. Therein we
suggested that the drug delivery of the APIs is enhanced in some resistant E. coli strains by the
lipophilic counter-ions through the permeation of the outer layer. This postulation is supported by
results from other authors. More specifically, Vincent et al. [80] and Langgartner, J. et al. [81] similarly
demonstrated that transport across biological membranes bearing a highly polar anionic framework
can be facilitated if the APIs are paired with lipophilic ammonium ions that act as phase transfer
agents. Additionally, Rogers et al. [82] recently demonstrated on synthetic membrane models that
API-OSILs that contain lipophilic cations, preferably with established hydrogen bonds, exhibit an
increased membrane transport as compared to API-OSILs with weaker electrostatic interactions or even
traditional halide or metal salts. Finally, it is important to note that both hydrophobic and hydrophilic
ionic liquids have been recently studied as penetration enhancers [16,20,83,84]. Various nanocarriers can
serve as antimicrobial enhancers because they incorporate into lipid membranes or cell walls, leading to
membrane or wall disruptions in both Gram-positive and Gram-negative bacteria strains [77,85–91],
therefore increasing the drug’s efficiency.

The activity of prepared OSILs against the Gram-positive MRSA ATCC 43,300 strain seems even
more peculiar. IC50 values as low as 5 and 50 μM, respectively, were obtained with [C16Pyr][seco-Amx]
and [C16Pyr][seco-Pen], which corresponded to RDICs higher than 1000 and 100, respectively. The only
other measurable value was obtained with [Choline][seco-Pen] (RDIC > 5). In the former cases,
the contribution from the [C16Pyr] cation was unquestionable. Literature data [92] have shown that
the MIC for [C16Pyr][Cl] is five times higher in the methicillin-resistant than in methicillin-sensitive
S. aureus strains, suggesting that the contribution of this cation to the antibacterial activity of these
particular API-OSILs [92] is particularly significant as opposed to the parent antibiotics or their
hydrolyzed analogues (see Table 3). In other words, the amplified activity of [C16Pyr][seco-Amx]
and [C16Pyr][seco-Pen] can only be achieved due to a synergic effect of both ionic species. Such a
strong influence of [C16Pyr]+ seems quite in contrast with the unspecific activity of so-called enhancers
(such as [C2OHMIM]+ for sensitive S. aureus above) and prompt us to consider it as a β-lactam
antibiotic potentiator [63,72]. Similar results from the literature have shown that berberine in the
presence of ampicillin and oxacillin markedly lowers their MICs against MRSA despite berberine alone
exhibiting no bactericidal activity. Later, it was shown that, in fact, berberine affected MRSA biofilm
development and the dissemination of biofilm-associated infections [93,94]. This effect is most likely
related with the formation of salt bridges at an allosteric site of the PBP2a in MRSA ATCC 43300 [92].
Curiously, similar interactions were also found for another alkylpyridinium compound, namely the
antibiotic ceftaroline [95]. Thus, an analogous ionic allosteric effect at PBP2a may be occurring
with the described [C16Pyr]-based OSILs. Further studies, namely molecular dynamic and docking
simulations, must be performed in the future to confirm this assumption. Regardless of the mechanism,
the pronounced increase in RDIC values of the prepared API-OSILs, particularly against resistant
species, seems very interesting for a potential drug combination strategy. In spite of some controversy,
the combination of antimicrobials with non-active compounds may provide a quite promising strategy
to address the widespread emergence of antibiotic-resistant bacteria strains [96–98].
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3. Conclusions

The present work highlights that organic salts and ionic liquids that contain ammonia hydrolysates
of amoxicillin and penicillin G (seco-Amx and seco-Pen), in particular [C2OHMIM][seco-Amx],
[C2OHMIM][seco-Pen], [TEA][seco-Pen], [C16Pyr][seco-Amx], abd [Choline][seco-Amx],
[C16Pyr][seco-Pen] display a very strong antibacterial effect on sensitive and resistant E. coli
and MRSA strains, respectively. The gathered data suggest that the adequate ionic pairing of
such hydrolyzed antimicrobials with an ion-pair effect is vital to enhance or promote antibiotic
activity, with possible alterations in their mechanism of action according to the selected counter-ion.
In particular, the hydrophobic combination [C16Pyr][seco-Amx] demonstrated the highest efficiency
towards resistant bacteria strains, with particular emphasis to MRSA ATCC 43300. The combination of
[C16Pyr] with [seco-Pen] was also very effective against the latter. These results are clearly promising
and point towards a beneficial effect on the drug delivery of the modified APIs when combined with
hydrophobic organic cations. In this way, the antimicrobial resistance to these standard β-lactam
antibiotics can be drastically reduced in vitro.

Our results also show that future developments of novel APIs-OSILs must not only focus on the
toxicity and hydrophobicity of the counter ion—they must also look at the outcome. More specifically,
[P6,6,6,14][seco-Amp] follows the trend of [C16Pyr][Amp] on E. coli resistant strains, which suggests that
there may be other factors at stake to be considered.

The virtually limitless number of ionic pairs that can be assembled as API-OSILs makes this area
of research particularly interesting and potentially thriving. In addition, the straightforward synthetic
procedure adds virtually no barriers to its future industrial up-scaling and will thus eventually lead to an
effective combination therapy model to tackle the ever-emerging bacterial resistance towards antibiotics.

4. Experimental Section

4.1. Synthesis

Commercially available reagents were purchased from Aldrich, BDH—the Frilabo and Solchemar
laboratory reagents were used as received. The solvents were from Valente & Ribeiro and distilled
before use. Whenever necessary, the solvents were dried by standard procedures, distilled under
nitrogen and stored over molecular sieves.

The basic anion-exchange resin Amberlite IRA-400-OH (ion-exchange capacity 1.4 eq.mL−1) and
Amberlyst A-26 resins were purchased from Supelco. 1H and 13C-NMR spectra in (CD3)2SO, CD3OD
or D2O (from Euriso-Top) were recorded on a Bruker AMX400 spectrometer at room temperature
unless specified otherwise. To perform NMR, 5 mm borosilicate tubes were used, and the sample
concentration was, approximately, 7 mg/mL for 1H-NMR and 37 mg/mL for 13C-NMR. Chemical shifts
are reported downfield in parts per million (ppm).

ESI-MS were acquired with an API-ION TRAP(PO03MS), ITQB, Oeiras, Portugal, operating in
both positive- and negative ion modes and equipped with a Z-spray source. Source and desolvation
temperatures were 80 and 100 ◦C, respectively. The ionic liquid solutions in methanol at concentrations
∼10–4 mol dm−3 were introduced at a 10 μl min−1 flow rate. The capillary and the cone voltage
were 2600 and 25 V, respectively. Nitrogen was used as a nebulization gas and argon was used as a
collision gas. ESI-MS-MS were acquired by selecting the precursor ion with the quadrupole and then
performing collisions with argon at energies from 3 to 20 eV in the hexapole.

IR spectra were measured on a Perkin Elmer 683 by using KBr sample disks. Optical rotations
were recorded on a Perkin Elmer 241MC. The melting temperature (mT) was determined with a melting
point apparatus (Stuart Scientific). The elemental analysis experiments were performed in a CHNS
Series Thermo Finnigan-CE Instruments Flash EA 1112 under standard conditions (T combustion
reactor 900 ◦C, T GC column furnace 65 ◦C, multiseparation SS GC column, He2 flow 130 mL/min,
O2 flow 250 mL/min). The penicillin G potassium was transformed in penicillin G ammonium by the

45



Pharmaceutics 2020, 12, 221

adaptation of the method of Salivar, C. J. et al. [63]. Figures 2–16 illustrate the chemical structures of all
prepared OSILs based APIs.

4.1.1. Synthesis of seco-Pen-Based OSILs

The preparation of ammonium (2S,5R,6R)-3,3-dimethyl-7-oxo-6-(2-phenylacetamido)-4-thia-1-azabicyclo
[3.2.0]heptane-2-carboxylate [NH4][Pen] was done as indicated by Salivar et al method.

 

Figure 2. [NH4][Pen].

The penicillin G potassium was transformed in penicillin G ammonium following the method of
Salivar, C. J. et al. [63] before the reaction with hydroxide reactants.

Preparation of [NH4][seco-Pen]

Potassium penicillin (1 g; 2.6 mmol) was dissolved in 15 mL of a 1.0 M aqueous ammonium
solution. To the solution was added Amberlyst A-26 resin (5 eq.) that was previously stirred in a 2.0
M aqueous ammonium solution for 1 hour. The reaction mixture was stirred at room temperature
for an additional 1 h. The resin was filtered off, and the was solvent evaporated to provide the
desired product as a grey solid (0.828 g; 83%); 1H NMR (400 MHz, D2O) δ(ppm): 7.33–7.43 (m, 5H);
4.99 (d, J = 8 Hz, 1H); 4.81(s, 1H); 4.41 (d, J = 7.6 Hz, 1H); 3,69 (s, 2H); 3.50 (s, 1H); 1.56 (s, 3H);
1.25 (s, 3H); 13C NMR (100 MHz, D2O) δ(ppm): 177.55; 177.40; 176.65; 137.54; 132.14; 131.79; 130.22;
77.42; 67.24; 61.68; 60.93; 44.87; 29.56; 29.30.IR: υ = 3171; 2964; 1644; 1571; 1494; 1454; 1381; 1188; 1130;
1073; 1032; 784; 692; 502. Elemental analysis calculated for C16H24N4O4S·0.8H2O: C 50.19; H 6.74;
N 14.63. Found: C 50.11; H 6.67; N 14.97.

 

Figure 3. [NH4][seco-Pen].

Preparation of [K][seco-Pen]

Potassium penicillin (0.137g; 0.36 mmol) was dissolved in a 1.0 M aqueous ammonium solution.
The mixture was stirred at room temperature for 4 h. The solvent was evaporated to provide the
desired product as a yellow solid (0.139 g; 97%); m.p. 193–195 ◦C; 1H NMR (400 MHz, D2O) δ(ppm):
7.34–7.44 (m, 5H); 4.98 (d, J = 7.6 Hz, 1H); 4.83 (t, J = 1.6 Hz, 1H); 4.39 (d, J = 8 Hz, 1H); 3.70 (s, 2H);
3.47 (s, 1H); 1.57(s, 3H); 1.25 (s, 3H); 13C NMR (100 MHz, D2O) δ(ppm): 177.82; 177.44; 176.79;
137.56; 131.77; 132.13; 130.19; 77.58; 67.42; 62.05; 61.20; 44.85; 29.49; 29.37; IR: υ = 3288; 2969; 2925;
1648; 1582; 1496; 1454; 1382; 1364; 1257; 1128; 877; 791; 694; 502. Elemental analysis calculated for
C16H20KN4O5S·3H2O: C 44.22; H 5.80; N 9.67. Found: C 44.45; H 5.54; N 9.70.
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Figure 4. [K][seco-Pen].

Preparation of [Na][seco-Amx]

Amoxicillin (0.127 g; 0.3 mmol) was dissolved in a 1.0M aqueous ammonium solution. After
20 min, NaOH (0.012 g; 0.3 mmol) was added, and the mixture was stirred at room temperature for
4 h. The solvent was evaporated to provide the desired product as a yellow solid (0.127 g; 96%);
m.p. 137–139 ◦C; 1H NMR (400 MHz, D2O) δ(ppm): 7.30 (d, J = 8 Hz, 2H); 6.89 (d, J = 8.4 Hz, 2H);
4.35 (d, J = 7.2 Hz, 1H); 3.29 (s, 1H); 1.38 (s, 3H); 1.17 (s, 3H); 13C NMR (100 MHz, D2O) δ(ppm): 177.77;
177.05; 176.60; 158.88; 131.63; 118.81; 77.61; 67.33; 61.91; 60.77; 60.23; 29.05; 28.85; IR: υ = 3277; 2969;
2919; 1648; 1575; 1510; 1433; 1383; 1322; 1245; 1173; 1127; 981; 865; 817; 780. Elemental analysis
calculated for C16H21N4NaO5S·3H2O: C 41.92; H 5.94; N 12.22. Found: C 41.87; H 6.00; N 11.99.

 
Figure 5. [Na][seco-Amx].

Preparation of [TEA][seco-Pen]

Tetraethylammonium bromide (0.420 g; 2.00 mmol) was dissolved in methanol and passed
through Amberlite IRA-400-OH an ion-exchange column [18,99] (5 eq., flux rate 0.133 mLmL−1min−1

= 8 BVh−1). Then, the tetraethylammonium hydroxide solution that was formed was slowly added to
the ammonium penicillin G (0.751 g; 2.14 mmol) that was dissolved in the 1.0 M aqueous ammonium
solution (50 mgmL−1). The reaction mixture was stirred at room temperature for 1 h. After solvent
evaporation, the residue was dissolved in a 20 mL solution (methanol/acetonitrile 1:9) [18,99] and left
refrigerated overnight (4 ◦C) [18,99] to induce the precipitation of the excess of reagents. When the
reagent crystals were filtered out, the solution was evaporated, and the rest was dried in a vacuum
for 24 h to provide the desired product as a yellow viscous liquid (0.856 g; 90%). [α]D

25 = 104.0 ± 6.1
(c = 2 mgmL−1 in methanol), 1H-NMR (400.13 MHz, CD3OD) δ = 7.31–7.22 (m, 5H), 5.46 (s, 1H),
4.17 (s, 1H) 3.70 (s, 1H), 3.63-3.58 (m, 2H), 3.51 (bs, 1H), 3.27–3.26 (m, 8H), 1.63 (s, 3H), 1.55 (s, 3H),
1.30–1.24 (m, 12H); 13C-NMR (100.62 MHz, CD3OD) δ = 174.72, 174.37, 174.15, 140.88, 136.73, 130.31,
130.25, 129.63, 127.96, 75.73, 66.68, 60.19, 59.27, 53.29, 46.65, 43.83, 29.41, 28.67, 28.38, 27.66, 7.64 ppm;
IR (KBr): υ = 3420, 2981, 2924, 2862, 1840, 1736, 1721, 1648, 1560, 1543, 1490, 1459, 1432, 1396, 1367,
1173, 1130, 1053, 1027, 1001, 785, 734, 696, 619, 539 cm−1; (ESI+) m/z calculated for C8H20N+: 130.1
found 130.0; (ESI−) m/z calculated for C16H20N3O4S− 350.1 found 349.8.
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Figure 6. [TEA][seco-Pen].

Preparation of [P6,6,6,14][seco-Pen]

Trihexyl(tetradecyl)phosphonium chloride (1.000 g; 1.92 mmol) was dissolved in methanol
and passed through an Amberlite IRA-400-OH [18,99] ion-exchange column (5 eq., flux rate
0.133 mLmL−1min−1 = 8 BVh−1). Then, the trihexyl(tetradecyl)phosphonium hydroxide solution that
was formed was slowly added to ammonium penicillin G (0.853 g; 2.43 mmol) and dissolved in a
1.0 M aqueous ammonium solution (50 mgmL−1). The mixture was stirred at room temperature for
1 h. After solvent evaporation, the residue was dissolved in a 20 mL solution (methanol/acetonitrile
1:9) [18,99] and left refrigerated overnight (4 ◦C) [14] to induce the precipitation of the excess reagent.
When the reagent crystals were filtered out, the solution was evaporated, and the rest was dried
in a vacuum for 24 h to provide the desired product as a yellow viscous liquid (1.560 g; 97%).
[α]D

25 = 67.7 ± 3.0 (c = 2 mgmL−1 in methanol); 1H-NMR (400.13 MHz, CD3OD) δ = 7.34–7.22 (m, 5H),
4.97 (1H, d, J = 6.7 Hz), 4.34 (dd, 1H, J = 6.7 Hz), 3.60 (d, 2H, J = 8.2 Hz), 3.50 (s, 1H), 2.20 (m, 8H),
1.56–1.25 (m, 54H), 0.96–0.88 (m, 12H) ppm; 13C-NMR (100.62 MHz, CD3OD) δ = 175.30, 174.83, 173.92,
136.76, 130.37, 129.59, 127.87, 76.81, 66.78, 60.14, 54.86, 43.68, 33.11, 32.19, 31.92, 31.84, 30.80, 30.51,
30.45, 29.91, 27.88, 23.77, 23.49, 22.36, 19.53, 19.05, 14.51, 14.38 ppm; IR (KBr): ν = 3308, 3028, 2951, 2923,
2853, 1737, 1669, 1607, 1536, 1496, 1456, 1418, 1379, 1262, 1201, 1113, 1031, 986, 860, 810, 761, 722, 694,
617, 454, 439, 424 cm−1; (ESI+) m/z calculated for C32H68P+: 483.4 found 483.8; (ESI−) m/z calculated for
C16H20N3O4S− 350.1, found 349.9.

 
Figure 7. [P6,6,6,14][seco-Pen].

Preparation of [C16Pyr][seco-Pen]

 

Figure 8. [C16Pyr][seco-Pen].

Procedure I

Cetylpyridinium chloride (0.822 g; 2.30 mmol) was dissolved in methanol and passed through
an Amberlite IRA-400-OH ion-exchange column [18,99] (5 eq., flux rate 0.133 mLmL−1min−1).
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Then, the cetylpyridinium hydroxide solution that was formed was slowly added to ammonium
penicillin G (0.973 g; 2.77 mmol) that was dissolved in a 1.0 M aqueous ammonium solution
(50 mgmL−1). The mixture was stirred at room temperature for 1 h. After solvent evaporation,
the residue was dissolved in a 20 mL solution (methanol/acetonitrile 1:9) [18,99] and left refrigerated
overnight (4 ◦C) [18,99] to induce the precipitation of the excess reagent. When the reagent crystals
were filtered out, the solution was evaporated, and the rest was dried in a vacuum for 24 h to provide
the desired product as a yellow solid (1.332 g; 89%). m.p. 76–78 ◦C; [α]D

25 = 47.3 ± 3.6 (c = 2 mgmL−1

in methanol); 1H-NMR (400.13 MHz, CD3OD) δ = 9.01 (d, 2H, J = 5.7 Hz), 8.59 (t, 1H, J = 7.8 Hz),
8.12 (t, 2H, J = 6.8 Hz), 7.33–7.21 (m, 5H), 4.95 (d, 1H, J = 7.1 Hz), 4.63 (t, 2H, J = 7.5Hz,), 4.35 (d, 1H,
J = 7.0 Hz), 3.60 (2H, d, J = 7.5 Hz), 3.50 (s, 1H), 1.56 (m, 3H), 1.42-1.09 (m, 31H), 0.90 (t, 3H, J = 6.6 Hz)
ppm; 13C-NMR (100.62 MHz, CD3OD) δ = 175.16, 174.78, 173.98, 146.87, 146.00, 136.73, 130.40, 129.80,
129.60, 127.93, 76.34, 66.64, 63,15, 60.14, 43.67, 33.12, 32.55, 30.81, 30.67, 30.17, 27.86, 27.24, 23.78,
14.49 ppm; IR (KBr): δ = 3041, 3059, 2914, 2848, 1739, 1658, 167, 1601, 1542, 1528, 1508, 1487, 1472,
1397, 1368, 1322, 1270, 1209, 1177, 1128, 1078, 1032, 987, 960, 926, 818, 777, 716, 686, 619, 574, 475 cm−1;
(ESI+) m/z calculated for C21H38N+: 304.3 found 304.2; (ESI−) m/z calculated for C16H20N3O4S− 350.1,
found 349.9.

Procedure II

Cetylpyridinium chloride (0.145g; 0.43 mmol) was dissolved in methanol and was added Amberlyst
A-26 (3 eq.) The mixture was stirred for 1 h at room temperature. Then, the cetylpyridinium hydroxide
solution that was formed was slowly added to [NH4][seco-Pen] (0.150 g; 0.43 mmol) that was dissolved
in a 2.0 M aqueous ammonium solution, and the mixture was stirred at room temperature for 1 h.
The solvent was evaporated to p rovide the desired product as a white solid (0.263 g; 94%).

Preparation of [Choline][seco-Pen]

(2-hydroxyethyl)trimethylammonium chloride (0.277 g; 1.99 mmol) was dissolved in methanol
and passed through an Amberlite IRA-400-OH ion-exchange column [18,99] (5 eq., flux rate
0.133 mLmL−1min−1 = 8 BVh−1). Then, the hydroxide solution that was formed was slowly added
to ammonium penicillin G (0.848 g; 2.41 mmol) that was dissolved in a 1.0 M aqueous ammonium
solution (50 mgmL−1). The mixture was stirred at room temperature for 1 h. After solvent evaporation,
the residue was dissolved in a 20 mL solution (methanol/acetonitrile 1:9) [18,99] and left refrigerated
overnight (4 ◦C) [18,99] to induce the precipitation of the excess reagent. When the reagent crystals
were filtered out, the solution was evaporated, and the rest was dried in a vacuum for 24 h to provide
the desired product as a yellow solid (0.856 g; 95%). m.p. 69–71 ◦C; [α]D

25 = 47.3 ± 3.6 (c = 2 mgmL−1

in methanol); 1H-NMR (400.13 MHz, CD3OD) δ = 7.33–7.29 (m, 5H), 4.95 (d, 1H, J1 = 7.0 Hz),
4.35 (d, 1H, J1 = 7.0 Hz), 4.02–3.98 (m, 2H), 3.66–3.56 (m, 2H), 3.50-3.47 (m, 3H), 3.20 (s, 9H) 1.56 (s, 3H),
1.25 (s, 3H) ppm; 13C-NMR (100.62 MHz, CD3OD) δ = 174.72, 174.37, 174.15, 140.88, 136.73, 130.31,
130.25, 129.63, 127.96, 75.73, 69.06, 66.67, 60.20, 60.04, 59.53, 57.10, 46.65, 27.78, 27.47 ppm; IR (KBr): υ =
3468, 3074, 2966, 1652, 1496, 1479, 1461, 1396, 1356, 1279, 1204, 1131, 1083, 1054, 1010, 955, 887, 867, 796,
734, 702, 670, 620, 540, 476 cm−1; (ESI+) m/z calculated for C5H14NO+: 104.1, found 104.1; (ESI−) m/z
calculated for C16H20N3O4S− 350.1, found 349.9.

 

Figure 9. [Choline][seco-Pen].
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Preparation of [EMIM][seco-Pen]

1-ethyl-3-methylimidazolium bromide (0.578 g; 3.03 mmol) was dissolved in methanol and passed
through an Amberlite IRA-400-OH ion-exchange column [18,99] (5 eq., flux rate 0.133 mLmL−1min−1

= 8 BVh−1). Then, the hydroxide solution that was formed was slowly added to ammonium penicillin
G (1.11 g; 3.16 mmol) that was dissolved in an aqueous 1.0 M ammonium solution (50 mgmL−1).
The mixture was stirred at room temperature for 1 h. After solvent evaporation, the residue was
dissolved in a 20 mL solution (methanol/acetonitrile 1:9) [18,99] and left refrigerated overnight
(4 ◦C) [18,99] to induce the precipitation of the excess reagent. When the reagent crystals were filtered
out, the solution was evaporated, and the rest was dried in a vacuum for 24 h to provide the desired
product as a colorless viscous liquid (1.136 g; 81%). [α]D

25 = 89.0 ± 7.0 (c = 2 mgmL−1 in methanol);
1H-NMR (400.13 MHz, CD3OD) δ = 8.99 (bs, 1H), 7.63 (s, 1H) 7.53 (s, 1H), 7.34–7.20 (m, 5H), 4.95 (d, 1H,
J = 7.0 Hz), 4.35 (d, 1H, J = 7.0 Hz), 4.24 (q, 2H, J = 7.3 Hz), 3.92 (s, 3H), 3.60 (d, 2H, J = 7.2 Hz),
3.50 (s, 1H), 1,60–1.50 (m, 6H), 1.25 (s, 3H) ppm; 13C-NMR (100.62 MHz, CD3OD) δ = 175.06, 174.83,
173.99, 136.80, 130.65, 130.39, 129.60, 127.90, 124.94, 123.25, 76.51, 60.13, 60.18, 60.11, 59.54, 46.02, 43.66,
36.51, 27.81, 27.65, 15.61 pm; IR (KBr): υ = 3468, 3368, 2970, 1660, 1540, 1501, 1456, 1395, 1456, 1395,
1354, 1300, 1258, 1169, 1131, 1301, 965, 918, 862, 828, 729, 700, 651, 620, 545 cm−1; (ESI+) m/z calculated
for C6H11N2

+: 111.1, found 111.0; (ESI−) m/z calculated for C16H20N3O4S− 350.1, found 349.9.

 

Figure 10. [EMIM][seco-Pen].

Preparation of [C2OHMIM][seco-Pen]

3-(2-hydroxyethyl)-1-methylimidazolium chloride (0.328 g; 2.03 mmol) was dissolved in methanol
and passed through an Amberlite IRA-400(OH) ion-exchange column [14,41] (5 eq., flux rate
0.133 mLmL−1min−1 = 8 BVh−1). Then, the hydroxide solution that was formed was slowly added
to ammonium penicillin G (0.754 g; 2.14 mmol) that was dissolved in a 1.0 M aqueous ammonium
solution (50 mgmL−1). The mixture was stirred at room temperature for 1 h. After solvent evaporation,
the residue was dissolved in a 20 mL solution (methanol/acetonitrile 1:9) [18,99] and left refrigerated
overnight (4 ◦C) [18,99] to induce the precipitation of the excess reagent. When the reagent crystals
were filtered out, the solution was evaporated, and the rest was dried in a vacuum for 24 h to provide
the desired product as a yellow solid (0.799 g; 83%). m.p. 48–50 ◦C; [α]D

25 = 41.3 ± 6.0 (c = 2 mgmL−1 in
methanol); 1H-NMR (400.13 MHz, CD3OD) δ = 8.98, (s, 1H), 7.61 (s, 1H), 7.54 (s, 1H), 7.33–7.21 (m, 5H),
4.94 (d, 1H, J = 7.1 Hz), 4.36 (d, 1H, J = 7.1 Hz), 4.29 (t, 2H, J = 4.9 Hz), 3.92, (s, 3H), 3.86 (t, 2H,
J = 4.9 Hz), 3.59 (d, 2H, J = 7.1 Hz), 3.50 (s, 1H), 1.55 (s, 3H), 1.24 (s, 3H) ppm; 13C-NMR (100.62 MHz,
CD3OD) δ = 175.04, 174.82, 174.00, 136.78, 130.63, 130.51, 130.40, 129.61, 129.85, 129.61, 127.91, 124.68,
124.00, 76.50, 66.76, 61.10, 60.12, 59.53, 53.26, 43.65, 36.45, 27.84 ppm; IR (KBr): υ = 3418, 2965, 2931,
2108, 1644, 1585, 1499, 1455, 1398, 1356, 1260, 1167, 1127, 1076, 1034, 879, 798, 734, 704, 668, 619, 464,
445, 432, 424 cm−1; (ESI+) m/z calculated for C6H11N2O+: 127.2, found 127.0; (ESI−) m/z calculated for
C16H20N3O4S− 350.1, found 349.9.
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Figure 11. [C2OHMIM][seco-Pen].

4.1.2. Synthesis of seco-Amx-Based OSILs

Preparation of [EMIM][seco-Amx]

1-ethyl-3-methylimidazolium chloride (0.385 g; 2.01 mmol) was dissolved in methanol and passed
through an Amberlite IRA-400-OH ion-exchange column [18,99] (5 eq., flux rate 0.133 mLmL−1min−1

= 8 BVh−1). Then, the hydroxide solution that was formed was slowly added to amoxicillin trihydrate
(0.930 g; 2.22 mmol) that was dissolved in an aqueous 1.0 M ammonium solution (50 mgmL−1).
The mixture was stirred at room temperature for 1 h. After solvent evaporation, the residue was
dissolved in a 20 mL solution (methanol/acetonitrile 1:9) [18,99] and left refrigerated overnight
(4 ◦C) [18,99] to induce the precipitation of the excess reagent. When the reagent crystals were filtered
out, the solution was evaporated, and the rest was dried in a vacuum for 24 h to provide the desired
product as a yellow solid (0.768 g; 77%). m.p. 84–86 ◦C; [α]D

25 = 48.3 ± 5.0 (c = 2 mgmL−1 in methanol);
1H-NMR (400.13 MHz, CD3OD) δ = 7.64 (s, 1H), 7.56 (s, 1H), 7.27 (d, 2H, J = 8.2 Hz), 6.74 (d, 2H,
J = 8.4 Hz), 5.00 (d, 1H, J1 = 5.9 Hz), 4.74 (s, 1H), 4.30 (d, 1H, J1 = 5.9 Hz), 4.25 (1, 2H, J = 7.3 Hz),
3.77 (bs, 1H), 3.92 (s, 3H), 3.73, (bs, 1H), 3.43 (bs, 1H), 3.35 (s, 1H, s), 1.55–1.48 (m, 6H); 1.22 (s, 3H)
ppm; 13C-NMR (100.62 MHz, CD3OD) δ = 175.57, 175.15, 174.84, 141.24, 129.83, 129.12, 128.50, 124.96,
123.31, 77.12, 66.67, 60.18, 60.11, 59.54, 46.03, 36.46, 27.78, 27.47, 15.63 ppm; IR (KBr): υ = 3461, 2921,
2852, 1706, 1688,1656, 1636, 1560, 1541, 1508, 1461, 1403, 1348, 1260, 1170, 1130, 673, 620, 474, 422 cm−1;
(ESI+) m/z calculated for C6H11N2

+: 111.1, found 111.0; (ESI−) m/z calculated for C16H21N4O5S− 381.1,
found 380.8.

 

Figure 12. [EMIM][seco-Amx].

Preparation of [P6,6,6,14][seco-Amx]

Trihexyl(tetradecyl)phosphonium chloride (1.042 g; 2.01 mmol) was dissolved in methanol
and passed through an Amberlite IRA-400-OH ion-exchange column [18,99] (5 eq., flux rate
0.133 mLmL−1min−1 = 8 BVh−1). Then, the trihexyl(tetradecyl)phosphonium hydroxide solution that
was formed was slowly added to amoxicillin (0.988 g; 2.36 mmol) that was dissolved in a 1.0 M aqueous
ammonium solution (50 mgmL−1). The mixture was stirred at room temperature for 1 h. After solvent
evaporation, the residue was dissolved in a 20 mL solution (methanol/acetonitrile 1:9) [18,99] and left
refrigerated overnight (4 ◦C) [18,99] to induce the precipitation of the excess reagent. Then, the reagent
crystals were filtered out, the solution was evaporated, and the rest was dried in a vacuum for 24 h to
provide the desired product as a yellow viscous liquid (1.586 g; 92%). [α]D

25 = 22.0 ± 5.8 (c = 2 mgmL−1

in methanol); (400.13 MHz, CD3OD) δ = 7.28 (d, 2H, J = 8.4 Hz), 6.76 (d, 2H, J = 8.4 Hz), 5.00 (d, 1H,
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J = 5.9 Hz), 4.53 (s, 1H), 4.31 (d, 1H, J = 5.9 Hz), 3.42 (s, 1H), 2.23–2.16 (m, 8H), 1.60–1.22 (m, 54H),
0.95–0.88 (m, 12H) ppm; 13C-NMR (100.62 MHz, CD3OD) δ = 175.35, 174.22, 142.01, 129.62, 128.92,
116.59, 77.12, 66.57, 60.17, 54.94, 43.76, 33.18, 32.27, 31.93, 31.56, 30.89, 30.58, 30.01, 27.96, 23.85, 23.57,
22.45, 19.62, 19.15, 14.58, 14.46 ppm; IR (KBr): ν = 3419, 3921, 2107.38, 1638, 1560, 1506, 1459, 1398,
1270, 1130, 1000, 668, 619, 570, 476, 456, 433, 412 cm−1; (ESI+) m/z calculated for C32H68P+: 483.8 found
483.6; (ESI−) m/z calculated for C16H21N4O5S− 381.1, found 381.0.

 

Figure 13. [P6,6,6,14][seco-Amx].

Preparation of [C16Pyr][seco-Amx]

Cetylpyridinium chloride (0.456 g; 1.28 mmol) was dissolved in methanol and passed through an
Amberlite IRA-400-OH ion-exchange column [18,99] (5 eq., flux rate 0.133 mLmL−1min−1 = 8 BVh−1).
Then, the cetylpyridinium hydroxide solution that was formed was slowly added to amoxicillin (0.587
g; 1.40 mmol) that was dissolved in a 1.0 M aqueous ammonium solution (50 mgmL−1). The mixture
was stirred at room temperature for 1 h. After solvent evaporation, the residue was dissolved in a 20
mL solution (methanol/acetonitrile 1:9) [18,99] and left refrigerated overnight (4 ºC) [18,99] to induce
the precipitation of the excess reagent. When the reagent crystals were filtered out, the solution was
evaporated, and the rest was dried in a vacuum for 24 h to provide the desired product as a yellow
solid (0.402 g; 52%). m.p. 96–98 ◦C; [α]D

25 = 77.0 ± 5.8 (c = 2 mgmL−1 in methanol); 1H-NMR (400.13
MHz, CD3OD) δ = 8.98 (d, 2H, J = 5.8 Hz), 8.58 (t, 1H, J = 7.74 Hz), 8.10 (t, 2H, J = 6.7 Hz), 7.26 (d, 2H, J
= 8.5 Hz), 6.73 (d, 2H, J = 8.4 Hz), 5.01 (d, 1H, J = 6.0 Hz), 4.62 (t, 2H, J = 7.5 Hz), 4.46 (s, 1H), 4.30
(d, 1H, J = 6.0 Hz), 3.44 (s, 1H), 2.02, (t, 2H, J = 6.9 Hz), 1.48 (s, 3H), 1.38–1.26 (m, 28H), 1.22 (s, 3H)
0.90 (3H, t, J = 6.7 Hz) ppm; 13C-NMR (100.62 MHz, CD3OD) δ = 176.32, 175.60, 174.94, 158.32, 150.28,
146.87, 145.91, 132.86, 129.54, 116.55, 77.13, 66.61, 63,17, 60.14, 33.11, 32.53, 30.80, 30.67, 30.52, 30.16,
27.24, 23.77, 14.49 ppm; IR (KBr): υ = 3440, 2914, 2849, 1685, 1651, 1636, 1560, 1488, 1472, 1400, 1384,
1260, 1175, 1128, 847, 778, 720, 687, 621, 498, 476 cm−1; (ESI+) m/z calculated for C21H38N+: 304.3 found
304.4; (ESI−) m/z calculated for C16H21N4O5S− 381.1, found 380.9.

 

Figure 14. [C16Pyr][seco-Amx].

Preparation [choline][seco-Amx]

(2-hydroxyethyl)trimethylammonium chloride (0.179 g; 1.28 mmol) was dissolved in methanol
and passed through an Amberlite IRA-400-OH ion-exchange column [18,99] (5 eq., flux rate
0.133 mLmL−1min−1 = 8 BVh−1). Then, the hydroxide solution that was formed was slowly added
to amoxicillin (0.587 g; 1.40 mmol) that was dissolved in a 1.0 M aqueous ammonium solution
(50 mgmL−1). The mixture was stirred at room temperature for 1 h. After solvent evaporation,
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the residue was dissolved in a 20 mL solution (methanol/acetonitrile 1:9) [18,99] and left refrigerated
overnight (4 ◦C) [18,99] to induce the precipitation of the excess reagent. When the reagent crystals were
filtered out, the solution was evaporated, and the rest was dried in a vacuum for 24 h to provide the
desired product as a yellow solid (0.570 g; 93%). m.p. 143–144 ◦C; [α]D

25 = 104.0 ± 3.4 (c = 2 mgmL−1

in methanol); 1H-NMR (400.13 MHz, CD3OD) δ = 7.36 (d, J = 8.1 Hz, 2H), 6.93 (d, J = 8.1 Hz, 2H),
5.06 (d, J = 6.8 Hz, 1H), 4.64 (s, 1H), 4.40 (d, J = 6.8 Hz, 1H), 4.13–4.04 (m, 2H), 3.53 (t, J = 4.6 Hz, 2H),
3.37 (s, 1H), 3.22 (s, 9H), 1.46 (s, 3H), 1.24 (s, 3H) ppm; 13C-NMR (100.62 MHz, CD3OD) δ = 176.14,
175.48, 174.46, 156.70, 131.47, 129.19, 116.54, 75.51, 67.98, 65.21, 59.78, 58.63, 58.46, 56.16, 54.48, 54.44,
54.40, 26.98, 26.79 ppm; IR (KBr): υ = 3300, 2964, 2927, 1673, 1594, 1513, 1435, 1389, 1251, 1118, 1130,
1087, 956, 837, 780 cm−1.

 

Figure 15. [choline][seco-Amx].

Preparation of [C2OHMIM][seco-Amx]

3-(2-hydroxyethyl)-1-methylimidazolium chloride (0.456 g; 1.28 mmol) was dissolved in methanol
and passed through an Amberlite IRA-400-OH ion-exchange column [18,99] (5 eq., flux rate
0.133 mLmL−1min−1 = 8 BVh−1). Then, the hydroxide solution that was formed was slowly added
to amoxicillin (0.525 g; 1.44 mmol) that was dissolved in a 1.0 M aqueous ammonium solution
(50 mgmL−1). The mixture was stirred at room temperature for 1 h. After solvent evaporation,
the residue was dissolved in a 20 mL solution (methanol/acetonitrile 1:9) [18,99] and left refrigerated
overnight (4 ◦C) [18,99] to induce the precipitation of the excess reagent. When the reagent crystals
were filtered from the solution, the solution was evaporated, and the rest was dried in a vacuum for 24 h
to provide the desired product as a yellow solid (0.359 g; 60%). m.p. 109–111 ◦C; [α]D

25 = 47.3 ± 3.6
(c = 2 mgmL−1 in methanol); 1H-NMR (400.13 MHz, CD3OD) δ = 7.61 (s, 1H), 7.55 (s, 1H), 7.27 (d, 2H,
J = 8.4 Hz), 6.74 (d, 2H, J = 8.4 Hz), 5.00 (d,1H, J = 6.0 Hz), 4.47 (s, 1H), 4.30–4.27 (m, 3H), 3.92 (s, 3H),
3.86 (t, 2H, J = 4.86 Hz), 3.43 (s, 1H), 1.48 (s, 3H), 1.22 (s, 3H) ppm; 13C-NMR (100.62 MHz, CD3OD)
δ = 176.33, 175.62, 174.95, 158.34, 132.89, 129.54. 124.75,124.04, 116.56, 77.17 66.64, 61.11, 60.15, 59.83,
59.50, 53.81, 36.45, 27.78, 27.47 ppm; IR (KBr): υ = 3420, 2970, 2921, 1722, 1690, 1655, 1599, 1577, 1545,
1509, 1436, 1386, 1322, 1251, 1170, 1132, 1108, 1067, 877, 840, 820, 778, 652, 621, 535, 474 cm−1; (ESI+)
m/z calculated for C6H11N2O+: 127.2, found 127.0; (ESI−) m/z calculated for C16H21N4O5S− 381.1,
found 380.9.

 

Figure 16. [C2OHMIM][seco-Amx].
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Abstract: As the development of novel antibiotics has been at a halt for several decades, chemically
enhancing existing drugs is a very promising approach to drug development. Herein, we report the
preparation of twelve organic salts and ionic liquids (OSILs) from ciprofloxacin and norfloxacin as
anions with enhanced antimicrobial activity. Each one of the fluoroquinolones (FQs) was combined
with six different organic hydroxide cations in 93–100% yield through a buffer-assisted neutralization
methodology. Six of those were isomorphous salts while the remaining six were ionic liquids,
with four of them being room temperature ionic liquids. The prepared compounds were not toxic
to healthy cell lines and displayed between 47- and 1416-fold more solubility in water at 25 and
37 ◦C than the original drugs, with the exception of the ones containing the cetylpyridinium cation.
In general, the antimicrobial activity against Klebsiella pneumoniae was particularly enhanced for
the ciprofloxacin-based OSILs, with up to ca. 20-fold decreases of the inhibitory concentrations in
relation to the parent drug, while activity against Staphylococcus aureus and the commensal Bacillus
subtilis strain was often reduced. Depending on the cation–drug combination, broad-spectrum or
strain-specific antibiotic salts were achieved, potentially leading to the future development of highly
bioavailable and safe antimicrobial ionic formulations.

Keywords: active pharmaceutical ingredients as organic salts and ionic liquids (API–OSILs);
antibiotics; ciprofloxacin; fluoroquinolones; ionic liquids; norfloxacin; polymorphism

1. Introduction

Fluoroquinolones are a class of antibiotics primarily effective against Gram-negative bacteria.
Norfloxacin was the first fluoroquinolone to receive US Food and Drug Administration approval and
is currently used to treat urinary, biliary, and respiratory tract infections [1]. One year later, in 1987,
ciprofloxacin was also approved for use in the US, and it was the most successful compound in its
generation as it showed 4–10 times more efficiency than its predecessor [2]. This drug is very effective
in the treatment of a wide range of infections such as urinary tract infection, osteomyelitis (bone
infection), respiratory infections and some sexually-transmitted diseases (e.g., gonococcal and chronic
bacterial prostatitis) [3].
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Fluoroquinolones, like many other active pharmaceutical ingredients (APIs), display spontaneous
polymorphic conversion between distinct crystalline forms with a consequent change in pharmaceutical
properties [4]. Crystal structures of neutral and zwitterionic forms of norfloxacin and ciprofloxacin
have been described by Nikaido and Thanassi, with considerable differences in their bioavailability [5].

In aqueous solutions, a dynamic equilibrium of several protolytic forms (anionic, neutral,
zwitterionic and cationic) can be found for both antibiotics due to the presence of distinct functional
groups that are prone to converse protonation/deprotonation in physiological media. Such behaviour
clearly influences their bioavailability, with neutral ciprofloxacin and norfloxacin displaying 0.086 and
0.37 mg/mL of solubility in water at 25 ◦C, respectively [6]. The typical conversion to the halide salt
renders a considerable increase of two orders of magnitude in water solubility, with the ciprofloxacin
hydrochloride salt reaching 38.4 mg/mL at 30 ◦C [7]. However, it is still considered a poorly water
soluble drug.

According to the guidelines of the United States Pharmacopeia [8], solubility improvement
techniques of poorly water soluble active pharmaceutical ingredients can be categorised into physical
modification, such as chemical modifications of the drug substance, and other techniques. The formation
of organic salts of a drug is a mature and explored chemical modification technique.

For more than a decade, active pharmaceutical ingredients as organic salts and ionic liquids
(API–OSILs) have risen in academia as an alternative formulation for low bioavailable drugs [9–12].
This third generation of ionic liquids [9] consists on the combination of APIs as cations or anions
with organic counterions, thereby inducing distinctive physicochemical properties over the original
drugs and reduced toxicity to healthy cells, thus rendering a potentially enhanced pharmaceutical
activity in comparison to the API [13–25]. Our works involving the preparation of API–OSILs from,
e.g., β-lactam (ampicillin [18–21], penicillin [22] and amoxicillin [22]) and fluoroquinolone [18,23]
antibiotics, NSAIDs (ibuprofen [17,18], naproxen [18]), bone antiresorptive agents (zoledronic [24]
and alendronic [25] acids), among others, have shown that the combination of an API, either as a
cation or as an anion, with suitable biocompatible counter-ions can increase the water solubility of
the parent drug and even change its biological effect [10,17,23–28]. Furthermore, the stability and
solubility in physiological media of the API can be significantly altered, yielding novel formulations
with different pharmacokinetics and potentially different delivery modes and applications [29,30].
In addition, the polymorphic tendency of an API can be considerably reduced or even eliminated
(e.g., by attaining the liquid state at room temperature), hence tackling one of the most important
issues in the pharmaceutical industry, which is responsible for limitations in a drug’s solubility and
dosage [17,23,24].

The formation of organic salts based on cationic fluoroquinolones (mostly comprising ciprofloxacin
(Cip), but also norfloxacin (Nor)) has been widely explored by the academic community by protonation
of the drugs’ amine group(s). More precisely, these fluoroquinolones have been combined with
dicarboxylic acids (malonic and tartaric [31], adipic, fumaric [32] and maleic [33,34], succinic [35]),
citric acid [32], saccharine [36,37] and acesulfame [36], as well as with other drugs (diflunisal and
ibuprofen [38], salicylic [39] and barbituric acids [40]). Some works involve the combination of
ciprofloxacin or enrofloxacin as cations and/or as anions with amino acids [41] and ionic polymers [42,43].
While most works focus on the study of the chemical and physicochemical properties of the
prepared salts, including bioavailability, crystallinity/amorphous profiles and thermodynamic stability,
the amorphous–solid dispersions of ciprofloxacin and enrofloxacin showed, in addition, that the
antimicrobial activity of the salts is enhanced in comparison with the parent drugs, in particular against
Gram-negative bacteria strains.

In addition to these works, our group reported the synthesis and characterization of novel
API–OSILs from Cip and Nor as cations in combination with methanesulfonate (Mes), gluconate
(Glu) and glycolate (Gly) biocompatible anions [23] (see Figure 1). The bioavailability of the prepared
fluoroquinolone-based salts (FQ–OSILs), expressed in terms of permeability (octanol/water and
phospholipid/water partition) and solubility in water and biological fluids, was highly tuneable
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according to the selected anion. Finally, toxicological studies on intestinal epithelial cell line models
(Caco-2) revealed a lower inflammatory response for some of the FQ–OSILs in comparison with the
parent drugs.

In this work, we set out to explore for the first time the formation of FQ–OSILs based on Cip and
Nor as anions in combination with organic cation hydroxides [17,42] based on ammonium, pyridinium
and N-methylimidazolium moieties (Figure 1).

 
Figure 1. Structures of ciprofloxacin and norfloxacin organic acids used as anions in the previous work
and organic halide cations used in this work.

The newly synthesized FQ–OSILs were characterised by nuclear magnetic resonance (NMR)
(1H and 13C) and Fourier-transform infrared (FTIR) spectroscopic techniques, elemental analysis, as
well as differential scanning calorimetry (DSC). Water solubility at 25 and 37 ◦C was experimentally
determined for the FQ–OSILs, with the exception of the ones containing the [C16Py] cation, for which
the critical micelle concentration was measured. Finally, the antimicrobial activity of these anionic
FQ–OSILs on Gram-negative (Klebsiella pneumoniae) and Gram-positive (Bacillus subtilis, Staphylococcus
aureus) bacteria was determined.

2. Results and Discussion

2.1. Synthesis

Ciprofloxacin and norfloxacin were combined as anions with choline
[Ch], 1-ethyl-3-methylimidazolium [EMIM], 1-hydroxy-ethyl-3-methylimidazolium
[C2OHMIM], 1-(2-hydroxyethyl)-2,3-dimethylimidazolium [C2OHDMIM],
1-(2-methoxyethyl)-3-methylimidazolium [C3OMIM] and cetylpyridinium [C16Py] cations
(see Scheme 1).
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According to our experience [17,24], the most efficient methodology for the combination of APIs
as anions with organic cations consists of the dropwise addition of the hydroxide salts of the cations
to the neutral API, leading to the sole formation of the desired API–OSILs and water. The cation
hydroxides are prepared immediately before their addition from the corresponding halide salts by
anion exchange from a hydroxide resin such as Amberlyst IRA-400 (OH). Whenever this methodology
is performed with zwitterionic APIs [19,22] such as fluoroquinolones, it is required that the reaction
proceeds in ammonia buffer solution so that complete ionisation can occur. The pure API–OSILs
were isolated in very high yields (93–100%) after recrystallisation from chloroform/methanol mixtures.
Scheme 1 shows the employed synthetic methodology.

Scheme 1. General synthetic methodology for the synthesis of anionic fluoroquinolone (FQ)-based
organic salts and ionic liquids (OSILs).

2.2. Spectroscopic Characterisation

All products were characterised by 1H and 13C NMR and FTIR spectroscopic techniques, as well
as elemental analysis.

In all cases, the 1H NMR spectra showed that the cation/anion proportion is strictly 1.0:1.0,
in agreement with the intended stoichiometry (see Figures S1–S22). In addition, only one set of
signals was observed, meaning that the reactions were complete, and only one product was formed.
No comparison with parent ciprofloxacin and norfloxacin is achievable due to a lack of solubility in
the same solvent systems as the FQ–OSILs.

The FTIR spectra of the synthesised FQ–OSILs (Figures S23–S35) show only discrete differences in
characteristic signals in comparison with those from the parent fluoroquinolones. Typically, one would
expect that the deprotonation by the cation hydroxides would occur at the carboxylic acid group
forming a carboxylate group, which shows a very different wavenumber in comparison with the
initial group. However, this observation was not possible because fluoroquinolones are zwitterions,
and consequently, the carboxylic acid group is partially or totally in the form of carboxylate. In our
sample of initial ciprofloxacin, the obtained FTIR spectrum showed complete ionisation of the carboxylic
acid group, with only the signal from the stretching vibration of O=C-O- appearing at 1589 cm−1 (see
Figure 2A).

In this case, the FTIR spectra of the Cip–OSILs showed slight changes in the corresponding
vibration band, more precisely between 1581 and 1575 cm−1 (e.g., 1575 cm−1 for [C3OMIM][Cip]
in Figure 2B), thereby suggesting a change in the spatial vicinity of this group consistent with the
formation of the salts. In the case of norfloxacin, the obtained FTIR spectrum (Figure 2C) showed
incomplete ionisation of the carboxylic acid, and thus two bands were observable at 1727 and 1583 cm−1

from the stretching vibration of the carboxylic and carboxylate groups, respectively. The spectra of
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the Nor–OSILs showed complete disappearance of the signal from the former group, while the latter
showed small changes to a range between 1583 and 1579 cm−1 (e.g., 1579 cm−1 for [C3OMIM][Nor] in
Figure 2D). Furthermore, the 3600–3300 cm−1 zone always displays strong signals in the spectra of the
final compounds, as opposed to the initial ones, which suggests the establishment of H-bonds between
the cations and the anions.

Figure 2. FTIR spectra of (A) ciprofloxacin, (B) [C3OMIM][Cip], (C) norfloxacin and (D) [C3OMIM][Nor].

2.3. Thermal Analysis

All prepared OSILs containing anionic ciprofloxacin and norfloxacin were studied by differential
scanning calorimetry (DSC; see Figures S36–S47). Table 1 contains the obtained data, namely,
melting and glass transition temperatures, as well as the physical state at room temperature of the
analysed compounds.

Table 1. Physical state at room temperature, melting (Tm) and glass transition (Tg) temperatures of
ciprofloxacin, norfloxacin and corresponding OSILs.

Compound Physical State Tm/
◦C Tg/

◦C
Ciprofloxacin White solid 322.0 [44] -

[Ch][Cip] Pale yellow solid 111.2 -
[EMIM][Cip] White solid 92.9 36.7

[C2OHMIM][Cip] White solid 111.6 49.5
[C2OHDMIM][Cip] White solid 197.5 -

[C3OMIM][Cip] White solid 112.4 46.4
[C16Py][Cip] Orange paste - −10.7

Norfloxacin White solid 217.0 [45]
[Ch][Nor] Pale yellow solid 94.5 54.8

[EMIM][Nor] Yellow solid 119.9 64.6
[C2OHMIM][Nor] Yellow paste - 41.1

[C2OHDMIM][Nor] White solid 121.8 65.1
[C3OMIM][Nor] White paste - 44.1

[C16Py][Nor] Yellow paste - 5.9

As expected, all compounds display lower melting temperatures than the parent fluoroquinolones.
Globally, from the twelve FQ–OSILs, one half are organic salts ([Ch][Cip], [EMIM][Nor],
[C2OHMIM][Cip], [C2OHDMIM][Cip], [C2OHDMIM][Nor] and [C3OMIM][Cip]), while the other half
are considered ionic liquids ([Ch][Nor], [EMIM][Cip], [C2OHMIM][Nor], [C3OMIM][Nor], [C16Py][Cip]
and [C16Py][Nor]) because their melting temperatures are, respectively, higher and lower than 100 ◦C.
All solid compounds display only one melting temperature and are thus considered isomorphic salts.
Moreover, the melting temperature range is comprehended between 92.9 and 197.5 ◦C, respectively,
registered for [EMIM][Cip] and [C2OHDMIM][Cip], and was observed after one isotherm at 80 ◦C
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for 15 min, followed by a cooling cycle at 20 ◦C/min until −90 ◦C. In the cooling cycles following the
melting phenomena, the OSILs do not display crystallization temperatures, meaning that they become
supercooled salts, i.e., amorphous, after the first melt. This thermal behaviour is consistent with Type
II, as described by Domínguez et al. [46].

From the referred set of ionic liquids, [C2OHMIM][Nor], [C3OMIM][Nor], [C16Py][Cip] and
[C16Py][Nor] were obtained as room temperature ionic liquids (RTILs), consistent with the observed
glass transition temperatures (Tg). Even though several cooling cycles at 10 and 20 ◦C/min until
−90 ◦C were performed, no endothermic events ascribable to melting phenomena were observed for
the RTILs, in agreement with Domínguez’s Type I classification [46]. Note that from the four RTILs,
three are norfloxacin-based, while only one contains ciprofloxacin. In fact, from the whole set of
prepared FQ–OSILs, the melting temperatures of the Nor-based OSILs are invariably lower than the
corresponding ones containing Cip. This observation is in line with the Tm of both free fluoroquinolones,
with Cip and Nor recording 322 and 217 ◦C, respectively. Such considerable difference could not be
expected by simply observing both chemical structures, as they only differ at the N-alkyl substituent
(cyclopropyl versus ethyl) at the quinolone moiety. As OSILs, the three-dimensional packing of the
fluoroquinolones and additional specific interactions of these drugs with the selected ammonium,
methylimidazolium and pyridinium counterions [47] may account for the observed thermal behaviour
of the compounds. These observations will be further explored in future works, e.g., by X-ray diffraction
techniques, and published accordingly.

2.4. Water Solubility Studies
The solubility of the prepared organic salts based on ciprofloxacin and norfloxacin in water was

determined by adding an excess amount of the compound to a fixed mass of water. Briefly, vials
were kept under vigorous stirring and controlled temperature, from which samples were collected at
different time periods to ensure the equilibrium was reached. After centrifugation, Cip and Nor were
quantified through UV–Vis spectroscopy techniques.

All synthesised FQ–OSILs present higher solubility in water than the parent fluoroquinolones,
either as free bases or as hydrochloride salts (only for ciprofloxacin). Figure 3 and Table S1 show the
data obtained at 25 and 37 ◦C.

 
Figure 3. Water solubility at 25 (green) and 37 ◦C (yellow) for ciprofloxacin, norfloxacin and
corresponding OSILs. Values represent mean ± standard error of the mean (SEM) of at least three
independent experiments.

On a first observation, it is easily perceived that there is an enhanced increase in water solubility
of the ciprofloxacin-based OSILs in comparison with the ones containing norfloxacin. Additionally,
there is a direct correlation of the solubility with the temperature.
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In both Nor- and Cip-based families of OSILs, the ones with the [EMIM] cation were found to be
the least soluble ones, yet increases of 47- and 246-fold at 25 ◦C and of 72- and 343-fold at 37 ◦C were,
respectively, observed. Conversely, the most soluble OSILs were obtained through the combination of
the APIs with [C2OHMIM], with enhancements between 219- and 897-times at 25 ◦C, and 266- and
1416-times at 37 ◦C, respectively, for the Nor- and Cip-containing OSILs.

The observed general tendency is in agreement with the hydrophilic character of the studied
cations: [EMIM] < [Ch] < [C2OHDMIM] ≈ [C3OMIM] < [C2OHMIM]. This relative behaviour is in
agreement with the previously observed behaviour for ampicillin-based OSILs [20]. On the one hand,
the [EMIM] cation does not possess any polar group in its structure, thereby inhibiting its ability to
perform strong H-bonding interactions with the anions. On the other hand, the introduction of a
polar hydroxyl group at the end of the ethyl group linked to the imidazolium ring in [C2OHMIM]
increased the water solubility by 3.6- and 4.7-times for the corresponding Cip- and Nor-based OSILs.
Changing the methylimidazolium moiety by an ammonium group, where the positive charge is more
spatially hindered, had a deleterious effect in the solubility of the salts, which decreased by 1.8- and
2.8-times for [Ch][Cip] and [Ch][Nor], respectively, in comparison with the corresponding [C2OHMIM]
ones. With the introduction of a methyl group between the methylimidazolium nitrogen atoms
([C2OHDMIM]) or at the end of the hydroxyethyl side chain ([C3OMIM]), intermediate hydrophilic
properties are attained, which directly correlates with the solubility in water of the corresponding Cip–
and Nor–OSILs.

In general, the anionic fluoroquinolone-based OSILs display a diminished enhancement of
the solubility in water in comparison with the cationic fluoroquinolone-based OSILs previously
reported [23]. In the latter group, with the exception of [Nor][Gly], the OSILS presented water solubility
values between ca. 200 mg/mL up to totally soluble. However, this solubility profile may be attributed
to the higher hydrophilic character of the chosen anions in comparison with the set of cations used in
this work, and not actually to the anionic or cationic state of the fluoroquinolones.

2.5. Critical Micelle Concentration

The surfactant properties of the ionic liquids formed by the combination of the [C16Py] cation with
both fluoroquinolones ([C16Py][Cip] and [C16Py][Nor]) were studied through the calculation of the
corresponding critical micelle concentrations (CMCs) via ionic conductivity measurements. This data
may be particularly relevant in order to develop novel drug delivery systems [48] for these FQ–OSILs.
Table 2 and Figure S48 show the obtained data for both OSILs, as well as for [C16Py]Cl.

Table 2. Critical micelle concentrations (CMCs) of [C16Py]Cl, [C16Py][Cip] and [C16Py][Nor] in water
at 25 ◦C.

Compounds CMC (mmol/L)

[C16Py]Cl 1.063 (1.067 [49]; 0.96 [50])
[C16Py][Cip] 0.0816
[C16Py][Nor] 0.0539

The CMC value obtained for [C16Py]Cl is in good agreement with the value found in the open
literature [49,50]. In comparison with [C16Py]Cl, the calculated CMC values for [C16Py][Cip] and
[C16Py][Nor] are two orders of magnitude lower and correspond to a decrease of 92% and 95%,
respectively. Despite the fact that smaller CMC values are expected for salts with organic anions in
comparison with inorganic ones, such a drastic decrease comes as a surprise. In our previous work
on ampicillin–OSILs [20], the combination of the antibiotic with the [C16Py] cation yielded a CMC
value of 0.444 mM, which corresponds to a decrease of 58%. When comparing the three systems, we
conclude that the level of hydration of Cip and Nor is much lower than that of ampicillin, leading
to easier adsorption of these drugs on the surface of [C16Py] micellar structures, thus decreasing the
repulsion between the polar groups at much lower concentrations in water.
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2.6. Cytotoxicity Studies

The toxicity of the prepared FQ–OSILs and corresponding starting materials, namely, starting
fluoroquinolones and halide salts, on 3T3 mouse fibroblasts was determined. Figure 4 plots the relative
3T3 cell viability in the presence of the starting materials and the FQ–OSILs at 10 μM.

Figure 4. Cytotoxicity of free fluoroquinolones, halide salts and prepared FQ–OSILs on 3T3 cells
(10 μM) after treatment for 24 h. Values represent mean ± standard error of the mean (SEM) of at least
three independent experiments carried out in triplicate. Symbols represent statistically significant
differences (ANOVA, Dunnett’s test, p-value < 0.05) when compared to control (*).

From the whole set of compounds, only the ones that contained the [C16Py] cation were found to
reduce cell viability by more than 50% at the tested concentration. Therefore, dose–response assays
were carried out for these samples. The obtained results are plotted in Figure 5.

Figure 5. Dose–response curves of [C16Py]-based salts (0.03–10 μM; 24 h) on 3T3 cells for IC50

determination. Values represent mean ± standard error of the mean (SEM) of at least three independent
experiments carried out in triplicate.

The determined IC50 values for [C16Py]Cl, [C16Py][Cip] and [C16Py][Nor] were, respectively, 5.46,
4.72 and 5.17 μM. These values were expected due to the surfactant properties of the cation and are in
agreement with previous works [17,51].

2.7. Antimicrobial Activity Studies

The antimicrobial activity (IC50) of the prepared FQ–OSILs and the corresponding starting materials
was determined against Gram-negative (Klebsiella pneumoniae) and Gram-positive (Staphylococcus aureus,
Bacillus subtilis) bacteria.
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Figure 6 plots the relative growth of (A) Klebsiella pneumoniae, (B) Staphylococcus aureus and (C)
Bacillus subtilis in the presence of the starting materials and the FQ–OSILs at 10 μM for 6 h.
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Figure 6. Growth inhibition (A) Klebsiella pneumonia, (B) Staphylococcus aureus and (C) Bacillus subtilis
after exposure to the free fluoroquinolones, starting halide salts and prepared FQ–OSILs at 10 μM
for 6 h. Values represent mean ± standard error of the mean (SEM) of at least three independent
experiments carried out in triplicate. Symbols represent statistically significant differences (ANOVA,
Dunnett’s test, p-value < 0.05) between the FQ–OSILs and control (*), Cip (δ) and Nor (#).
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Both free fluoroquinolones and all prepared FQ–OSILs inhibited more than 50% growth of all
bacteria strains at the tested concentration (10 μM). From the set of starting halide cations, [C16Py]Cl
was the only one that exerted an effective antimicrobial effect.

Upon performing dose–response assays for the active compounds (see Figure S49),
the corresponding IC50 values were determined. Tables 3 and 4 present the gathered data for Cip- and
Nor-based OSILs (and the corresponding free fluoroquinolones), respectively. The data for the starting
cation halides are presented in Table S2.

Table 3. Antimicrobial activity (IC50) values (nM) and relative decrease of inhibitory concentrations
(RDIC50) for ciprofloxacin and corresponding OSILs (0.001–10 μM) against the tested microorganisms
(in bold are the most relevant IC50 and RDIC50 values). The values in parentheses represent the
confidence intervals for 95%.

Compounds K. pneumoniae RDIC50 S. aureus RDIC50 B. subtilis RDIC50

Cip 196.50 29.16 3.84
(119.6–322.8) (20.28–41.92) (0.25–58.16)

[Ch][Cip] 51.12 3.8 181.4 0.2 20.60 0.2

(38.44–67.99) (122.9–267.9) (18.86–22.49)

[EMIM][Cip] 64.80 3.0 24.24 1.2 16.17 0.2

(56.61–74.17) (15.79–37.19) (12.10–21.60)

[C2OHMIM][Cip] 36.42 5.4 61.95 0.5 15.75 0.2

(32.63–40.66) (34.10–112.50) (14.47–17.16)

[C2OHDMIM][Cip] 50.99 3.9 21.20 1.4 12.35 0.3

(44.04–59.04) (18.03–24.93) (8.31–18.35)

[C3OMIM][Cip] 47.61 4.1 82.05 0.4 21.66 0.2

(39.64–57.19) (48.99–137.40) (17.12–27.40)

[C16Py][Cip] 9.88 19.9 1430 0.0 6.07 0.6

(4.21–23.17) (1140.0–1793.0) (5.21–7.06)

Ciprofloxacin was found to be particularly active against B. subtilis (3.84 nM), followed by S. aureus
(29.16 nM) and K. pneumoniae (196.5 nM), as expected.

The combination of this antibiotic with the selected cations has rendered very interesting results
against these bacteria strains, mostly K. pneumoniae, as similarly observed in previous works by
Tajber and co-workers [42,43]. More specifically, all Cip–OSILs showed increased activity against
this Gram-negative bacteria strain, with IC50 values comprehended between 9.88 ([C16Py][Cip]) and
64.8 nM ([EMIM][Cip]), which correspond to a remarkable relative decrease of inhibitory concentrations
(RDIC50) of 19.9 and 3.0, respectively. While the antimicrobial activity of the former OSIL may come
from an additive mechanism—because the [C16Py] cation itself shows an IC50 value of 2.55 mM (see
Table S2)—the potency of the remaining OSILs appears to have a synergistic behaviour since none of
the cations display activity against this strain (or any of the others). In spite of [C16Py][Cip] showing
toxicity against fibroblasts (see above), its IC50 value against K. pneumoniae is ca. 500-times lower
(4.72 μM vs. 9.88 nM), making this Cip–OSIL particularly interesting against this strain. Moreover,
[C16Py][Cip] showed almost no activity against S. aureus and also a 40% decrease against the commensal
B. subtilis in comparison with ciprofloxacin. Hence, these results clearly suggest that [C16Py][Cip] has
a very specific activity against K. pneumoniae over the remaining tested strains.

Of note is that B. subtilis is part of the human gut microbial ecosystem, whose perturbation may
lead to the proliferation of resistant bacterial pathogens [52]. In fact, all Cip–OSILs had particularly
reduced activities (20–30%) against B. subtilis in comparison with ciprofloxacin.

Regarding the pathogenic S. aureus, another Gram-positive bacteria strain, only [EMIM][Cip] and
[C2OHDMIM][Cip] showed a slight increase in antimicrobial activity, with RDIC50 values between 1.2
and 1.4.

In its turn, free norfloxacin shows that, similarly to ciprofloxacin, it is also more active against
Gram-positive bacteria (S. aureus and B. subtilis) than Gram-negative (K. pneumoniae) strains, but to a
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smaller extent than its fluoroquinolone sibling. Table 4 shows this data, as well as the one observed for
the Nor-based OSILs.

Table 4. IC50 values (nM) and relative decrease of inhibitory concentrations for 50% activity (RDIC50)
for norfloxacin and corresponding OSILs (0.001–10 μM) against the tested microorganisms (in bold

are the most relevant IC50 and RDIC50 values). The values in parentheses represent the confidence
intervals for 95%.

Compounds K. pneumoniae RDIC50 S. aureus RDIC50 B. subtilis RDIC50

Nor
255.2 123.4 117.2

(188.6–345.3) (71.29–213.5) (97.70–140.60)

[Ch][Nor] 199.4 1.3 127.1 1.0 95.49 1.2
(179.9–221.0) (85.17–189.60) (80.53–113.2)

[EMIM][Nor] 207.5 1.2 211.2 0.6 24.48 4.8
(185.1–232.5) (152.6–292.3) (19.36–30.94)

[C2OHMIM][Nor] 201.0 1.3 91.70 1.3 88.61 1.3
(182.6–221.1) (54.08–155.5) (81.35–96.51)

[C2OHDMIM][Nor] 178.2 1.4 79.55 1.6 148.8 0.8

(156.1–203.3) (69.24–91.40) (126.1–175.7)

[C3OMIM][Nor] 224.5 1.1 106.7 1.1 68.12 1.7
(189.5–266.0) (70.13–162.5) (56.55–82.06)

[C16Py][Nor] 202.9 1.3 10.84 11.4 87.29 1.3
(173.9–236.7) (2.89–40.67) (76.04–100.2)

The most active Nor-based OSIL is, once again, the one containing the [C16Py] cation, which
showed a relative increase of 11.4-times (IC50 = 10.84 nM) against S. aureus in comparison with the
free norfloxacin. This result is quite peculiar, as the analogous salt based on ciprofloxacin had similar
activity against the Gram-negative K. pneumoniae microbial strain. Against the latter, [C16Py][Nor]
has shown only a 30% increase in activity, with an IC50 value of 202.9 nM, which is much higher than
the one recorded on S. aureus. However, it negatively affects commensal B. subtilis to a higher extent
than norfloxacin.

An alternative promising broad-spectrum formulation may be [C2OHDMIM][Nor], which showed
a 60% increased activity against S. aureus and 40% against K. pneumoniae. Desirably, it also lost 20%
activity against commensal B. subtilis.

3. Conclusions

The ciprofloxacin- and norfloxacin-based OSILs presented in this paper clearly demonstrate that,
by a simple and effective chemical transformation of standard fluoroquinolone drugs, it is possible
to enhance their bioavailability and mitigate their polymorphic profiles. These advantages, allied
to the possibility to modulate their antimicrobial spectrum while maintaining low toxicity towards
healthy cells, make these FQ–OSILs a very promising tool to prepare novel effective formulations for
these drugs.

In general, the prepared ciprofloxacin-based OSILs had much more encouraging antimicrobial
data in comparison with the norfloxacin ones, despite both sets having positive results. According to
the data regarding the three tested bacteria strains (K. pneumoniae, S. aureus and B. subtilis), we postulate
that it is possible to develop highly bioavailable tailored formulations of both fluoroquinolones for
applications against one or more pathogenic microbes with low toxicity against healthy cells and
commensal bacteria, depending on the chosen combination with organic cations. On the one hand,
the [C16Py]-based OSILs containing ciprofloxacin and norfloxacin were found to be particularly
selective against different bacteria strains, respectively, K. pneumoniae and S. aureus, both at subtoxic
concentrations. Such distinct behaviour must surge from distinct interactions between the cation, the
drugs and the cell external membrane/wall of the bacteria, and will be studied in the future. In addition,
all formulations based on the [C16Py] cation assembled into micelles, with possible applications in
novel drug delivery systems of the antibiotics.
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Alternatively, highly water-soluble formulations with a selective spectrum of activity could
consist of [Ch][Cip], which was shown to be ca. 3.5-times more active to this strain than to
S. aureus. However, its IC50 values against K. pneumoniae are some of the lowest recorded (51.12 nM).
Hence, promising alternative formulations can consist of [C2OHMIM]- and [C3OMIM][Cip], which
demonstrated selectivity of ca. 1.7-times towards the same strain, with IC50 values of 36.43 and
47.61 nM, respectively. Moreover, both latter compounds are more water-soluble than [Ch][Cip] and
probably more bioavailable.

On the other hand, if a broad-spectrum antibiotic ionic formulation is sought, its combination
with [EMIM] or [C2OHDMIM] is promising as they are highly active against both Gram-negative and
Gram-positive bacteria strains, in particular K. pneumoniae and S. aureus, respectively.
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Abbreviations

API active pharmaceutical ingredient
API–OSILs active pharmaceutical ingredient organic salts and ionic liquids
C16Py cetylpyridinium
C2OHDMIM 1-(2-hydroxyethyl)-2,3-dimethylimidazolium
C2OHMIM 1-(2-hydroxyethyl)-3-methylimidazolium
C3OMIM 1-(2-methoxyethyl)-3-methylimidazolium
Ch choline
Cip ciprofloxacin
CMC critical micelle concentration
EMIM 1-ethyl-3-methylimidazolium
FQ fluoroquinolone
FQ-OSILs fluoroquinolone-based organic salts and ionic liquids
FTIR Fourier-transform infrared spectroscopy
IC50 half maximal inhibitory concentration
IL ionic liquid
NMR nuclear magnetic resonance
Nor norfloxacin
OSIL organic salt and ionic liquid
RDIC50 relative decrease in inhibitory concentration for 50% bacterial growth
RTILsSEM room temperature ionic liquidsstandard error mean
Tg glass transition temperature
Tm melting temperature
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Abstract: Lipid based formulations (LBFs) are commonly employed to enhance the absorption of
highly lipophilic, poorly water-soluble drugs. However, the utility of LBFs can be limited by low
drug solubility in the formulation. Isolation of ionizable drugs as low melting, lipophilic salts or ionic
liquids (ILs) provides one means to enhance drug solubility in LBFs. However, whether different ILs
benefit from formulation in different LBFs is largely unknown. In the current studies, lumefantrine
was isolated as a number of different lipophilic salt/ionic liquid forms and performance was assessed
after formulation in a range of LBFs. The solubility of lumefantrine in LBF was enhanced 2- to 80-fold
by isolation as the lumefantrine docusate IL when compared to lumefantrine free base. The increase
in drug loading subsequently enhanced concentrations in the aqueous phase of model intestinal
fluids during in vitro dispersion and digestion testing of the LBF. To assess in vivo performance, the
systemic exposure of lumefantrine docusate after administration in Type II-MCF, IIIB-MCF, IIIB-LCF,
and IV formulations was evaluated after oral administration to rats. In vivo exposure was compared
to control lipid and aqueous suspension formulations of lumefantrine free base. Lumefantrine
docusate in the Type IIIB-LCF showed significantly higher plasma exposure compared to all other
formulations (up to 35-fold higher). The data suggest that isolation of a lipid-soluble IL, coupled with
an appropriate formulation, is a viable means to increase drug dose in an oral formulation and to
enhance exposure of lumefantrine in vivo.

Keywords: ionic liquid; lipophilic salt; drug delivery; drug absorption; poorly water-soluble drug;
lumefantrine; lipid-based formulation; SEDDS; lipid formulation classification system
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1. Introduction

Many currently marketed drugs, and drugs in development, are poorly water-soluble and classified
as class II or class IV as defined by the Biopharmaceutics Classification System (BCS) [1–4]. Class II
compounds are poorly water-soluble, but have high membrane permeability, while class IV compounds
have both poor water solubility and poor permeability. Reformulation approaches are commonly
employed to improve the bioavailability of class II compounds; however, for class IV compounds, the
challenge is significantly greater and whilst improvements are possible via formulation approaches,
it is often more beneficial to develop alternative analogues with more suitable physicochemical
properties [5].

The increasing prevalence of poorly water-soluble drugs has necessitated the development of a
range of formulation approaches to increase apparent drug solubility in the gastro-intestinal fluids [6–9].
These include the use of solid dispersions, lipid-based formulations, cyclodextrins, surfactants, and
particle size reduction techniques [7]. The current studies have focused on the use of lipid-based
formulations in conjunction with alternate lipophilic salt forms (or ionic liquids) to promote drug
solubility in lipid-based formulations. The anti-malarial drug, lumefantrine, has been employed as a
model poorly water-soluble drug. Lumefantrine is currently formulated as a tablet and is dosed in
combination with artemether [10]. The oral bioavailability of lumefantrine is 4–11% [11]. The low and
likely solubility limited bioavailability of lumefantrine may be improved by administration with a
fatty meal, but this leads to variable bioavailability [11].

Ionic liquids (ILs) are generally defined as organic salts with melting points below 100 ◦C [12–14].
They are usually composed of an organic cation and an inorganic/organic anion [15,16]. Inefficient
crystal packing of the ions and/or a more diffuse charge on either or both ionic species leads to the
weakening of the interactions between the cation and anion in ILs. Using a bulky or irregularly
shaped counterion further decreases inter-molecular interactions and the efficiency of crystal packing,
leading to a decreased melting point [1,17,18]. The reduction in melting point observed in ILs typically
increases solubility in both aqueous and non-aqueous vehicles, but has been employed here to enhance
solubility in non-aqueous LBF vehicles.

Active pharmaceutical ingredient-ionic liquids (API-ILs) comprise a drug and an appropriate
counterion. For the formation of an IL, there are a wide range of cation-anion combinations available
and previous studies have shown that different API-ILs can result in improvements in drug solubility,
stability, bioavailability, and membrane permeability [1,19–23]. The flexibility of counterion choice
enables selection of an appropriate counterion for specific drug delivery systems. Here, we focus on
lipophilic counterions to increase the solubility of ILs in lipid-based formulations.

Lipid-based formulations (LBFs) are composed of combinations of traditional lipids (such as
monoglycerides, diglycerides, and triglycerides), surfactants, and co-solvents [24,25]. LBFs are
commonly used as vehicles for poorly water-soluble drugs as they increase drug solubilization in the
gastro-intestinal (GI) tract via integration into endogenous lipid solubilization pathways. As the drug
is usually pre-dissolved in the formulation, LBFs also avoid traditional solid–liquid dissolution in the
GI tract, a process that is often the rate-limiting step in absorption [26–28].

The solubilization capacity of LBFs, however, typically changes as the formulation is digested and
interacts with bile salt micelles in the GI tract, leading to changes in structure [5]. Drug solubilization
is more efficient at high lipid loads, especially in the presence of medium-chain lipids. These
medium-chain lipids are digested very rapidly and efficiently, and at high concentration, promote drug
solubilization [27,29]. However, at lower lipid loads, medium-chain lipids can lead to drug precipitation
and reduced absorption as they are digested to form medium-chain fatty acids. Medium-chain fatty
acids are relatively polar, and at low concentrations, swell bile salt micelles relatively poorly (thereby
reducing overall solubilization capacity). In contrast, long-chain lipid digestion products are less polar,
swell bile salt micelles more effectively, and typically lead to more robust drug solubilization, even at
low lipid concentrations [28].
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In 2006, Pouton developed a general system for the classification of lipid-based formulations (the
Lipid Formulation Classification System (LFCS)). The LFCS aids in identifying the critical performance
characteristics of lipid systems [5]. Type I formulations require digestion and are composed of only
oils. Type II formulations contain lipids and water-insoluble surfactants and self-emulsify on contact
with the GI fluids (i.e., self-emulsifying drug delivery systems (SEDDS)) [30–32]. Type III formulations
are self-microemulsifying drug delivery systems (SMEDDS) or self-nanoemulsifying drug delivery
systems (SNEDDS) and are sub-classified into Type IIIA and Type IIIB. Type IIIA formulations contain
lipids, water-soluble surfactants and/or co-solvents, and Type IIIB contain similar components but have
greater proportions of water-soluble surfactants and co-solvents than Type IIIA. Type IV formulations
contain only hydrophilic surfactants and co-solvents [5].

A potential limitation of the utility of LBFs is low drug loading in the formulation such that the
therapeutic drug dose cannot be solubilized in a volume of lipid that can be filled into one or two
capsules [6]. The use of ionic liquid forms of drugs can increase drug loading in LBFs [6,32–34], but
whether solubilization is maintained at these higher drug loads as the formulation is dispersed and
digested is not well understood. Similarly, the relationship between formulation type and composition
and the fate of an API-IL during formulation digestion has not been widely explored. The aim of the
current study was to explore the ability of IL technology to promote lumefantrine solubility in range of
LFCS class formulations, to explore the ability of the high load LBF to maintain drug in a solubilized
state during dispersion and digestion, and ultimately to evaluate whether this translates into improved
systemic exposure after oral administration. Recent interest in the ability of LBF to promote drug
supersaturation in the GI tract also promoted an analysis as to whether the high drug loads that IL
formation facilitate also allow for the facile generation of highly supersaturated conditions in the
GI tract.

2. Materials and Methods

Materials. Lumefantrine was purchased from AK Scientific (Union City, CA, USA). Dioctyl
sulfosuccinate sodium salt (sodium docusate) was purchased from Sigma Aldrich (St. Louis, MO, USA).
Sodium dodecyl sulfate was purchased from BASF (Castle Hill, NSW, Australia). Hydrogen chloride in
diethyl ether (2.0 M) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Chloroform, methanol,
and dichloromethane were purchased from Merck (Melbourne, VIC, Australia). Details of the LBFs
used in the study are provided in Table 1. Captex® 355 EP/NF and Capmul® MCM EP were supplied
by Anzchem (Sydney, NSW, Australia). Tween™ 85 was supplied by Croda (Sydney, NSW, Australia).
Kolliphor® RH 40 was obtained from BASF (Melbourne, VIC, Australia). Maisine™ 35-1 was supplied
by Trapeze Associates Pty. Ltd. (Sydney, NSW, Australia). Soybean oil and butylated hydroxytoluene
(BHT) were purchased from Sigma Aldrich (St. Louis, MO, USA). Ethanol was purchased from Merck
(Melbourne, VIC, Australia). Sodium taurodeoxycholate > 95% (NaTDC), 4-bromophenylboronic acid,
and porcine pancreatin (8 X USP specification activity) were purchased from Sigma Aldrich (St. Louis,
MO, USA). Phosphatidylcholine (PC) (Lipoid E PC S, ~99.2% pure, from egg yolk) was obtained from
Lipoid (Ludwigshafen, Germany). The 0.6 M and 0.2 M strength sodium hydroxide solutions were
diluted from a stock solution of 1.0 M sodium hydroxide that was purchased from Science Supply
(Melbourne, VIC, Australia). Formic acid was purchased from Sigma Aldrich (Sydney, NSW, Australia)
and acetonitrile, both HPLC and LC-MS grade, was purchased from Merck (Melbourne, VIC, Australia).
All solvents used were of analytical purity or high-performance liquid chromatography (HPLC) grade.
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Table 1. Composition of the lipid-based formulations used for equilibrium solubility and in vitro dispersion
and digestion studies. All formulations contained ~1% butylated hydroxytoluene as an anti-oxidant.

Formulation Type Component
Composition

(% w/w)

I-MC

Captex® 355 EP/NF 50.0
(Glyceryl tricaprylate/caprate)
Capmul® MCM EP 50.0
(Glyceryl monocaprylocaprate)

II-MC

Captex® 355 EP/NF 32.5
(Glyceryl tricaprylate/caprate)
Capmul® MCM-EP 32.5
(Glyceryl monocaprylocaprate)
Tween™ 85 35.0
(Polyoxyethylene sorbitan trioleate)

IIIA-MC

Captex® 355 EP/NF 32.5
(Glyceryl tricaprylate/caprate)
Capmul® MCM EP 32.5
(Glyceryl monocaprylocaprate)
Kolliphor® RH 40 35.0
(Polyoxyl 35 castor oil)

IIIB-MC

Capmul® MCM-EP 25.0
(Glyceryl monocaprylocaprate)
Kolliphor® RH 40 50.0
(Polyoxyl 35 castor oil)
ethanol 25.0

I-LC
Maisine™ 35-1 50.0
(Glyceryl monolinoleate)
soybean oil 50.0

II-LC

Maisine™ 35-1 32.5
(Glyceryl monolinoleate)
soybean oil 32.5
Tween™ 85 35.0
(Polyoxyethylene sorbitan trioleate)

IIIA-LC

Maisine™ 35-1 32.5
(Glyceryl monolinoleate)
soybean oil 32.5
Kolliphor® RH 40 35.0
(Poloxyl 40 hydrogenated castor oil)

IIIB-LC

Maisine™ 35-1 25.0
(Glyceryl monolinoleate)
Kolliphor® RH 40 50.0
(Poloxyl 40 hydrogenated castor oil)
ethanol 25.0

IV
Kolliphor® RH 40 50.0
(Poloxyl 40 hydrogenated castor oil)
ethanol 50.0

Lumefantrine Hydrochloride Preparation. Lumefantrine (3 g, 5.66 mmol) was dissolved in
anhydrous dichloromethane (50 mL) and a solution of 2.0 M hydrochloride in diethyl ether was added
dropwise to the solution (2.85 mL, 5.66 mmol). The solution was stirred for 3 h at room temperature.
Dichloromethane was then evaporated and the residual solid product was dried under vacuum. (Mass:
3.02 g, Yield: 94%).

Ionic Liquid Preparation: Lumefantrine Dodecyl Sulfate. Lumefantrine hydrochloride (1.5 g,
2.65 mmol) was dissolved in methanol (200 mL) and sodium dodecyl sulfate (0.77 g, 2.65 mmol) was
added. The solution was stirred for 3 h at room temperature. The methanol was then evaporated in
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vacuo and the residue was dried under vacuum overnight. The residue was treated with chloroform
(200 mL) to dissolve the IL and precipitate out the sodium chloride. The mixture was filtered through
a 2 μm micro filter, the solvent evaporated, and the final solid product dried under vacuum. (Mass:
1.76 g, Yield: 83%).

Ionic Liquid Preparation: Lumefantrine Docusate. Lumefantrine hydrochloride (1.5 g,
2.65 mmol) was dissolved in methanol (200 mL) and dioctylsulfosuccinate sodium salt (docusate)
(1.2 g, 2.65 mmol) was added. The solution was stirred for 3 h at room temperature. The methanol was
then evaporated in vacuo and the residue was dried under vacuum overnight. The residue was treated
with chloroform (200 mL) to dissolve the IL and precipitate out the sodium chloride. The mixture was
filtered through a 2 μm micro filter, the solvent evaporated, and the final semi-solid product dried
under vacuum. (Mass: 1.96 g, Yield: 77%).

Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H and 13C NMR spectra were obtained
at 400.13 Hz and 100.62 Hz respectively, on a Bruker Advance III Nanobay 400 MHz spectrometer
coupled to the BACS 60 automatic sample changer. All spectra were processed using MestReNova
6.0 software. The chemical shifts of all 1H signals were measured relative to the expected solvent
peaks of the NMR solvent; 2.50 ppm (DMSO-d6). The data for all spectra are reported in the following
format: chemical shift (integration, coupling constant J (Hz), multiplicity). Multiplicity is defined as; s
= singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, dt = doublet of triplets, and m
=multiplet. Subsequent abbreviations also include J (Hz) = coupling constant in Hertz.

The 1H and 13C NMR spectra and MS data for lumefantrine hydrochloride, lumefantrine dodecyl
sulfate, and lumefantrine docusate are provided in the supporting information.

Liquid Chromatography-Mass Spectroscopy (LC-MS). LC-MS chromatograms were obtained
using an Agilent 6100 Series Single Quad LC/MS coupled with an Agilent 1200 Series HPLC, 1200
Series G1311A quaternary pump, 1200 series G1329A thermostatted autosampler, and 1200 series
G1314B variable wavelength detector. The conditions for liquid chromatography were: reverse phase
HPLC analysis using a Phenomenex Luna C8(2) 5 μm (50 × 4.6 mm) 100 Å column at a temperature of
30 ◦C. 5 μL of sample was injected and the sample was run in solvent A of 99.9% acetonitrile, 0.1%
formic acid with a gradient of 5–100% (v/v) solvent A over 10 min. Solvent B was 99.9% water with 0.1%
formic acid. Detection was at a UV wavelength of 254 nm. The conditions for mass spectrometry were:
quadrupole ion source with multimode-ES, drying gas temperature 300 ◦C, and vaporizer temperature
200 ◦C. The capillary voltage was 2000 V in positive mode, or 4000 V in negative mode and the scan
range was 100–1000 m/z with a step size of 0.1 s over 10 min.

High-Resolution Mass Spectrometry. All high-resolution mass spectrometry analyses were
performed on an Agilent 6224 TOF LC/MS Mass Spectrometer coupled to an Agilent 1290 Infinity
HPLC (Agilent, Palo Alto, CA, USA). All data were acquired and reference mass corrected via a dual-spray
electrospray ionization (ESI) source. Each scan or data point on the Total Ion Chromatogram (TIC) is an
average of 13,700 transients, producing a spectrum every second. Mass spectra were created by averaging
the scans across each peak and background subtracting against the first 10 s of the TIC. Acquisition was
performed using the Agilent Mass Hunter Data Acquisition software version B.05.00 Build 5.0.5042.2 and
analysis was performed using Mass Hunter Qualitative Analysis version B.05.00 Build 5.0.519.13. The
MS conditions were: electrospray ionization, a drying gas flow of 11 L/min at a temperature of 325 ◦C, a
nebulizer at 45 psi, a capillary voltage of 4000 V, the fragmentor at 160 V, the skimmer at 65 V, and the
OCT RFV of 750 V. The scan range acquired was 100–1500 m/z. The internal reference ions in positive ion
mode had a m/z of 121.0509 and 922.0098. Chromatographic separation was performed using an Agilent
Zorbax SB-C18 Rapid Resolution HT 2.1 × 50 mm, 1.8 μm column (Agilent Technologies, Palo Alto, CA,
USA) using an acetonitrile gradient (5% to 100%) over 3.5 min at 0.5 mL/min.

Polarized Light Microscopy and Hot Stage Microscopy. The melting point ranges of all
compounds were assessed using a hot stage microscope on an Axiolab Laboratory Microscope
(manufactured 1997, S/N 982650) supplied by Carl Zeiss (Carl Zeiss, Oberkochen, Germany). The
microscope was fitted with cross polarizing filters and coupled to a Linkam HFS91 hot stage connected
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to a Linkam TP93 system controller (Linkam Scientific Instruments, Tadworth, UK). Samples, mounted
between two glass coverslips, were heated at 5◦ C/min until the compound showed signs of melting, at
which time the rate was decreased to 1◦ C/min, and this was monitored continuously. Images were
captured with a Canon LA-DC52C PowerShot A70 camera at 10 ×magnification using Canon Utilities
RemoteCapture version 2.7.2.16 software. Complete melting was defined as the lowest temperature
at which the sample was free of birefringence; in the case of the amorphous sample (lumefantrine
docusate), complete melting was defined as the lowest temperature where no solid structures were
evident and therefore might also be described as a solid–liquid transition temperature.

Equilibrium Solubility Studies. The equilibrium solubility of lumefantrine, lumefantrine
hydrochloride, lumefantrine dodecyl sulfate, and lumefantrine docusate in each formulation was
determined by initially adding 20 mg of compound to 200 mg of LBF in a microcentrifuge tube. Each
equilibrium solubility experiment was completed in triplicate. Equilibrium solubility was defined
when solubility measured across two consecutive days varied less than 5%. The samples were allowed
to equilibrate at 37 ◦C and were vortex-mixed twice a day to ensure the compounds were well dispersed
in the LBF. The samples were left to equilibrate for at least 3 days. If all the compound was observed to
be fully dissolved, the sample was centrifuged for 15 min at 14,800 rpm (21,000× g) at 37 ◦C (Thermo
Scientific, Heraeus Pico 21 Centrifuge, Langenselbold, Germany) to confirm complete dissolution.
Where no pellet was observed, another 20 mg of compound was added, and the process was repeated
until complete dissolution was no longer observed and excess IL was evident. At each time point,
samples were then centrifuged at 37 ◦C (14,800 rpm (21,000× g), Thermo Scientific, Heraeus Pico
21 Centrifuge) and aliquots of 20 mg were taken from the supernatant and dissolved in 1 mL of
chloroform: methanol (2:1, v/v). The chloroform: methanol solution was then diluted 20-fold with
water: acetonitrile (1:1, v/v). The samples were then assayed by HPLC to determine the concentration
of compound in formulation.

In Vitro Drug Solubilization. The LBF were assayed using previously reported in vitro dispersion
and digestion tests in order to assess the potential for formulations containing dissolved API-IL to
maintain drug in a solubilized state as the formulation is dispersed and digested under simulated
gastro-intestinal conditions [35]. Drug loading in each formulation was at 80% of the equilibrium
solubility of the drug or API-IL in that formulation to maintain a consistent thermodynamic activity
across all LBFs.

In vitro dispersion and digestion experiments were conducted using a pH-stat apparatus
(Metrohm® AG, Herisau, Switzerland), which comprised a Titrando 802 propeller stirrer/804 Ti
Stand combination, a glass pH electrode (iUnitrode), and two 800 Dosino dosing units coupled to 10 mL
autoburettes (Metrohm® AG). The pH-stat was connected to a PC and operated via Tiamo 2.0 software
(Metrohm®) [35]. First, 1.100 g of formulation was dispersed in 40 mL of bile salt/phospholipid micelles
in simulated intestinal fluid (2 mM tris-maleate, 150 mM NaCl, 1.4 mM CaCl2·2H2O, 3 mM NaTDC,
0.75 mM PC, pH 6.5, 37 ◦C) and then 4 mL of pancreatic enzyme extract (pancreatin) was added to
stimulate digestion. The pancreatic enzyme was prepared by mixing 1 g of porcine pancreatin with
5 mL of lipolysis buffer and 20 μL of 5 M NaOH. After mixing, this was then centrifuged at 2880× g
at 5 ◦C for 10 min (Crown Scientific, Eppendorf AG Centrifuge 5804 R, Sydney Australia) and the
supernatant used as the enzyme solution. The lipolysis buffer was prepared by dissolving 0.474 g of
tris maleate, 0.206 g of CaCl2·H2O, and 8.775 g of NaCl in one liter of distilled water to form a 2 mM
tris maleate 1.4 mM CaCl2·H2O 150 mM NaCl buffer; the pH was adjusted to 6.5 using NaOH. The
micellar solution was prepared by dissolving 0.783 g of NaTDC and 0.291 g of PC in 500 mL of lipolysis
buffer to form a 3 mM NaTDC 0.75 mM PC solution. The temperature-controlled vessel was held at
37 ◦C, and contained bile salt/phospholipid micellar solution in simulated intestinal fluid.

After dispersion of the formulation, digestion was initiated by addition of the pancreatic
lipase/co-lipase solution. This resulted in the liberation of fatty acids (FAs) and therefore a drop in pH.
This drop in pH was detected by the pH-stat controller, which then titrated the FA produced using
an autoburette that added NaOH to keep the pH at a set point (0.6 M NaOH for MCFs, and 0.2 M
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NaOH for LCFs). By knowing the quantity of NaOH added and assuming stoichiometric titration, this
indirectly quantified the extent of FA production (as a measure of digestion). At time intervals of −10,
−5, and 0 (i.e., in the 15 min dispersion phase), and 5, 10, 15, 30, and 60 min (digestion phase—i.e.,
after initiation of digestion at time = 0), 1 mL aliquots were taken. Samples taken during digestion
were immediately treated with a lipolysis inhibitor (10 μL of 0.5 M 4-bromophenylboronic acid in
methanol per 1 mL of digestion medium) to halt digestion. All samples were then centrifuged to form
a maximum of 3 phases—an oil phase, an aqueous phase, and a pellet phase.

For the Type I-LCF and II-LCF formulations (where an oil phase was present), samples were
separated using an ultracentrifuge (4 mL sample volume, 55,000 rpm at 37 ◦C for 30 min; Optima™
XE-90 Ultracentrifuge, SW60Ti rotor; Beckman Coulter, Palo Alto, CA, USA). For all other formulations,
a Thermo Scientific, Heraeus Pico 21 Centrifuge was used (1 mL sample volume, 15 min at 21,000× g,
37 ◦C). The mass of the drug recovered in the aqueous phase and the pellet phase was then quantified
by HPLC [35,36]. The in vitro digestion apparatus is shown in Figure 1. The supernatant and pellet
samples were diluted with acetonitrile (1:10 v/v) and then mobile phase (1:10 v/v), and lumefantrine
concentrations in the samples determined using HPLC [35–38].

 
Figure 1. In vitro digestion model for testing lipid formulations. A temperature controlled (37 ◦C)
vessel containing digestion buffer, bile salt, and phospholipid is used. The lipid-based formulations
are added to the vessel, and digestion commences when pancreatic lipase and co-lipase are added.
When digestion begins, fatty acids are liberated, which causes a transient drop in pH. A pH electrode
coupled to a pH-stat controller and autoburette quantifies the drop in pH, and automatically titrates
the liberated fatty acids by adding an equimolar quantity of sodium hydroxide. This maintains the pH
at a set point and facilitates indirect quantification of the extent of digestion. Samples are taken over
time and centrifuged to separate the digest into an oil phase, an aqueous phase, and a pellet phase,
which are then analyzed for drug content [28].

Supersaturation During In Vitro Testing. The degree of supersaturation of drug concentrations
in the aqueous phase during formulation dispersion/digestion was assessed by comparing the measured
aqueous phase concentration to equilibrium drug solubility in blank aqueous phase obtained by
dispersion and digestion of blank (i.e., non-drug loaded) formulation under identical conditions [39].
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Due to the physical state of lumefantrine docusate (i.e., an amorphous semi-solid), the equilibrium
solubility assessment was conducted by dissolving 3 mg of IL in 10 μL of ethanol in a microcentrifuge
tube and then adding 200 mg of aqueous phase obtained from the blank digestions (n = 3 for each
time point for each formulation). The contents were subsequently vortex-mixed for 30 s. Samples
were collected at 0.5, 1, 2, 3, and 4 h after addition of blank aqueous phase and then centrifuged
(10 min at 14,800 rpm (21,000× g) at 37 ◦C (Thermo Scientific, Heraeus Pico 21 Centrifuge) and
assayed by HPLC to determine the drug concentration. Equilibrium solubility was defined when the
concentration measured differed by less than 5% across sequential samples. The supersaturation ratio
was then calculated as the ratio of the drug concentration measured in the aqueous phase during the
dispersion/digestion test to the equilibrium solubility of drug in the aqueous phase at that time point.
Supersaturation was assessed at 4 time points during the in vitro dispersion and digestion tests (0 min
(end dispersion), and 5, 30, and 60 min (post digestion)) for the Type II-MC, IIIB-MC, IIIB-LC, and
IV formulations.

HPLC Assay Conditions for Lumefantrine. All HPLC analyses were conducted using a Waters
Alliance 2695 Separation Module (Waters Alliance Instruments, Milford, CT, USA). The column was a
reverse phase C-18 Phenomenex 3 μm, 100 × 4.6 mm column. The injection volume was 50 μL and UV
detection was at 254 nm. The chromatography was run isocratically. The mobile phase consisted of
water with 0.1% w/v formic acid (mobile phase A) and acetonitrile with 0.1% w/v formic acid (mobile
phase B). For quantification of the equilibrium solubility samples, the ratio was fixed at 45:55 v/v (A/B)
while for the in vitro dispersion and digestion samples, the ratio was 50:50 v/v (A/B). The flow rate was
1 mL/min and the retention times were ~2.5 and 5.3 min respectively. The calibration standards were
50, 200, 1000, 2000, 5000, 10,000, and 20,000 ng/mL.

Validation of the lumefantrine HPLC assay was run over two days. Intra-assay accuracy was
determined by replicated analysis (n = 5) of three standards at the lowest, middle, and highest
concentrations (50, 5000, and 20,000 ng/mL). Inter-assay accuracy was determined on two separate
days. The data were expressed as a percentage of the measured concentration over the theoretical
concentration. The mean accuracy of the lowest concentration (50 ng/mL) was within ±15% of the
theoretical concentration, while the mean accuracy of the middle and highest concentrations (5000
and 20,000 ng/mL) was within ±10% of the theoretical concentration. Intra-assay precision and
inter-assay precision were calculated in both runs for each of the three concentrations and expressed
as the coefficient of variation. Precision was within ±10% for all three concentrations. Linearity was
performed on the standard curves for each analysis and linearity was accepted when the correlation
coefficient (r2) of the regression line was >0.99.

Oral Bioavailability Studies. All procedures were approved by the Monash Institute of
Pharmaceutical Sciences Animal Ethics Committee (Approval code 13227. Approval date: 10 April
2014). Experiments were conducted in fasted male Sprague-Dawley rats (240–320 g). The day prior
to the study, the rats were anaesthetized with isoflurane and the right carotid artery was surgically
cannulated with polyethylene tubing to facilitate blood collection (procedure described previously) [40].
Animals were allowed to recover overnight and were fasted up to 12 h prior to and 8 h after dose
administration, with water provided ad libitum. The rats were fed 8 h after dosing. The general
approach to the doses chosen for the in vivo studies was based on the desire to provide evidence of
utility of the IL approach and to provide a comparison between solution and suspension formulations.
In general, the potential drug load that could be dissolved using the IL was much higher than that
that could be achieved with the free base, and so to compare exposure at a fixed dose (and typically a
relatively high dose since this was possible with the IL technology), the IL formulations were solutions
whereas the free base formulations were suspensions. However, data were also collected (where
possible) at a fixed dose when both free base and IL form were in solution. These studies had to be
conducted at a lower dose to allow the free base to be in solution. The compounds used were employed
as model low aqueous solubility drugs and therefore the absolute doses chosen were not chosen to
have any pharmacological relevance.
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The LBFs containing lumefantrine docusate were dispersed (250 mg LBF in 1 mL of water)
immediately prior to oral gavage to lightly anaesthetized rats. Animals were then administered a
further 0.5 mL of water. The lumefantrine docusate was dissolved in Type II-MCF, Type IIIB-MCF, Type
IIIB-LCF, and Type IV formulations to provide a dose of 50, 65, 65, or 85 mg/kg lumefantrine free base,
respectively. These doses were equivalent to 80% of equilibrium solubility of lumefantrine docusate in
the respective LBFs. Lumefantrine free base was administered as a suspension in the Type IIIB-LCF
(i.e., what was expected to be the most effective LBF) at a dose of 85 mg/kg, and dosed as an aqueous
suspension at 85 mg/kg. The aqueous suspension comprised 0.5% w/v sodium carboxymethylcellulose,
0.4% w/v Tween 80, and 0.9% NaCl in water.

Blood samples were collected via the carotid artery cannula at pre-dose, 0.5, 1, 2, 3, 4, 6, 8, 10,
and 24 h after oral administration of the formulations. Blood samples were centrifuged at 6700× g for
5 min and plasma was collected and stored at −20 ◦C until assayed by LC-MS. Statistically significant
differences between formulations were determined by one-way analysis of variance (ANOVA) at a test
significance level of α ≤ 0.05, followed by a Tukey’s multiple comparisons test.

Plasma Sample Preparation and Analysis. Lumefantrine concentrations in rat plasma were
assayed via LC-MS using a modification of a previously published assay for lumefantrine [41].
Calibration standards of lumefantrine were prepared by spiking blank rat plasma (50μL) with lumefantrine
standard solutions (10 μL) in 1:1 v/v water: acetonitrile to give plasma concentrations in the range of 50 to
5000 ng/mL. Plasma samples or calibration standards (50 μL) were spiked with 10 μL of internal standard
(halofantrine hydrochloride, 1000 ng/mL in 1:1 v/v water: acetonitrile) followed by vortex mixing for 10 s.
To precipitate plasma proteins, acetonitrile (200 μL) was added and samples vortex mixed for 1 min. The
samples were then allowed to stand at room temperature for 30 min. After centrifugation at 10,000× g for
10 min at room temperature, 150 μL of supernatant was transferred into vials for analysis.

Lumefantrine plasma samples were analyzed using a Shimadzu LCMS-8050 system (Shimadzu
Scientific Instruments, Kyoto, Japan) consisting of a CBM-20A system controller, a DGU-20A5R
degassing unit, two Nexera X2 LC-30 AD liquid chromatograph pumps, a Nexera X2 SIL-30AC
autosampler, a CTO-20A column oven (held at 40 ◦C), and a triple quadrupole mass spectrometer
with an electrospray ionization (ESI) interface. Data acquisition and processing was performed using
LC-MS Solutions software (Shimadzu, Kyoto, Japan). The desolvation line (DL) and heat block were
kept at 250 ◦C and 400 ◦C, respectively. The nebulizing gas flow and drying gas flow rates were
3.0 L/min and 10.0 L/min, respectively. Mobile phase A was Milli-Q water containing 0.1% w/v formic
acid, and mobile phase B was acetonitrile containing 0.1% w/v formic acid. The mobile phase flow
rate was 0.5 mL/min with the following gradient elution: mobile phase B was first held at 30% for
1.25 min, then linearly increased to 80% over the next 0.75 min. Mobile phase B was then held at 80% for
0.5 min, followed by a linear decrease to 30% over the next 0.5 min after which conditions were held for
another 0.5 min. Each sample (1 μL) was injected onto a Phenomenex Kinetex® C18 column (2.6 μm,
100 Å, 50 × 2.1 mm, Sydney, NSW, Australia). The retention times of lumefantrine and the internal
standard (halofantrine hydrochloride) were 2.1 and 1.9 min, respectively. Lumefantrine detection
was achieved using positive electrospray ionization with multiple-reaction monitoring (MRM) of
the 530.2 > 512.2 mass/charge ion peak (m/z) at a collision energy of −25.0 V. The internal standard
halofantrine hydrochloride was monitored at 500.2 > 142.0 m/z at a collision energy of −25.0 V. Sample
concentrations were determined by comparison to a calibration curve obtained by fitting the peak area
ratio of lumefantrine to internal standard (halofantrine hydrochloride) versus concentration data to a
linear equation with a weighting factor inversely proportional to the standard concentration.

Validation of the lumefantrine LC-MS plasma assay was run over two days. Intra-assay accuracy
was determined by replicate analysis (n = 5) of three standards at the lowest, middle, and highest
concentrations (50, 2000, 5000 ng/mL). Inter-assay accuracy was determined on two separate days. The
data were expressed as a percentage of the measured concentration over the theoretical concentration.
The mean accuracy was within ±10% of the theoretical concentration. Intra-assay precision and
inter-assay precision were calculated for both runs for each of the three concentrations and expressed
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as the coefficient of variation. Precision was within ±10% for all three concentrations. Linearity was
performed on the standard curves for each analysis and linearity was accepted when the correlation
coefficient (r2) of the regression line was >0.99.

3. Results

3.1. Characterization of Lumefantrine Compounds

The measured melting temperatures of the lumefantrine ILs and related compounds are listed in
Table 2. Detailed NMR spectroscopy data are listed in the experimental section. The melting point of the
lumefantrine ILs appeared to decrease with increasing bulk/complexity of the counterion. Lumefantrine
hydrochloride is a yellow powder and shows birefringence under polarized light microscopy, indicating
crystallinity. As such, it has the highest melting point (180–200 ◦C). Lumefantrine free base and
lumefantrine dodecyl sulfate are also yellow powders which show some degree of birefringence
under the cross-polarized light microscope, but have lower melting points than the hydrochloride salt
(133–140 ◦C and 120–128 ◦C, respectively). Since the melting point of lumefantrine dodecyl sulfate
was >100 ◦C, it is more appropriately termed a lipophilic salt rather than an ionic liquid [33]. As
expected, the complexity of the docusate counterion resulted in isolation of lumefantrine docusate as a
clear yellow semi-solid with a much lower melting range of 52–60 ◦C. Several attempts were made to
recrystallize lumefantrine docusate but a crystal form could not be isolated.

Table 2. The melting point range and appearance under cross-polarized light of lumefantrine free base,
the traditional salt lumefantrine hydrochloride and the lipophilic salts lumefantrine dodecyl sulfate and
lumefantrine docusate. The lower melting range (<100 ◦C) of lumefantrine docusate further classifies
this material as an ionic liquid.

Compound Cross-Polarized Light Microscope Image Melting Point Range (◦C)

lumefantrine free base

 

133–140

lumefantrine hydrochloride

 

180–200

lumefantrine dodecyl sulfate

 

120–128

lumefantrine docusate

 

52–60
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3.2. Lumefantrine Equilibrium Solubility in Lipid-Based Formulations

The equilibrium solubility of the lumefantrine compounds was assessed in each of the LBFs
described in Table 1. The equilibrium solubility of lumefantrine, lumefantrine hydrochloride,
lumefantrine dodecyl sulfate, and lumefantrine docusate in the different LBFs is shown in Figure 2,
where the data are presented as the equivalent concentration of free base. In general, lumefantrine
solubility was higher in the medium-chain formulations than in the long-chain formulations, and
solubility was higher in the more polar formulations such as the Type IIIB and Type IV formulation.
This is consistent with previous work, with both non-IL drugs and ILs [32,35]. Isolation of lumefantrine
as the dodecyl sulfate IL resulted in increases in solubility in the Type IIIB and Type IV formulations,
but did not result in significant advantages in lipid solubility in the others. In contrast, isolation as the
docusate IL markedly enhanced solubility in all LBF (2-to-80-fold higher than lumefantrine, depending
on formulation) [35].

Figure 2. Equilibrium solubility of lumefantrine compounds in lipid-based formulations. Data are
expressed in lumefantrine free base equivalents. Data are mean ± SD, n = 3. * Lumefantrine docusate
was miscible in the Type IV formulation and the data shown reflect the measured concentration after
mixing the docusate and formulation in a 1:1 w/w ratio.

3.3. In Vitro Evaluation of Lumefantrine and Lumefantrine Docusate in LBF

In light of the lower improvement in lipid solubility for the dodecyl sulfate IL, in vitro dispersion
and digestion tests were conducted for LBF containing lumefantrine free base and lumefantrine
docusate only. The drug-phase distributions for lumefantrine and lumefantrine docusate are shown
in Figures 3 and 4, respectively. A comparison of the aqueous phase concentrations attained for
LBF containing lumefantrine and lumefantrine docusate (at loading levels of 80% of equilibrium
solubility) at the end of the dispersion and digestion phase of experiments is provided in Figures 5
and 6, respectively.

After centrifugation, samples were separated into an oil phase (if present), an aqueous phase, and
a pellet phase (all individual in vitro dispersion and digestion data are provided in the Supporting
Information). For both lumefantrine and lumefantrine docusate, an oil phase was present more
commonly after dispersion and digestion of the long chain lipid-containing formulations (LCF) and
was only present for the Type I medium chain formulation (MCF). The Type I formulations contain

87



Pharmaceutics 2020, 12, 17

only lipids and no surfactant and as such disperse poorly resulting in phase separation. Initiation of
digestion, however, results in the generation of more amphiphilic digestion products that promote
dispersion and recovery in the aqueous phase and reduce drug recovery in the oil phase. Dispersion of
the Type II-MCF resulted in the recovery of a large proportion of the drug in the ‘pellet’ phase; however,
this likely reflects phase separated (dense) lipid rather than drug precipitation [42]. This suggestion
is consistent with a significant reduction in drug recovery in the pellet after digestion is initiated
(where digestion results in a change to the nature of the oil phase, an increase in amphiphilicity, and
enhancement in dispersion). For both long and medium chain formulations, the Type IIIA and IIIB
formulations resulted in good solubilization after both dispersion and digestion and the majority of the
drug was present in the aqueous phase. The only significant differences in performance with respect to
formulation class were the Type I-MCF, Type II-MCF and Type IV formulations, where significantly
more drug precipitation was apparent for the lumefantrine docusate formulation when compared to
lumefantrine. This likely reflects the much higher drug loading afforded by the use of the docusate IL.

 
Figure 3. Drug distribution of lumefantrine during in vitro dispersion and digestion tests of LBFs.
Data presents % drug in each phase at the end of dispersion phase and at the end of digestion phase.
Data are mean ± SD, n = 3.

 
Figure 4. Drug distribution of lumefantrine docusate during in vitro dispersion and digestion tests.
Data presents % drug distribution into each phase at the end of dispersion phase and at the end of
digestion phase. Data are mean ± SD, n = 3.
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Figure 5. Aqueous phase concentrations of lumefantrine (in free base equivalents) at the end of
dispersion phase for LBFs containing lumefantrine or lumefantrine docusate. Percentages are a
reflection of the amount of drug present in the aqueous phase compared to total drug loading. Data are
mean ± SD, n = 3.

Figure 6. Aqueous phase concentration of lumefantrine (in free base equivalents) at the end of digestion
phase for LBFs containing lumefantrine or lumefantrine docusate. Percentages are a reflection of the
amount of drug present in the aqueous phase compared to total drug loading. Data are mean ± SD, n = 3.

The absolute aqueous phase concentrations (rather than percent distribution) obtained after
dispersion and digestion of the different formulations are provided in Figures 5 and 6, respectively.
The concentrations reflect the product of the drug loading in the formulation (which in turn is dictated
by the solubility data in Figure 2) and the percent solubilized in the aqueous phase. In all cases, the
greater solubility of lumefantrine docusate in the different LBF resulted in higher drug concentrations
in the aqueous phase (2-to-55-fold higher) than the equivalent lumefantrine free base formulations.
The highest aqueous phase concentrations were attained for the medium and long-chain Type IIIB
formulations. This reflects the formulations with the highest drug solubility and good ongoing
solubilization under digestion conditions. The Type IIIA formulations resulted in good solubilization
post digestion, but were limited by drug solubility in the formulation, and the Type IV formulation
showed good solubility in the formulation, but more extensive precipitation post digestion.

3.4. Supersaturation Ratio Calculation for Lumefantrine

The supersaturation ratio (SR) provides an indication of thermodynamic activity and the likelihood
of either drug precipitation, or enhanced absorption from an LBF, where the higher the number, the more
supersaturated and therefore the more likely to precipitate during in vitro digestion. The maximum
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supersaturation ratio (SRM) provides a measure of the maximum supersaturation pressure that would be
generated by digestion of an LBF, assuming no precipitation and is calculated from the following:

SRM =
APmax

APdigest
(1)

where APmax is the maximum possible aqueous phase concentration of drug during the in vitro
dispersion and digestion test (i.e., in the absence of any precipitation), and APdigest is the equilibrium
solubility of the drug in blank aqueous phase (i.e., where the aqueous phase was obtained from a
digestion of blank LBF). Williams et al. have previously proposed that sustainable supersaturation
most commonly occurs when SRM < 3, and that exceeding this threshold increases the likelihood of
drug precipitation during in vitro dispersion and digestion tests [43]. The concentrations of lumefantrine
docusate during in vitro tests for the four formulations are shown in Figure 7. Only the Type II-MC,
IIIB-MC, IIIB-LC, and IV formulations were evaluated as these were the four formulations chosen to
proceed to the in vivo bioavailability studies. The figures also depict APmax, as well as the drug solubility in
the aqueous colloidal phase of the blank LBF (APdigest). In all cases, SRM was higher than 3, suggesting the
potential for precipitation. This was most apparent at early time points for the Type II-MCF formulation
where SRM was ~20 and at later time points post digestion for the Type IIIB-MCF where SRM was >40.
However, unlike previous studies, here the SRM did not appear to correlate well with drug precipitation
(i.e., the presence of drug in the pellet phase). For example, while the SRM during dispersion was lowest
for the Type IIIB-LCF and Type IIIB-MCF, and these two formulations appeared to most robustly resist
precipitation, closer analysis of the data shows that for the Type IIIB-LCF, the SRM at the end of digestion
was similar to that of the Type II-MCF and Type IV (where precipitation was significant), but the Type
IIIB-LCF was able to maintain drug solubilization throughout the test (89% drug solubilized). Similarly,
the SRM for the Type IIIB-MCF at the end of digestion was the highest, but majority of lumefantrine
docusate remained solubilized at 60 min (69% solubilized).

Supersaturation data at 0, 5, 30, and 60 min are shown in Figure 8. The supersaturation ratios in
Figure 8 were calculated via the ratio of the concentration of drug measured in the aqueous phase
during the in vitro tests compared to the drug solubility in the colloidal aqueous phase at the same time
point. This gives an indication of the degree of supersaturation of the solubilized drug concentrations
throughout the in vitro test, rather than the maximum degree of supersaturation. The Type II-MCF had
a reasonably high SR during dispersion (5.5) and consistent with an SR > 3, the majority of the drug was
present in the pellet phase which was likely a mix of phase separation and precipitation. On initiation of
digestion, precipitation continued, and the solubilized concentration dropped towards the equilibrium
solubility (Figure 7). As such, supersaturation was low for the rest of the test (Figure 8). Similarly, the
Type IV formulation dispersion led to an SRM of 6.3 and significant precipitation on dispersion and
digestion. In this case, precipitation to the equilibrium solubility occurred almost immediately and no
supersaturation was evident throughout the in vitro test. In contrast for both Type III formulations,
solubilization and supersaturation were maintained to varying degrees throughout the in vitro test.
For the IIIB LC formulation, SRM on dispersion was quite low (3.6), and close to the previously
described limit for precipitation. Consistent with these previous studies, drug precipitation from this
formulation was low and moderate levels of supersaturation were maintained throughout formulation
dispersion and digestion. The degree of supersaturation gradually increased throughout the test. For
the Type IIIB MC formulation, SRM on dispersion was slightly higher (5.7) and some precipitation was
evident. However, precipitation was still quite low and drug solubilization and supersaturation were
maintained. Indeed, supersaturation increased significantly throughout the digestion period due to a
fall in equilibrium solubilization capacity. Thus, solubilization and supersaturation were highest for
the Type IIIB formulations and amongst these, supersaturation was seemingly higher for the Type IIIB
MC formulation.
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Figure 7. Drug concentrations during in vitro tests (colored circles) of (a) Type II-MCF (orange),
(b) Type IIIB-MCF (blue), (c) Type IIIB-LCF (red), and (d) Type IV formulations (green). The upper
grey line represents the APmax, and the lower dotted black line represents the equilibrium solubility of
lumefantrine docusate in the aqueous colloidal phase of blank LBF. The blue shaded section denotes
the dispersion phase. Data are mean ± SD, n = 3. The SRM at time 0 min (SRM

dig) and 60 min (SRM
dig)

min are displayed for each formulation.
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Figure 8. The supersaturation ratios for Type II-MC, Type IIIB-MC, Type IIIB-LC, and Type IV formulations,
calculated from the aqueous phase concentrations of the drug during in vitro dispersion and digestion
tests at time points of 0, 5, 30, and 60 min divided by the equilibrium solubility of lumefantrine docusate
in aqueous colloidal phase of blank LBF at the same times (using data from Figure 7).
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3.5. In Vivo Evaluation of Lumefantrine Docusate

After screening the formulations through in vitro dispersion and digestion testing, four
lumefantrine docusate formulations were chosen to progress to an in vivo bioavailability study
(Type II-MCF, IIIB-MCF, IIIB-LCF, and IV), and the data are shown in Figure 9. The dose for each
IL formulation was set at ~80% of the equilibrium solubility value described in Figure 2. The doses
of lumefantrine docusate in Type II-MCF, IIIB-MCF, IIIB-LCF, and IV formulations (in free base
equivalents) were 50 mg/kg, 65 mg/kg, 65 mg/kg, and 85 mg/kg, respectively. Due to the low lipid
solubility of lumefantrine free base, the free base was dosed as a suspension in aqueous and lipid (Type
IIIB LCF) formulations at an equivalent dose to the highest IL-LBF (85 mg/kg, attained in the Type IV
formulation). The suspension formulations significantly underperformed the equivalent lipid solution
formulations made possible by the presence of lumefantrine docusate. Data dose normalized to a fixed
nominal dose of 50 mg/kg are shown in the supplementary information, however the major conclusions
are unchanged since the two best performing formulations (Type IIIB) were administered at the same
dose. The non-normalized data also serve to show the maximal benefit of the IL formulations since
this is derived from the ability to both increase dose and harness the advantages of a LBF.
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Figure 9. Lumefantrine in vivo bioavailability study. Lumefantrine plasma concentration versus
time after oral administration of lumefantrine docusate in Type II-MCF, IIIB-MCF, IIIB-LCF, and IV
LBF, as well as lumefantrine free base as an aqueous suspension, and a lipid suspension (in the Type
IIIB-LCF). Lumefantrine docusate in Type II-MCF was dosed at 50 mg/kg. Lumefantrine docusate in
Type IIIB-MCF and IIIB-LCF were dosed at 65 mg/kg. Lumefantrine docusate in Type IV formulation
and the free base suspensions were dosed at 85 mg/kg. Data have been dose normalized to the nominal
(i.e., 50–85 mg/kg) dose. Data represented as mean (n = 4) ± SEM. Insert: The total exposure over 24 h,
measured as area under the plasma concentration versus time curve from 0 to 24 h. Data are mean ± SD
(n = 4). * Formulation was statistically significant (p < 0.05) when compared to both suspensions.
** Formulation was statistically significant (p < 0.05) from all other formulations.
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4. Discussion

Physicochemical Properties of Lumefantrine Compounds. As expected, the melting point of
lumefantrine hydrochloride (180–200 ◦C) was the highest of the lumefantrine salts, followed by
lumefantrine free base (133–140 ◦C), lumefantrine dodecyl sulfate (120–128 ◦C) and lumefantrine
docusate (52–60 ◦C). The hydrochloride salt, free base, and dodecyl sulfate salt showed birefringence
under cross-polarized light, indicating crystallinity, while the docusate-IL did not display birefringence,
indicating that the material was amorphous. This property is reflected in the differences in melting
point, with the crystalline materials having higher melting points. Higher melting compounds typically
have stronger electrostatic forces holding the ions together. In these studies, the molecular bulk of the
dodecyl sulfate and docusate counterions was expected to decrease packing efficiency, decrease the
strength of intermolecular interactions and therefore decrease the melting point, and this appeared to
occur [18]. The greater reduction with the docusate counterion is consistent with a higher molecular
weight and enhanced steric bulk of the docusate counterion resulting in a greater disruption of the
packing of the crystal lattice than the dodecyl sulfate or the hydrochloride. The difference in melting
point between lumefantrine dodecyl sulfate and lumefantrine docusate is similar to the difference
between the melting points of the sodium salts of the counterions of ~60 ◦C (sodium dodecyl sulfate
melting point is 205.5 ◦C, [44,45] sodium docusate melting point is 153–157 ◦C) [45,46].

Effect of Formulation Type on LBF Solubility of Lumefantrine Compounds. The equilibrium
solubility of lumefantrine free base was higher in the more lipophilic formulations (Type I and II
formulations), while the HCl salt, dodecyl sulfate salt, and docusate IL all had higher solubilities in the
more hydrophilic formulations (Type IIIB and IV formulations). The docusate IL was miscible in the
Type IV formulation (i.e., soluble at >1:1 w/w proportions, the data in Figure 2 reflecting the measured
concentration after mixing at a 1:1 ratio). This trend is consistent with previous work, suggesting
greater affinity of the drug for the surfactant and co-solvent rich Type III and IV formulations rather
than the Type I or Type II lipid rich formulations [35,47]. Thus, even though pairing with highly
lipophilic counterions to form an IL might be expected to increase the affinity of lumefantrine for the
more lipid rich formulations, the trends in relative solubility across formulation type were similar to
that of lumefantrine HCl, and the solubility was higher in the more polar formulations. Surprisingly,
lumefantrine dodecyl sulfate only resulted in a solubility advantage compared to lumefantrine free base
in the Type IIIB and Type IV formulations, and these increases were only moderate. This may suggest
that the dodecyl chain is unable to disrupt packing in the crystal lattice sufficiently to impact solubility
significantly. This is consistent with the fact that the reduction in melting point for the dodecyl sulfate
was not as pronounced as for the docusate-IL (where solubility was much higher in all formulations).
As has been described previously for other drugs, for all lumefantrine salts, drug solubility was higher
in the medium-chain formulations when compared to long-chain formulations [48]. This has previously
been suggested to reflect the fact that for a fixed mass of lipid, medium-chain lipids contain a greater
number of moles of lipid than the long-chain equivalent and drug solubility in lipids appears to be
related to the number of ester bonds present in the lipids [48].

Behavior of LBF of Lumefantrine Free Base and Lumefantrine Docusate in vitro. The relatively
moderate changes to solubility apparent with the dodecyl sulfate salt dictated that further analysis
was conducted only with the docusate IL in comparison to lumefantrine free base. Interestingly, the
relative solubilization/partition behavior of most of the LBF of lumefantrine and lumefantrine docusate
were quite similar after dispersion and digestion, in spite of the much higher drug loading of the
IL-containing formulations. For the Type I-MCF, II-MCF and IV formulations, however, differences
were evident and a greater proportion of drug was present in the pellet phase for the (higher loaded)
lumefantrine docusate formulations. More detailed discussion of the in vitro solubilization trends is
provided below.

Type I LBFs are composed of lipids alone and were not fully digested at the end of the in vitro
experiment. The lack of surfactant in the formulation also reduced dispersion, resulting in the majority
of lumefantrine free base residing in the oil phase of the MCF. In contrast, for the docusate IL, the
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majority of the drug was present in the pellet phase after digestion of the Type I MCF. This is likely due
to phase separation of amorphous lumefantrine IL, rather than precipitation and may reflect the higher
loading of drug. Additionally, digestion of medium-chain lipids may yield hydrophobic digestion
products which retain the solubilization capacity of the digested formulation, but are denser than the
aqueous layer and therefore centrifuge to the bottom of the tube [40]. For both the free base and the
docusate IL, the majority of the drug was also present in the oil phase after digestion of the Type I-LCF.
In this case, however, this was due to incomplete dispersion and digestion of the long-chain lipids.

The Type II formulations contain a lipophilic surfactant, Tween 85®, which is denser than water.
This density difference resulted in a phase separation of the formulation during the dispersion phase
for the Type II formulations and recovery of a large proportion of drug in a dense oily pellet phase,
particularly for the IL in Type II-MCF. The magnified effect with the IL containing formulation again
likely reflects the higher drug loading. Upon digestion, drug distribution across the different phases did
not change significantly relative to the dispersion phase, although there was an increased proportion of
drug in the pellet phase. As such, drug concentrations in the aqueous phase were low. This increased
proportion of drug in the pellet phase is likely a combination of phase separation and precipitation,
due to both the denser surfactant and the increased drug loading.

The Type IIIA and IIIB formulations resulted in markedly improved drug solubilization during
formulation dispersion and digestion and more than 80% of drug remained solubilized, regardless
of the use of lumefantrine or lumefantrine docusate or medium or long-chain lipids. As such, the
aqueous phase concentrations obtained were driven by drug solubility in the formulation—which was
highest for the Type IIIB formulations, and significantly higher for the IL based formulations relative
to the free base.

Type IV formulations are composed entirely of co-solvent and surfactant and resulted in the
highest drug solubility in the formulation. The majority of lumefantrine free base remained solubilized
at the end of the digestion phase for the Type IV formulation. However, for lumefantrine docusate,
there was significantly increased drug precipitation, presumably reflecting the much higher drug
loading in the formulation. Type IV formulations containing lumefantrine docusate resulted in
substantial precipitation upon dispersion, likely as a result of dilution of co-solvent and surfactant
and loss of solvent capacity on dilution. Digestion of the surfactant, Kolliphor® RH 40, may also
have caused a further decrease in solubilization capacity. Nonetheless, the much higher drug loading
of the docusate-IL in the Type IV LBF resulted in a net effect of much higher aqueous phase drug
concentrations when compared to the free base, despite the increased precipitation.

SRM is an indicator of the propensity of a formulation to precipitate during in vitro dispersion and
digestion, where the higher the SRM, the more likely a formulation is to precipitate. In contrast where
the SRM is below 3, previous results suggest that the formulation is more likely to exhibit sustained
supersaturation [41]. This in turn is more likely to generate conditions where absorption is favored
in vivo; even relatively brief periods of high supersaturation have been shown to very effectively
support absorption for highly permeable drugs [47,49].

The Type II-MCF had the highest SRM during the dispersion phase, which then decreased upon
digestion. The high apparent supersaturation during dispersion is consistent with the majority of the
drug being recovered in the pellet phase, which was likely a mix of phase separation and precipitation.
The high density of Tween 85® leads to phase separation of surfactant and therefore decreased
solubilization capacity. Digestion did not improve the solubilization capacity as the concentration
of solubilized drug dropped to the equilibrium solubility of the drug, and therefore the apparent
supersaturation was low for the remainder of the in vitro test.

The medium and long chain Type IIIB formulations had a lower SRM during dispersion, but this
increased upon digestion. Both formulations were able to maintain drug solubilization throughout
the in vitro test. The degree of apparent supersaturation increased as the in vitro test progressed,
with the degree of supersaturation of the Type IIIB-MCF increasing at a greater rate than the LCF
counterpart. As medium-chain lipids are more readily digested than the equivalent long-chain
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lipids [50], the solubilization capacity for medium-chain formulations is lost more quickly than for
long-chain formulations, and therefore the degree of supersaturation is greater. The Type IIIB-LCF was
able to retain a greater proportion of drug in the solubilized state, consistent with the lower degree
of supersaturation compared to the Type IIIB-MCF. In both cases, solubilization was the highest for
the Type IIIB formulations. The Type IV formulation had a similar solubilization profile to the Type
II-MCF. The SRM upon dispersion was 6.3, which then increased to 8.1 at the end of digestion. Unlike
the Type IIIB formulations, however, the majority of the drug precipitated out during dispersion of the
Type IV formulation and concentrations remained at equilibrium solubility throughout the in vitro test.
As such, no supersaturation was observed.

Although supersaturation is a driver of precipitation in vitro, increases in supersaturation in vivo
result in increases in thermodynamic activity and may therefore result in increases in absorption.
As such, whether supersaturation results in an increase or a decrease in absorption is typically a
trade-off between the drivers of precipitation and absorption. The in vitro data suggest that the Type
III formulations, where both solubilization and supersaturation were maintained, were most likely to
promote absorption in vivo. This suggestion was subsequently probed via the conduct of an in vivo
bioavailability study.

Effect of Formulation Type on in vivo Bioavailability of Lumefantrine Docusate. Oral
administration of all four lumefantrine docusate IL-containing solution LBFs resulted in higher
systemic exposure than that obtained after oral administration of aqueous or lipid suspensions of
lumefantrine free base (Figure 9). Statistical analysis by one-way ANOVA suggest significantly higher
exposure after administration of the docusate IL containing Type IIIB-MCF compared to both free
base suspensions, while the Type IIIB-LCF exhibited significantly higher exposure than all other
formulations tested. Administration of the lumefantrine docusate Type IIIB-LCF resulted in the highest
plasma concentrations, followed by the Type IIIB-MCF. The Type IV and II-MCF formulations had
similar and intermediate exposure profiles, and these were both higher than the lipid suspension
and aqueous suspension of the free base. Figure 9 shows these trends and illustrates that the IL
containing formulations that are able to dissolve higher quantities of drug and therefore facilitate the
administration of higher doses also result in higher exposure. The data also show that for lumefantrine,
lipid suspension formulations were unable to provide the same benefits to exposure apparent with
the IL containing lipid solution formulations. The profiles were also normalized to the same dose, to
remove the effects of differing dose and to instead look at the intrinsic absorption promoting ability of
the formulations at a fixed dose. Surprisingly, however, this did not markedly change the conclusions,
except to further relegate the Type IV formulation where dose was high, but precipitation was also very
high. Thus, although the Type IV formulation allows for the highest drug loading, the high dose is not
enough to overcome the precipitation that occurs upon administration (and indeed may stimulate
it). The exposure obtained after administration of the Type II-MCF was also relatively poor, reflecting
both low drug loading and low absorption enhancement. In contrast, and broadly consistent with the
in vitro data, both Type IIIB formulations resulted in significantly higher lumefantrine exposure after
oral administration. The use of the IL therefore allowed for both higher doses and enhanced exposure
(up to 50-fold) when compared to the free base.

Correlating in vitro-in vivo performance is complex as there are many factors which affect
performance. For example, the lack of an absorption sink in vitro usually results in overestimation of
precipitation [38,50]. Choice of in vivo model (i.e., rat, pig, dog, etc.) provides an additional layer of
complexity as each model has physiological differences that make prediction of the eventual translation
to humans difficult [51]. Nevertheless, there have been examples of lipid formulations (including
those that contain IL) that do show a strong in vitro/in vivo correlation. For example, Sahbaz et al. have
reported that combination of cinnarizine decyl sulfate with a SEDDS formulation resulted in ~2-fold
higher exposure in rats when compared to an equivalent dose of cinnarizine free base as a suspension
in the same SEDDS formulation. Similarly, itraconazole docusate in a SEDDS formulation resulted
in ~20-fold higher exposure in rats than an itraconazole suspension of equal dose, and exhibited
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greater exposure than the commercial formulation Sporanox®. For both cinnarizine decyl sulfate
and itraconazole docusate, the enhanced performance of the IL in vivo was consistent with improved
in vitro solubilization on formulation dispersion and digestion when compared to the corresponding
free base suspensions [32].

Williams et al. have also reported that lipophilic salt forms of small molecule kinase inhibitors
exhibit higher solubility in lipidic excipients when compared to the free base or commercial salt
form. In this example, increased solubility resulted in increased drug loading of the small molecule
kinase inhibitors in LBF. Isolation of erlotinib and cabozantinib as lipophilic salts (erlotinib docusate
and cabozantinib docusate) also led to increased aqueous phase concentrations in vitro at gastric pH
when compared to an aqueous suspension of the corresponding hydrochloride salt. Under intestinal
conditions where pH increased and digestion was stimulated, solubilized drug concentration dropped
significantly, however the IL formulations were still able to provide solubilization advantage when
compared to the free base. In vivo, LBF containing erlotinib docusate resulted in lower variability and
better dose linearity when compared to an aqueous suspension of the (commercial) hydrochloride salt.
Cabozantinib docusate also resulted in improvements in exposure when formulated in an LBF and
bioavailability was enhanced 1.5- and 1.8-fold after administration of a medium-chain SEDDS and
long-chain SEDDS compared to an aqueous suspension of cabozantinib free base, respectively [52].

To more carefully analyze the relationship between in vitro and in vivo endpoints, Figure 10 shows
the correlation between the degree of drug solubilization during in vitro dispersion and digestion
(expressed as the AUC of the drug concentration in the digest aqueous phase over time) and in vivo
exposure (expressed as the AUC of the plasma drug concentration versus time profile after oral
administration). The strength of the correlation suggests that increases in drug solubilization translate
to increases in drug absorption and exposure. The drug dose/load in the formulations in both the
in vitro and in vivo tests varied across formulations, but was the same in each test (i.e., in vitro and
in vivo) for each formulation. According to the Pearson coefficient (2-tailed test), the strength of the
association between the in vitro performance and in vivo performance is high (r2 = 0.8695), and the
correlation is significant (p < 0.01).
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Figure 10. In vitro/in vivo correlation plot displaying the AUC for the aqueous solubilization during
in vitro dispersion and digestion experiments, and the AUC for in vivo exposure. Data are expressed
as mean ± SD for in vitro AUC (n = 3) and mean ± SEM for in vivo AUC (n = 4).

For poorly water-soluble drugs, increases in drug solubilization typically promote drug absorption
as shown in Figure 10. In addition to drug solubilization, previous studies have also shown that
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differences in the degree of drug supersaturation (rather than solubilization) may be important drivers
of absorption [45,47]. In the current studies, however, this appears not to be the case as there is
no correlation between supersaturation and drug exposure (Supplementary Figure S20). The data
therefore suggest that for lumefantrine, solubilization behavior appears to be a better indicator of
in vivo performance (Figure 10) than supersaturation. This trend contrasts with recent studies of similar
lipid formulations of fenofibrate, where it was reported that supersaturation was a more significant
driver of in vivo exposure [47,49]. However, Crum et al. found that for higher doses of fenofibrate,
where longer absorption periods were required, ongoing solubilization was the more significant driver
of absorption [47]. As the drug loading for lumefantrine docusate is relatively high, longer absorption
times may be required and therefore ongoing solubilization may drive absorption more effectively
than supersaturation. The difference in the driving force for absorption may also reflect differences
in intrinsic permeability, especially at lower dose. Thus, for drugs which are absorbed quickly, and
where permeability is high such as fenofibrate, relatively brief periods of supersaturation may be very
effective drivers of in vivo absorption. In contrast, where absorption is slower, permeability is lower
and dose is higher, for example with lumefantrine, ongoing solubilization may be more important.

5. Conclusions

The use of API-ILs in conjunction with lipid-based formulations has been examined as a means
to enhance the oral exposure of lumefantrine. The data suggest significant benefits in solubility in
lipid-based formulations and oral exposure are possible using this approach. Isolation as lumefantrine
docusate resulted in consistent increases in lipid solubility when compared to lumefantrine free base
across a range of lipid-based formulations. The benefits in solubility were subsequently shown to
persist and provide for performance advantages during in vitro dispersion and digestion testing,
and ultimately, exposure in vivo. The data suggest that using a large, bulky, lipophilic counterion
(such as docusate) can both improve the lipid solubility of the parent compound and enhance drug
solubilization during formulation processing under simulated GI conditions. For the first time for
LBF of ILs, a range of different formulations were explored and the Type IIIB LBFs resulted in the
most effective solubilization and supersaturation in vitro and almost completely resisted precipitation.
In vivo, these two formulations also significantly out-performed Type II and Type IV formulations of
lumefantrine. Within the Type IIIB formulations, the LCF based formulation appeared to support more
effective absorption of lumefantrine when compared to the Type IIIB MCF. This was consistent with
slightly better drug solubilization for the Type IIIB LCF formulation, but was in contrast to the lower
levels of supersaturation when compared to the Type IIIB MC formulation. The outperformance of the
LC lipid containing formulation may also reflect improved support for lymphatic transport since the
close structural analogue, halofantrine, [53,54] has been shown previously to be highly lymphatically
transported, and LC lipids more effectively support lymph transport than medium chain lipids [55].
However, increases in lymphatic transport are thought to increase bioavailability primarily via changes
in first pass metabolism and the potential importance of high first pass metabolism relative to low
water solubility in driving the low oral bioavailability of lumefantrine is not known. Nonetheless, in all
cases, the use of the docusate IL was able to significantly enhance drug loading in lipid formulations,
and promote solubilization. In the case of the Type IIIB LC formulation, this solubilization advantage
resulted in very large increases in exposure after oral administration when compared to aqueous
(~50 fold) or lipid (~10 fold) suspensions of the free base. The data lend further support to the potential
utility of ionic liquid drug forms as a means to enhance drug exposure [1,33,56].

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/1/17/s1. 1H,
13C NMR and HR-MS Spectra/Data. Figure S1: In vitro dispersion and digestion of lumefantrine free base in Type
I-MCF. The concentration of lumefantrine free base in the aqueous phase of the medium-chain digest as a function
of time (left), and the proportion of lumefantrine free base in the pellet, aqueous, and oil phases as a function of time
(right). Data are n = 3, mean ± SD. * Figure S2: In vitro dispersion and digestion of lumefantrine free base in Type
I-LCF. Figure S3: In vitro dispersion and digestion of lumefantrine free base in Type II-MCF. Figure S4: In vitro
dispersion and digestion of lumefantrine free base in Type II-LCF. Figure S5: In vitro dispersion and digestion of
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lumefantrine free base in Type IIIA-MCF. Figure S6: In vitro dispersion and digestion of lumefantrine free base in
Type IIIA-LCF. Figure S7: In vitro dispersion and digestion of lumefantrine free base in Type IIIB-MCF. Figure S8:
In vitro dispersion and digestion of lumefantrine free base in Type IIIB-LCF. Figure S9: In vitro dispersion and
digestion of lumefantrine free base in Type IV. Figure S10: In vitro dispersion and digestion of lumefantrine
docusate in Type I-MCF. Figure S11: In vitro dispersion and digestion of lumefantrine docusate in Type I-LCF.
Figure S12: In vitro dispersion and digestion of lumefantrine docusate in Type II-MCF. Figure S13: In vitro
dispersion and digestion of lumefantrine docusate in Type II-LCF. Figure S14: In vitro dispersion and digestion of
lumefantrine docusate in Type IIIA-MCF. Figure S15: In vitro dispersion and digestion of lumefantrine docusate in
Type IIIA-LCF. Figure S16: In vitro dispersion and digestion of lumefantrine docusate in Type IIIB-MCF. Figure S17:
In vitro dispersion and digestion of lumefantrine docusate in Type IIIB-LCF. Figure S18: In vitro dispersion and
digestion of lumefantrine docusate in Type IV. Figure S19: Dose normalized lumefantrine plasma concentration
versus time data after oral administration of lumefantrine docusate in Type II-MCF, IIIB-MCF, IIIB-LCF, and IV
LBF, as well as lumefantrine free base as an aqueous suspension, and a lipid suspension (in the Type IIIB-LCF).
All data have been dose normalized to 50 mg/kg (reflecting the lowest dose administered (Type II-MCF)). Data
represented as mean (n = 4) ± SEM. Insert: Total lumefantrine exposure over 24 h. Data represented as mean
(n = 4) ± SEM. * Exposure was statistically higher (p < 0.05) than both suspension formulations. ** Exposure was
statistically higher than all other formulations. Figure S20: Apparent supersaturation ratio/in vivo correlation
plot, displaying the AUC of the apparent supersaturation ratio across the in vitro experiment, and the AUC for
in vivo exposure. Data are expressed as mean ± SEM for in vivo AUC (n = 4). * The details for Figures S2–S18 are
the same, but the extended titles have been left out for the sake of brevity.
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Abstract: The transdermal delivery of sparingly soluble drugs is challenging due to of the need
for a drug carrier. In the past few decades, ionic liquid (IL)-in-oil microemulsions (IL/O MEs) have
been developed as potential carriers. By focusing on biocompatibility, we report on an IL/O ME
that is designed to enhance the solubility and transdermal delivery of the sparingly soluble drug,
acyclovir. The prepared MEs were composed of 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 with sorbitan laurate in a continuous oil phase. The selected ILs were
all biologically active ions. Optimized pseudo ternary phase diagrams indicated the MEs formed
thermodynamically stable, spherically shaped, and nano-sized (<100 nm) droplets. An in vitro drug
permeation study, using pig skin, showed the significantly enhanced permeation of acyclovir using
the ME. A Fourier transform infrared spectroscopy study showed a reduction of the skin barrier
function with the ME. Finally, a skin irritation study showed a high cell survival rate (>90%) with the
ME compared with Dulbecco’s phosphate-buffered saline, indicates the biocompatibility of the ME.
Therefore, we conclude that IL/O ME may be a promising nano-carrier for the transdermal delivery
of sparingly soluble drugs.

Keywords: biocompatible; ionic liquid; transdermal drug delivery system; microemulsion

1. Introduction

The transdermal drug delivery system (TDDS), a safe, non-invasive, easy, and effective drug
delivery system, has attracted much attention in recent research because of its numerous prospective
advantages, including improved patient compliance, avoidance of the first-pass metabolism, persistent
and controlled delivery, and reduction of undesirable adverse effects [1,2]. However, the widespread
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use of this system is restricted to a few drugs only, because of the impermeable nature of the
stratum corneum (SC), the outermost layer of the skin [3,4]. To overcome these limitations, many
micro-structured fluid systems, including microemulsions, nanoparticles, and permeation enhancers
containing other vesicles have been investigated to improve drug delivery efficiency via disrupting
and modifying the regular arrangement of the corneocytes of the SC [5,6]. Among these fluid systems,
attention has been focused on microemulsions (MEs), usually consisting of water, oil, and surfactant,
which are useful colloidal nano-carriers for a TDDS, owing to their thermodynamic stability, high
drug-loading capacity, and very low surface tension [7,8]. However, the conventional water-in-oil
(W/O) and oil-in-water (O/W) ME systems are not suitable for drugs that are insoluble or sparingly
soluble in water and most organic solvents [8–10].

Ionic liquids (ILs) are organic salts consisting of organic cations and inorganic and/or organic
anions that have melting points below 100 ◦C. Because of their various unique physicochemical
properties, ILs have become important in diverse scientific and technological arenas, especially used
in ME systems in all the phases, formed by altering the water, oil, and surfactants [8,9,11]. The first
IL-in-oil (IL/O) ME was developed by Moniruzzaman et al., in which the core aqueous phase was
replaced by a hydrophilic IL, dimethylimidazolium dimethylphosphate ([C1mim][DMP]), which has
emerged as a nano-carrier with great potential in the field of TDDSs for its excellent solubilizing
capacity of sparingly soluble drugs [8,9]. Later other researchers have also used imidazolium ILs as
the polar phase to increase the solubility and permeability of drugs [11,12]. However, most of the IL/O
MEs were prepared with polyoxyethylene sorbitan monooleate (Tween-80), sorbitan laurate (Span-20),
and other conventional non-ionic surfactants that require a high amount of surfactant for drug loading,
which reduces the permeability [13], and increases the toxicity of the MEs [14]. Recently, surface-active
ILs (SAILs) have been introduced as ILs, which act as surfactants to increase the physico-thermal
stability [15,16] and the permeability of MEs [11].

Despite having various advantages, the use of ILs is limited because of their high toxicity
and low biocompatibility and degradability [17]. In fact, most of the ILs used in previous studies,
including imidazolium, pyridinium, and quinolinium cations and high strength inorganic acid
anion-based ILs cannot be used in clinical applications because of their high toxicity and low
biocompatibility [18,19]. Interestingly, ILs containing choline and amino acid esters as cations and
organic acid anions (e.g., acetate, phosphate, and carboxylate) are non-toxic, biocompatible, and
biodegradable [10,18,20]. It has been reported that ILs containing choline as the cation were less toxic
compared with ILs containing imidazolium cations [21,22]. ILs containing choline as the cation and
carboxylic acid as the anion are generally regarded as safe (GRAS), and considered to be non-toxic and
biodegradable because of their biological sources [23–25].

In this study, we prepared IL/O MEs, using biocompatible ILs as replacements for
imidazolium-based ILs, for the transdermal delivery of acyclovir (ACV), a model sparingly soluble
antiviral drug. We selected choline formate ([Ch][For]), choline lactate ([Ch][Lac]), and choline
propionate ([Ch][Pro]) ILs as the non-aqueous polar phases in the core of the MEs. In addition, a long
chain (C18) fatty acid SAIL, choline oleate ([Ch][Ole]) was incorporated as the surfactant in combination
with Span-20 in a continuous oil phase of isopropyl myristate (IPM). The ILs and SAIL were selected
because of their biocompatibility and negligible toxicity [24–26]. The solubility of ACV in the ILs and
the IL/O MEs, the hydrodynamic size and size distribution of the ME droplets, and the stability of the
MEs were studied. In addition, in vitro drug permeation into and across the skin was investigated
using Yucatan micro pig (YMP) skin. Finally, a cytotoxicity study of the ILs and the IL/O MEs was
performed using a three-dimensional cultured human epidermis model (LabCyte EPI-MODEL) and
histological analysis.
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2. Materials and Methods

2.1. Materials

ACV and IPM were obtained from Tokyo Chemical Industries Co. Ltd. (Tokyo, Japan). Choline
chloride ([Ch][Cl]), silver oxide (Ag2O), lactic acid, oleic acid, methanol, and acetonitrile were purchased
from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Formic acid and propionic acid were
obtained from Kishida Chemical Co., Ltd., (Osaka, Japan). Tween-80 and Span-20 were procured from
Sigma–Aldrich Chemical Co., (St. Louis, MO, USA). The skin of a female Yucatan micropig (YMP) was
received from Charles River Japan Inc., Yokohama, Japan.

The three-dimensional cultured human epidermis model (LabCyte EPI-Model 12) was
supplied by Japan Tissue Engineering Co., Ltd., Gamagori Miyakitadori, Aichi, Japan. 3-[4,5-
Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) was obtained from Dojindo Molecular
Technologies, Inc., Kumamoto, Japan. All other chemicals and solvents used in the experiments were
of analytical grade.

2.2. Synthesis of ILs

Biocompatible ILs ([Ch][For], [Ch][Lac], and [Ch][Pro]) and a SAIL ([Ch][Ole]) were selected based
on their good toxicity and degradation profiles. The ILs and SAIL were synthesized using a two-step
metathesis reaction following an established procedure with slight modification [24,26]. In the first
step, choline hydroxide ([Ch][OH]) was synthesized by mixing a predetermined amount of choline
chloride ([Ch][Cl]) and an excess amount of Ag2O in Milli-Q water (Milli-Q) at room temperature for
2 h. Excess Ag2O was removed from the reaction medium by centrifugation and filtration to obtain
[Ch][OH]. In the second step, freshly prepared [Ch][OH] was neutralized with an equimolar aqueous
solution of carboxylic acid (formic, lactic, or propionic acid) by continuous stirring at room temperature
for 24 h (Scheme S1). As oleic acid was not soluble in Milli-Q, the neutralization of [Ch][OH] and
oleic acid was performed in methanol instead of Milli-Q [23,26]. The solvent was evaporated using
a rotary evaporator (EYELA, NVC-2200, Bohemia, NY, USA) at 40 ◦C. Finally, the synthesized ILs
were freeze-dried for 48 h to evaporate the remaining solvents completely and the reaction yields were
≥85%. The synthesis of the ILs was confirmed by characterization using 1H-NMR spectroscopy (JEOL
Delta, ECZS NMR spectrometer, 400 MHz, Tokyo, Japan). The water content of all synthesized ILs was
determined by Karl Fischer (KF) titration.

2.3. Solubility of ACV in [Ch][CA] ILs

The solubility of ACV in three choline carboxylic acid ILs ([Ch][CA]: [Ch][For]; [Ch][Lac]; and
[Ch][Pro]) was determined by adding an excess amount of ACV to the ILs followed by continuous
stirring for 24 h at 25 ◦C. Then, the undissolved ACV was removed by centrifugation followed by
filtration using a syringe-driven filter (Millipore, 0.45 μm diameter). IPM and Milli-Q were used as a
comparative control instead of the ILs. Finally, the filtrates were analyzed by ultraviolet-visible (UV-vis)
spectrophotometry at 252 nm with suitable dilution in methanol to determine the ACV concentration
according to a literature procedure [9].

2.4. Phase Behavior Studies of IL/S/Comix/IPM Systems: Preparation of IL/O MEs

A phase behavior study was performed prior to ME formation. First, the miscibility of the
[Ch][CA] ILs was checked in the [Ch][Ole]/Span-20/IPM systems, where [Ch][Ole] SAIL and Span-20
were used as a surfactant (S) and co-surfactant (Co), respectively. Briefly, S and Co were blended
in different weight ratios (w/w) (1:0, 3:1, 2:1, 3:2, 1:1, 2:3, 1:3, and 0:1). Then, a 15 wt.% of the S and
Co mixture (S/Comix) was added to an appropriate amount of IPM, and the mixture was vigorously
vortexed to obtain a clear and optically transparent homogeneous solution. Finally, [Ch][CA] ILs
were added dropwise individually with continuous stirring until the final mixture turned turbid. The
experiment was carried out at room temperature. Then, phase behavior studies were performed as
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stated above at selected weight ratios (2:1, 3:2, 1:1, 2:3, and 1:3) of S and Co, where the total S/Comix

was maintained at 5 to 75 wt.%. For [Ch][For] and [Ch][Lac] ILs, the experiment was performed at
a 2:1 ratio of S/Comix only. In addition, [Ch][Ole], Tween-80, and Span-20 were also mixed at a 1:1:1
weight ratio where [Ch][Pro] IL was used to carry out further processes.

Finally, IL/O MEs (IL/S/Comix/IPM) were prepared as stated above, where ILs, S/Comix, and IPM
were maintained at 3, 15, and 82 wt.%, respectively. A water-in-oil (W/O) ME was also prepared where
3 wt.% Milli-Q was added instead of the IL, using the latter process, as shown in Table 1.

Table 1. Contents of the microemulsion (ME) formulations a.

Formulations ILs

Surfactant: Co-Surfactant (Weight Ratio)

Surfactant Co-Surfactant

[Ch][Ole] Tween-80 Span-20

ME1 [Ch][Pro] 2 - 1
ME2 [Ch][Pro] 3 - 2
ME3 [Ch][Pro] 1 - 1
ME4 [Ch][Pro] 2 - 3
ME5 [Ch][Pro] 1 - 3
ME6 [Ch][Pro] 1 1 1
ME7 [Ch][For] 2 - 1
ME8 [Ch][Lac] 2 - 1

ME9 b Milli-Q - 2 1
a MEs were prepared with overall 15 wt.% S/Comix and 3 wt.% [Ch][CA] ionic liquid (IL) in isopropyl myristate
(IPM). b ME9 was set as control where 3 wt.% Milli-Q was used as a replacement for [Ch][CA] IL.

2.5. Viscosity, Density, and pH of the ILs and IL/O MEs

The viscosity, density, and pH of each [Ch][CA] IL and IL/O ME formulation were measured
at 25 ◦C using an automated micro-viscometer (Anton Paar Micro-viscometer, c, 2000M/ME, Graz,
Austria), micro-densitometer (Anton Paar Density Meter, DMA 35N, Graz, Austria), and pH meter
(TOA, HM-30R), respectively. The viscosity of the tested samples was evaluated considering the rolling
time of the ball in a sample-filled glass capillary.

2.6. Drug Loading Capacity of the IL/O MEs

To determine the maximum drug loading capacity of the MEs, an excess amount of ACV was
added to the ME formulations. The ACV-loaded MEs were stirred for 24 h at room temperature.
The unloaded ACV was removed using a centrifugation and filtration method. The amount of drug in
the subsequent clear filtrate was measured using a UV spectrophotometer as described in Section 2.3.

2.7. Particle Size Determination

The hydrodynamic size and polydispersity index (PDI) of drug-loaded/unloaded MEs were
determined by dynamic light scattering (DLS: Zetasizer Nano ZS, Malvern Instruments, Worcestershire,
United Kingdom). All the tested samples were equilibrated for more than 4 h before starting
measurements, and there was no visible macroscopic heterogeneity. Samples were equilibrated for
approximately 10 min before collecting data. The average diameters of the tested samples were
calculated using five replicated experiments.

2.8. Stability of the ME Formulations

The stability of the drug-loaded MEs was investigated for two months considering storage time
and storage temperature. The stability was determined by measuring the droplet size using DLS and
visual inspection at regular intervals. In addition, the physical stability of the MEs was determined by
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centrifugation for 30 min at 15,000 rpm. The chemical stability was also examined by measuring the
drug degradation extent and encapsulation efficiency.

2.9. Skin Permeation Studies

In vitro drug permeation was investigated on YMP full thickness skin using hand-made Franz
diffusion cells (10 mm diameter), consisting of donor and receiver compartments. The prepared skins
(2 cm × 2 cm) were soaked in D-PBS solution for 1 h prior to the permeation experiment. The skins
were then clamped on the Franz cell with the SC facing up to the donor compartment and the dermis
contacting with the receiver phase (D-PBS, pH 7.4). Then 0.5 mL of each of the ACV-loaded formulations
(IL/O MEs and controls) were applied on the donor compartment. The receiver compartment was
maintained thermostatically at 32.5 ± 0.1 ◦C using a circulating water bath (NTT-20S, Tokyo Rikakikai
Co. Ltd., Tokyo, Japan) and magnetically stirred at 500 rpm during the entire experiment. After a
fixed interval, 0.5 mL of the receiver solution was withdrawn to determine the transdermal drug
delivery content (permeated across the skin), while an equal amount of fresh D-PBS was added to
maintain a constant volume (5 mL) of the receiver solution. After 48 h, the skins were unclamped
and washed with 0.1 M HCL three times to remove the tested formulations completely from the skin
surface. Finally, the treated skins were processed according to our previous report [27] to estimate the
topical drug delivery content (penetrated into the skin). The concentration of ACV was determined
using HPLC with a Shiseido CAPCELL PAK C18 MG (4.6 mm × 250 mm) column using the United
States Pharmacopeia (USP) method according to a previous report [28], where the mobile phase was
0.02 M glacial acetic acid with elution at a flow rate 1.5 mL/min, and the injected volume of sample was
100 μL. The concentration range of the standard curves was 0–25 μg/mL, and the squared correlation
coefficient of the standard curve was more than 0.99 (R2 > 0.99).

2.10. Calculation of Skin Permeation Parameters

The cumulative amount of ACV (Qh, μg/cm2) that permeated across the skin was plotted as a
function of time, in order to determine the various permeability parameters, where the transdermal flux
(J, μg/cm2/h) was calculated as the slope. The permeability coefficient (KP, cm/h), was measured using
the following equation: KP = J/Cd, where Cd (μg/mL) was the concentration of drug in the donor phase.
Lag time (tL, h) was the intercept of the X-axis. The diffusion coefficient (D, cm2/h) was calculated from
the lag time by the equation, D = l2/6tL, where l (cm) was the thickness of the skin. The skin partition
coefficient, (Kskin), was calculated from the following equation: Kskin = (Jl)/(DCd).

2.11. Impact of the IL/O MEs on the Skin Barrier Properties

The skin samples were prepared according to a previous report with some modifications [29].
Full thickness YMP skin was thawed and allowed to stand for 1 h at room temperature. Then, the
fat portion of the skin was cut off to make it moisture free, and the skin was incubated at 60 ◦C for
1–2 min to loosen the epidermis. After pulling out the epidermis, the epidermis was floated on a 0.25%
trypsin and 1 mM EDTA solution for 24 h at room temperature. The SC side of the epidermis was
faced up during floating. Then the SC was isolated from the epidermis and washed with water and
allowed to dry for 24 h at room temperature. After cutting into the desired size, the SC was soaked in
the test MEs for 30 min at room temperature. Then, the SC was withdrawn from the test samples and
washed thoroughly with 20% ethanol and allowed to dry for 1 h. Finally, the treated SC was analyzed
by Fourier transform infrared spectroscopy (FTIR) and compared with untreated skin (control).

2.12. Cytotoxicity Evaluation of ILs and IL/O MEs

The in vitro cytotoxicity study was performed using a three-dimensional cultured human
epidermis model (LabCyte EPI-Model 12, J-TEC, Japan) according to a previous report with some
modifications [9]. Briefly, the tissues were cultured into 24-well plates (BD Biosciences, San Jose, CA,
USA) with assay medium (0.5 mL) and were incubated for 24 h at 37 ◦C in a 5% CO2 humidified
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environment. Then, 25 μL of the test formulations were applied into each well on the tissue surface,
D-PBS and commercial IL [C1mim][DMP] treated samples were used as negative and positive controls,
respectively. The cultures were then incubated for 24 h (37 ◦C, 5% CO2). After that, the tissues were
withdrawn from the culture media and washed 15 times with D-PBS carefully to remove any remaining
formulation from the tissue surface. Then, 0.5 mL of freshly prepared MTT solution (0.5 mg/mL) was
added to each well, and the wells were incubated for 3 h (37 ◦C, 5% CO2). The tissues were then
immersed fully into 0.5 mL of propan-2-ol containing micro-tubes and allowed to stand in a refrigerator
for 48 h after covering with aluminum foil. Finally, 100 μL of the extracted solutions was transferred
into a 96-well plate for measuring the optical density at 570 and 650 nm (as a reference absorbance)
using a microplate reader (iMARK, Bio-Rad, Tokyo, Japan), where propon-2-ol was used as a blank.
The cell viability was calculated as the percentage relative to the negative control, D-PBS.

2.13. Histological Study

The dermal safety of the tested IL/O MEs was investigated on YMP skin according to a previous
report [9]. First, the desired size (2 cm × 2 cm) skins were treated with the IL/O MEs or D-PBS (1.0 mL)
for 24 h where D-PBS was used as the control. The skin samples were then immersed into Histo
Prep compound (Fisher Scientific, Branchburg, NJ, USA) at −80 ◦C followed by sectioning using a
cryostat microtome (CM1510; Leica, Wetzlar, Germany) and placed on glass slides. The slides were
then stained with hematoxylin and eosin solution (Muto Pure Chemicals Co. Ltd, Tokyo, Japan).
Finally, the specimens were investigated under a high-powered light microscope (BZ-9000 BIOREVO,
Keyence Corp., Itasca, IL, USA).

2.14. Statistical Data Analysis

The data are given as the mean ± standard deviation (SD). The comparisons between more
than two groups were performed by two-way ANOVA analysis for multiple comparison tests using
GraphPad Prism software (Version 6.05). The differences were considered significant at p < 0.05.

3. Results and Discussion

3.1. The Solubility of ACV in the [Ch][CA] ILs and Relationship to the Physical Properties of the ILs

The ILs and SAIL used in this study were selected by considering the two important factors,
biocompatibility and toxicity. From a structure-activity relationship point of view, choline is the most
suitable candidate as a cation, as choline can be derived from various natural sources and has multiple
biological functionalities [18,30]. Choline is also known as a source of macronutrients [18,24]. Carboxylic
acids are GRAS and have been widely used as pharmaceutical solvents for a long time [25,31,32].
Therefore, three [Ch][CA] ILs consisting of choline as the cation and a carboxylic acid (formic, lactic, or
propionic acid) as the anion [Ch][For], [Ch][Lac], and [Ch][Pro], respectively, and one SAIL consisting
of choline as the cation and a long chain (C18) fatty acid as the anion [Ch][Ole], were considered to be
safe and biocompatible for further study in a TDDS. [Ch][For], [Ch][Lac], and [Ch][Pro] are hydrophilic
in nature and intended for use to investigate the solubilization capacity of the sparingly soluble drug,
ACV and [Ch][Ole] is known to act as a surfactant [26].

Three fundamental properties of the [Ch][CA] ILs, the viscosity, density, and pH were measured,
as shown in Table 2. The viscosity and density of the three [Ch][CA] ILs were significantly different
with a good agreement to previous reports [24]. The measured pH values varied from 5.5 to 7.6. It has
been reported that the physical properties of synthesized ILs are directly influenced by the structure,
symmetry, and alkyl chain length of the carboxylic acid [24]. However, the actual relationship of the
physical properties of ILs with the nature of the cation/anions could not be established in this study.
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Table 2. The solubility of acyclovir (ACV) in the [Ch][CA] ILs a at 25 ◦C and the effects of the viscosity,
density, pH, and anionic domain on IL-mediated dissolution b.

IL or Solvent

Anionic Structure

Solubility of
ACV (mg/mL)

ρ (g/cm3) η (m Pa s) pH

[Ch][For] R = -H 203 ± 12 **** 1.12 ± 0.03 124.7 ± 7 5.5
[Ch][Lac] R = -C2H5O 208 ± 15 **** 1.15 ± 0.02 897.2 ± 27 7.6
[Ch][Pro] R = -C2H5 278 ± 18 **,**** 1.07 ± 0.02 † 309.5 ± 12 #### 6.2

IPM - 0.03 ± 0.01 - - -
Milli-Q - 0.41 ± 0.08 - - -

a The solubility of ACV in water and IPM is also given. b Data are shown as mean ± SD (n = 3). **** compared with
Milli-Q and IPM, p < 0.0001; ** compared with [Ch][For] and [Ch][Lac], p < 0.01; † compared with [Ch][For] and
[Ch][Lac, p < 0.05; #### compared with [Ch][For] and [Ch][Lac], p < 0.0001 using Sidak’s multiple comparison test.

The maximum solubility of ACV in the ILs was 203, 208, and 278 mg/mL for [Ch][For], [Ch][Lac],
and [Ch][Pro], respectively, which was significantly higher compared with Milli-Q and IPM (Table 2).
As the ILs were hydrophilic in nature with strong H-bond accepting anions, ACV may be dissolved in
these ILs through the formation of H-bonds, van der Waals forces, or π–π interactions between the
polar groups of the drug and the IL anions [8]. It has been reported that the solubility of a drug depends
on several factors, i.e., H-bond accepting ability, density, viscosity, and the alkyl/aromatic side chains of
the IL anion [33,34]. The solubility of ACV was higher in [Ch][Pro] owing to its low viscosity, and the
small charge-localized anion. On the other hand, [Ch][For] formed interionic hydrogen bonds, having
a very small charge-localized anion and [Ch][Lac] formed intramolecular hydrogen bonds, having
an extra –OH group, resulting in less hydrogen bonding ability with ACV and less ACV solubilizing
capacity [33].

3.2. Phase Behavior Studies of IL/S/Comix/IPM Systems: Preparation of IL/O MEs

A phase behavior study is very important for selecting the optimum composition of the MEs.
Prior to the phase behavior study, a miscibility study of the ILs in a S/Comix/IPM system (consisting
of 15 wt.% S/Comix at different S/Co weight ratios) was performed, and it was found that a higher
[Ch][Ole] content in the S/Comix was favorable for the miscibility of all ILs in S/Comix/IPM system, as
shown in Figure S1. However, all the ILs were immiscible at 0:1, 1:0, and 3:1 S/Co ratios in S/Comix/IPM
and the miscibility of [Ch][For] and [Ch][Lac] was very low at all S/Co ratios, except 2:1. Therefore, the
phase behavior study was performed at 2:1, 3:2; 1:1, 2:3, and 1:3 S/Co ratios for [Ch][Pro] (Figure 1 and
Figure S2), whereas only a 2:1 ratio was used for [Ch][For] and [Ch][Lac] (Figure S3). In the case of
[Ch][Pro], it was found that the area of the single phase or ME forming regions varied with the S/Co
ratio and the trend was 2:1 > 3:2 > 1:1 > 2:3 > 1.3 (Figure 1 and Figure S2). As the ILs are hydrophilic in
nature and immiscible with IPM, they must be located in the core of the micelle owing to the hydrogen
bond formation between the –OH groups of S/Co and the anions of the ILs, and the strong electrostatic
interaction between the positive head group of Ch][Ole] and the anion of the ILs [8]. Because of the
strong electrostatic interaction between the head group of [Ch][Ole] and the anion of the ILs, a higher
content of [Ch][Ole] in the S/Comix favored ME formation [9,35]. To compare the surface activity of
[Ch][Ole] and Tween-80, the phase behavior of a ME consisting of [Ch][Ole]/Tween-80/Span-20 at
a 1:1:1 weight ratio was studied (Figure S2), and it was found that replacing [Ch][Ole] by the same
amount of Tween-80 caused the ME to lose IL holding capacity. This result indicated that [Ch][Ole]
has a higher surface activity than Tween-80, owing to the higher electrostatic interaction between the
head group of [Ch][Ole] and the anion of the polar IL [9]. In addition, compared with conventional
surfactants, a much lower percentage of S/Comix was required to solubilize a large amount of ILs using
[Ch][Ole]. It has been reported that MEs required a comparatively reduced amount of surfactant
with a two or more surfactant mixture than with a single surfactant [36]. This interesting finding can
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be explained in terms of favorable interfacial properties (e.g., rigidity and polarity) provided by the
mixture of the two surfactants [8]. Among the three ILs, [Ch][Pro] had the maximum ME formation
capacity, which was indicated by the larger single-phase area in the phase diagram (Figure S3) and this
greater capacity was because of the greater hydrogen bonding ability of [Ch][Pro] [33].

Figure 1. Phase behavior studies of IL/S/Comix/IPM MEs consisting of [Ch][Pro] with varying weight
ratios of S/Co (A) 2:1, (B) 1:1, and (C) 1:3 at 25 ◦C.

Finally, we prepared MEs with optimum compositions (Table 1). Though a larger amount of
S/Comix in the MEs could retain a larger amount of ILs, resulting in a larger amount of drug that could
be loaded, this reduced the permeability [13] and increased the toxicity [14]. Therefore, we selected a
comparatively lower content of IL and S/Comix, and a higher content of IPM in the ME formulations in
this study. ME6 was prepared to compare the surface activity, drug loading capacity, permeability, and
toxicity of [Ch][Ole] and Tween-80.

3.3. Density and Viscosity of the MEs

The density of the MEs decreased with increasing [Ch][Ole] content in the S/Comix because of
the lower density of [Ch][Ole] (0.98 g/cm3) compared with Span-20 (1.032 g/cm3), but the differences
were not significant among them. The viscosity of the MEs varied significantly with the S/Co ratio and
increased with increasing [Ch][Ole] content in the S/Comix, whereas the viscosity did not depend on
the ILs, Table S1.

3.4. Particle Size Determination

The hydrodynamic size and PDI of the MEs were determined by DLS. The particle size variation
of the MEs (consisting of 15 wt.% S/Comix at a 2:1 weight ratio), with varying R values (molar ratios
of IL per S/Comix) were studied, and it was found that the particle size increased with increasing R
values, which confirmed that the IL was located in the hydrophilic micelle core (Figure S4). When the
IL was added, the additional IL entered the core of the ME. To cover the additional IL, the surfactant
aggregates were expanded, resulting in a larger particle diameter of the MEs [8]. In addition, by
plotting particle size as a function of R, it was found that the particle size was an almost linear function
of R, as shown in Figure S5, and according to the swelling law of MEs, this indicated spherical ME
droplets [37]. Moreover, the particle size of the MEs was also studied at constant R values (by varying
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the surfactant and IL), and it was found that with increasing surfactant content, the number of particles
was also increased while keeping a constant particle size (Figure S6) [8].

The particle size of the MEs was determined with varying S/Co weight ratios, and it was found that
the particle size of the MEs varied from 17.7 to 31.3 nm (less than 100 nm), which indicated satisfactory
MEs [38], and the particle size increased with increasing [Ch][Ole] and/or decreasing Span-20 content
(Figure 2A). This trend can be explained based on the content of the individual surfactants in the
S/Comix. With higher [Ch][Ole] content in the S/Comix, the head group of [Ch][Ole] might face steric
hindrance with the cation of the polar IL, and consequently, the particle size increased. On the other
hand, with a higher content of Span-20, the ME has the ability to form smaller reverse micelles in the
organic media by marked surface bending of the large hydrophobic chains [10,39]. In addition, there is
a positive correlation between the viscosity and the particle size of MEs [9,10]. The particle size of
the [Ch][Pro]-based ME was smaller than [Ch][For] and [Ch][Lac] at the same S/Co ratio owing to the
stronger hydrogen bonding ability of [Ch][Pro] (Figure 2A).

The size and size distribution of ACV-loaded (2 mg/mL) MEs with varying S/Co ratios were also
studied to investigate the effect of drug loading on the droplet size, and it was found that the particle
size decreased compared with the drug-free MEs for all S/Co ratios studied (Figure S7). In further
investigations, the particle size of ME1, loaded with different concentrations (0, 1, 3, and 5 mg/mL) of
ACV was also studied, and it was found that the particle size decreased from 31 to 22 nm with increasing
drug concentration (Figure 2B), and this trend was in good agreement with previous literature [9,40].
There may be two possible reasons for this effect, firstly, at higher drug concentrations, a certain amount
of drug might be deposited into the interphase of the ME, and thus, reduce the particle size by acting
as an emulsifying agent and secondly, the deposited drug at the interphase could reduce the surfactant
movement and consequently reduce the particle size [9]. The small values of the PDI (<0.3) indicated
the homogeneity of the prepared MEs [38].
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Figure 2. The size and size distribution of (A) drug-free MEs with varying S/Co weight ratios and
(B) drug-loaded (0–5 mg/mL) ME1 at 25 ◦C.

3.5. Drug Loading Capacity of the IL/O MEs

The drug loading capacity of the IL/O MEs was estimated to assess them as a vehicle for the
delivery of a sparingly soluble drug. Though the ACV-loading capacity of the IL-free S/Comix/IPM
system was very low (0.15 mg/mL for S/Co = 2:1, 15 wt.%), the capacity was increased dramatically
by incorporating IL into this system (7.7 mg/mL for ME1). The ACV-loading capacity was decreased
with decreasing [Ch][Ole] content in the S/Comix, and it was significantly decreased when [Ch][Ole] <
Span-20 in the S/Comix, as shown in Figure 3. The ACV-loading capacity also depended on the type of
IL. Comparing ME1, ME7, and ME8, it was found that ME1 had a significantly higher loading capacity
than ME7 or ME8, owing to the higher ACV solubilizing capacity of [Ch][Pro]. It has been reported
that the drug loading capacity of IL/O MEs highly depends on the categories of IL [10]. In addition,
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comparing ME1 and ME6, it can be seen that [Ch][Ole] had more influence on the drug loading in this
system than Tween-80. Among all the formulations, ME1 showed the highest drug loading capacity
because of its larger stable interface compared with the other MEs [9,10,41]. Moreover, the relative
solubility of the drug in [Ch][Ole], Tween-80, and Span-20 would have a contribution to the ability of a
given ME to entrap the drug [9].

Figure 3. ACV-loading capacity of MEs at 25 ◦C; (mean ± SD, n = 3, ns: not significant, * p < 0.05,
** p < 0.01, *** p < 0.001, and **** p < 0.0001 using Dunnett’s multiple comparison test.

3.6. Stability of the Drug-Loaded MEs

It is important to note that MEs need to be stable to be used as drug delivery carriers. To investigate
the stability of the MEs, in this study we examined ACV (5 mg/mL) loaded MEs (ME1, ME2, ME3,
ME4, and ME6) over two months at 25 ◦C. As the ACV-loading capacities of ME5, ME7, and ME8
were <5 mg/mL, they were not considered for stability and drug delivery experiments. No significant
change was found in terms of clarity and phase separation observations, and the particle sizes of
ME1 and ME2, during the entire observation time. The particle size of ME1 was increased slightly
from 22 to 25 nm, which was not significant, as shown in Figure 4A. However, the particle sizes
of ME3, ME4, and ME6 started to increase linearly from 30 days, and finally, the samples became
turbid after 45 days, which confirmed the formation of stable MEs with a higher [Ch][Ole] content
in the S/Comix. It has been reported that SAIL can increase the stability of MEs [15,16]. No physical
instabilities (e.g., phase separation, phase inversion, aggregation, or cracking) of the MEs were found
by centrifugation, which confirmed the physical stability and excellent drug encapsulation efficiency
of the MEs [42]. In addition, ACV-loaded ME1 and ME2 were stored at different temperatures (4, 25,
and 37 ◦C) for two months to assess the effect of storage temperature on stability. After several time
intervals, the MEs were examined by visual inspection and particle size determination. No significant
change was found for either ME after two months (Figure 4B for ME1), indicating a negligible impact of
the storage temperature on the long-term stability of drug-loaded MEs. This stability can be explained
in terms of the ionic ([Ch][Ole]) and non-ionic (Span-20) character of the surfactant. It has been reported
that a mixture of ionic and non-ionic surfactants can form temperature-insensitive MEs owing to
their synergistic effects [36]. The chemical stability of ACV-loaded ME1 and ME2 formulations was
investigated using HPLC, and it was found that the MEs showed excellent encapsulation efficiency of
ACV. After two months, the encapsulation efficiency of both MEs (contained 5 mg/mL ACV initially)
was ≥98%, indicating no degradation (Figure S8).
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Figure 4. The size and size distribution of ACV-loaded ME1 (A) effect of storage time at 25 ◦C and
(B) effect of storage temperature after two months.

3.7. Skin Permeation Studies

In vitro drug permeation studies were performed using YMP skin owing to its similar clinical,
structural, and immuno-histochemical features to human skin [9]. First, the topical and transdermal
delivery of ACV from IL/O MEs was investigated and compared with other formulations (Figure 5A).
The topical delivery of ACV from IPM, S/Comix/IPM, and W/O MEs was very low, while the transdermal
delivery was below the detection limit. Interestingly, compared with the other formulations, the IL/O
ME demonstrated significantly enhanced topical and transdermal delivery with values of 36.47 and
45.05 μg/cm2, respectively. This dramatically enhanced permeation using the IL/O MEs was found
because of their high drug solubilizing capacity and promising drug conveyances technique. Generally,
drugs are administrated into the skin in a solubilized state. A large amount of drug was loaded
into the core of the IL/O ME solubilized by IL, which could act as a drug reservoir and provide a
greater concentration gradient to the skin [9]. Whereas, IPM (a potential enhancer) disrupts the barrier
function of the skin, which facilitated to enter the nano-sized drug-loaded IL droplets into the skin [11].
Nonetheless, ACV was solubilized state in IL, but as it is hydrophilic in nature, IL alone could not
deliver ACV due to of the strong hydrophobic barrier functions of the skin [9]. On the other hand,
though IPM, S/Comix/IPM, and W/O MEs disrupt the barrier function as they contain IPM, ACV could
not permeate across the skin from these formulations because ACV was suspended in these systems,
which probably obstructed the access of ACV to the skin [9,28].

It has been reported that the molar ratio of individual surfactants can influence drug delivery by
controlling the physicochemical properties of the MEs [43]. Therefore, the delivery of ACV from various
MEs with varying S/Co ratios was studied. From the cumulative permeation profiles (Figure 5B),
it can be seen that ME1 enhanced the transdermal delivery significantly compared with the other
MEs. Other permeation parameters, including transdermal flux, permeability coefficient, diffusion
coefficient, and skin partition coefficient were determined from the cumulative permeation profile.
It was found that all these parameters were increased with increasing [Ch][Ole] content in the MEs, as
shown in Table 3, indicating that higher [Ch][Ole] content was favored for transdermal delivery. In fact,
the transdermal delivery of drug mainly depends on the transdermal flux and permeation coefficient.
The highest transdermal flux (1.43 μg/cm2/h) and permeation coefficient (2.86 × 10−4 cm/h) were both
found for ME1, because of the higher skin partition and diffusion coefficients (indicating better solvent
distribution ability into the deeper layers of the skin) resulting in ME1 having the highest transdermal
delivery of ACV [11,44].
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Figure 5. (A) Topical and transdermal delivery of ACV from various drug carriers after 48 h, where
S/Comix/IPM: 15 wt.% S/Comix at a 2:1 ratio in IPM. W/O: ME9. IL/O: ME1; (B) transdermal permeation
profile of ACV from various IL/O MEs with varying S/Co ratios; (C) the total (topical + transdermal)
delivery of ACV from various IL/O MEs with varying S/Co ratios after 48 h; (mean ± SD, n = 3, * p < 0.05,
*** p < 0.001, and **** p < 0.0001 using Dunnett’s multiple comparison test. All the drug carriers
contained 5 mg/mL ACV.

Table 3. Effect of [Ch][Ole] on permeation parameters. Data are shown as mean ± SD, n = 3.

Formu-Lations
Cumulative

Amount,
Q48h (μg/cm2)

Transdermal Flux,
J (μg/cm2/h)

Permeability
Coefficient,

KP (×10−4 cm/h)

Diffusion
Coefficient,

D (×10−4 cm2/h)

Skin Partition
Coefficient,

KSkin

ME1 45.05 ± 4.18 1.43 ± 0.13 ***,**** 2.86 ± 0.24 ***,**** 2.77 ± 0.22 0.18 ± 0.03
ME2 39.48 ± 4.14 1.21 ± 0.11 2.42 ± 0.21 2.68 ± 0.23 0.16 ± 0.04
ME3 28.53 ± 4.68 0.92 ± 0.11 1.85 ± 0.18 2.63 ± 0.25 0.12 ± 0.03
ME4 18.66 ± 3.50 0.62 ± 0.09 1.23 ± 0.15 2.58 ± 0.17 0.08 ± 0.02
ME6 24.78 ± 4.05 0.83 ± 0.1 1.66 ± 0.18 2.48 ± 0.22 0.12 ± 0.03

*** p < 0.001 compared with ME2 and **** p < 0.0001 compared with other MEs using Dunnett’s multiple
comparisons test.

In addition, the topical delivery of ACV was investigated. The total (topical and transdermal)
delivery after 48 h is presented in Figure 5C. It was observed that, as for transdermal delivery, topical
delivery was also favored using ME1, having a higher [Ch][Ole] content, resulting in the highest
drug delivery. This result could be explained based on the higher interfacial area and stability of
ME1. It has been reported that a larger stable interfacial area of ME droplets favors transdermal
and topical delivery [9,45]. Comparing the transdermal delivery between ME1 and ME6, it was
revealed that [Ch][Ole] significantly enhanced the permeability compared with Tween-80 (Table 3).
In addition, by comparison with a previous report [9], (where a very low amount of ACV was
permeated using a Tween-80/Span-20 surfactant-based ME, using the same experimental protocol), we
can claim that the [Ch][Ole] has a significantly greater permeation enhancing ability compared with
Tween-80. This enhanced ability can be explained in terms of the influence of the [Ch][Ole] on the skin
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modification being ionic in character [11]. Hence, the effect of IL/O MEs on the skin barrier properties
was further studied.

As ME1 displayed the significantly higher transdermal flux and permeation coefficient (Table 3),
and delivered the significantly higher amount of drug topically and transdermally (Figure 5C) than
other MEs, could be the most suitable nano-carrier.

3.8. Impact of IL/O MEs on the Skin Barrier Properties

FTIR spectroscopy, which can provide deep insight into the molecular structure of the lipid matrix
of the SC [46], was performed to assess the structural changes of the SC. To avoid the interference of
ACV, drug-free MEs were applied, and the results were compared with an untreated sample (as control),
as shown in Figure 6 and Table S2. All the treated samples produced some red shifts of the absorption
peaks to higher wavenumber for both the lipid and keratin of the SC. For ME1, the C–H vibration
peaks shifted to 2924.5 from 2920 cm−1 (asymmetric vibration), and 2854.5 from 2851 cm−1 (symmetric
vibration), and the NH–C=O vibration peaks shifted to 1647.5 from 16440, and 1540.25 from 1538 cm−1.
These shifts are directly related to the molecular structure of the skin [46]. When the skin was treated
with the MEs, the orthorhombic conformation of the lipids was transformed to a liquid crystalline
conformation resulting in the CH2 symmetric stretching vibration peak shifting to higher wavenumber.
The shift of the NH–C=O vibration peaks to higher wavenumber revealed that the conformation
of keratin was converted from an organized α-helical structure to a randomly coiled structure by
treatment with the test systems. These shifts occurred because of the presence of lipophilic IPM in the
test formulations, which disrupted the barrier function of the skin [11,44]. ME1 had a greater effect on
the structural changes of the skin compared with the other MEs in the following order: ME1 >ME6
>ME9, which can be ascribed to the ionic character of the IL [11]. In ME1, the total ionic surfactant
([Ch][Ole]) was 10 wt.%, whereas it was only 5 wt.% in ME6, and ME9 was fully composed of non-ionic
surfactants (Tween-80 and Span-20) and had no IL content. It has been reported that MEs containing
an IL as surfactant disrupt the barrier function effectively because of their ionic character [11]. It has
also been reported that an IL can alter the SC structure transiently by extracting the lipid from the
skin [25]. The aforementioned results demonstrate that the IL/O MEs reduced the barrier properties of
skin, leading to a high permeability coefficient and good drug delivery [11,47].
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Figure 6. FTIR spectra of (A) keratin and (B) lipid of SC samples after treatment with
different formulations.

3.9. Cytotoxicity Evaluation of ILs and IL/O MEs

In vitro cytotoxicity studies (skin irritation profiles) of the ILs and IL/O MEs were performed using
a reconstructed human epidermal model (LabCyte EPI-MODEL-12). In this experiment, [Ch][Pro],
ME1, ME6, and ME9 were selected to compare the relative toxicity with D-PBS (as a negative control)
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and [C1mim][DMP] (a commercial IL: ILcom as a positive control), as shown in Figure 7. The cell
viability of all the MEs was above 92% compared with D-PBS, and the values were not significantly
differed from D-PBS and IPM, which indicated that the prepared IL/O MEs were non-toxic. Comparing
between ME1, ME6, and ME9, it was found that the toxicity profile of [Ch][Ole] was similar to Tween-80,
which was in a good agreement with a previous report [26]. However, when [Ch][Pro] was used
alone, the cell viability decreased to 48%, but the cell viability was below 15% for [C1mim][DMP],
which suggested that [Ch][Pro] was less toxic than [C1mim][DMP] IL. The results were in a good
agreement with published reports in which choline-based ILs demonstrated less irritation towards
different cultured cell lines, such as human keratinocytes cell line (HaCat) [21], human embryonic
kidney cell line (HEK-293) [18], and human epidermal keratinocytes-adult cell line (HEK-a) [25]. It has
also been reported that imidazolium-based ILs are considered as toxic and less biodegradable, whereas
choline-based ILs are regarded as safe, non-toxic and biocompatible [10,20]. This reduced toxicity
can be attributed to the biocompatible sources of the cation and anion of [Ch][Pro], choline is used
as a food additive and known to be non-toxic and biocompatible [18,25,48], and propionic acid is
GRAS and used as preservative in food, cosmetic and pharmaceutical industries [31,32]. Our IL/O
MEs, containing a low amount of IL, appears to be non-toxic and are potential carriers for TDDSs.

Figure 7. Cytotoxicity evaluation of ILs and MEs using reconstructed human epidermal model LabCyte
EPI-MODEL-12 (mean ± SD, n = 3), ns: not significant, * p < 0.05 and ** p < 0.01 using Dunnett’s
multiple comparisons test.

3.10. Histological Study

IL/O MEs need to be safe and non-toxic to be used as transdermal carriers. According to the drug
loading capacity, stability, and drug permeation studies, ME1 was the most suitable candidate for
use as a transdermal carrier. Therefore, an in vitro histological study was performed to investigate
the dermal safety of ME1. The ME1-treated skins were observed through a fluorescence microscope
(20-fold magnification), and it was found that the structures of the SC, epidermis, and dermis of the skin
were clearly visible and organized after treatment with ME1 for 24 h compared with control (D-PBS
treated sample), as shown in Figure 8 which were in a good agreement with a published report [9].
Therefore, the IL/O MEs used in this study had no antagonistic effect on the skin, and could be a safe
and promising nano-carrier for the transdermal delivery of sparingly soluble drugs.
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Figure 8. In vitro histopathological evaluation of YMP skin sections (×20) treated with (A) D-PBS and
(B) ME1. The left direction arrows indicate the SC layer and the right direction arrows indicate the
epidermis layer.

4. Conclusions

This study presents a novel IL/O ME which was developed using biocompatible ILs as the
non-aqueous polar phase (core of the ME), as well as the surfactant, for an improved TDDS for the
sparingly soluble drug, ACV. Preliminary results clearly indicated the optimum S/Comix in which
to prepare a thermodynamically stable ME, with a high drug loading ability and enhanced drug
permeability. FTIR investigations revealed that the enhanced drug permeation with the IL/O ME
was because of a reduction of skin barrier function via modification and disruption of the regular
arrangement of the corneocytes of the SC. If considering the drug loading capacity and skin permeation
studies, the successful formation of an ME with [Ch][Pro] in the core as a non-aqueous polar phase
could be attributed to the favorable interfacial properties provided by a blend of [Ch][Ole] and Span-20,
compared with a blend of Tween-80 and Span-20. Moreover, in vitro skin irritation and histological tests
confirmed that the prepared IL/O MEs were safe and non-toxic. Both the ILs, as well as the prepared
IL/O MEs, were completely biocompatible, and are potential candidates for future applications in
pharmaceutical formulations of sparingly soluble drugs, as well as proteins, peptides, and genetic
material, through a TDDS.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/4/392/s1,
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in a S/Comix/IPM system at 25 ◦C; (mean ± SD, n = 3). Figure S2. Phase behavior studies of IL/S/Comix/IPM MEs
consisting of [Ch][Pro] with varying S/Co weight ratios (A) 3:2 (B) 2:3, and (C) 1:1:1 ([Ch][Ole]: Tween-80: Span-20)
at 25 ◦C. Figure S3. Phase behavior studies of IL/S/Comix/IPM MEs consisting of (A) [Ch][Pro], (B) [Ch][For], and
(C) [Ch][Lac] at a 2:1 weight ratio of S/Co at 25 ◦C. Figure S4. The size and size distribution of IL/S/Comix/IPM ME
(consisting of 15 wt.% S/Comix, at a 2:1 weight ratio) with different R values (R =molar ratio of IL and S/Comix) at
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ME with different S/Comix concentrations (wt.%) at a 2:1 weight ratio and R = 0.2 at 25 ◦C. Figure S7. The size
and size distribution of ACV-loaded (2 mg/mL) MEs with varying S/Co weight ratios at 25 ◦C. Figure S8. ACV
encapsulation efficiency of MEs after two months. Table 1S. The density and viscosity of MEs. Table S2. FTIR peak
shifts of SC after treatment with different MEs (mean ± SD, n = 3).
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Abstract: Transdermal drug delivery systems (TDDS) show clear advantages over conventional
routes of drug administration. Nonetheless, there are limitations to current TDDS which warrant
further research to improve current TDD platforms. Spurred by the synthesis of novel biodegradable
ionic liquids (ILs) and favorable cytotoxicity studies, ILs were shown to be a possible solution to
overcome these challenges. Their favorable application in overcoming challenges ranging from
synthesis, manufacture, and even therapeutic benefits were documented. In this review, said ILs are
highlighted and their role in TDDS is reviewed in terms of (a) ILs as permeation enhancers (single
agents or combined), (b) ILs in drug modification, and (c) ILs as active pharmaceutical ingredients.
Furthermore, future combination of ILs with other chemical permeation enhancers (CPEs) is proposed
and discussed.

Keywords: ionic liquids; transdermal; synergy; permeation enhancer; chemical; physical;
Transdermal drug delivery systems

1. Introduction

Currently, ionic liquids (ILs) are a class of compounds under intensive investigation for a
multitude of applications including, but not limited to, green chemistry, chemical synthesis [1],
catalysis, lubricant fluids [2], plasticizers, organic solvent replacement [3], electrochemistry, and bio-
and nano-technologies, among many more [1–6]. However, of particular importance is the application
of ILs for biomedical applications [4]—more specifically transdermal drug delivery [4]. Based on the
reported use of ILs as chemical permeation enhancers (CPEs), there is continued interest for ILs in
transdermal drug delivery. ILs were shown to enhance transdermal transcellular and paracellular
transport, bypassing the barrier properties of the stratum corneum (SC), employing mechanisms such
as disruption of cellular integrity, fluidization, and creation of diffusional pathways and extraction of
lipid components in the SC [7,8].

The ability for room-temperature ILs (RTIL) to be modified for various purposes allows for them
to be used in many settings, such as solubilizing agents with the ability to solubilize a wide variety of
compounds [4], or as permeation enhancers which act on biological membranes leading to improved
efficacy and clinical outcomes [9–14]. Early work done by Moniruzzaman et al. [15] (2010) showed
that IL soluble drug acyclovir can form stable IL–oil microemulsions with dimethylimidazolium
dimethylphosphate (MMIM+)(MMPO4

−), allowing for an alternative solvent system to be applied
when solubilizing drugs with low solubility in organic solvents. Building on this work, Moniruzzaman
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and co-workers (2016) also applied the solubilizing properties of ILs to biomolecules such as proteins,
enzymes, and DNA [16]. Moreover, etodolac, a poorly water-soluble drug, was formulated with
1-butyl-3-methylimidazolium hexafluorophosphate (BMIMPF6) to give an ionic-liquid-in-water (IL/w)
microemulsion (ME) [17].

The solvating power of ILs is remarkable, leading to their use not only in topical systems, but also
oral systems, and their applications in drug delivery formulations are not only limited to solubilizing
agents. They were also used to overcome synthesis challenges by inhibiting unwanted polymorphs
in crystalline active pharmaceutical ingredients (APIs). Enhanced therapeutic outcomes were noted
when strategies such as formulating APIs as ILs (API-IL) or the use of pharmacologically active ILs
were applied, including, but not limited to, anti-bacterial, -viral, and -fungal activity, cytotoxic agents,
and biofilm-disrupting agents.

This review provides an account of the successful implementation and application of ILs in
current transdermal systems and how they can be leveraged for enhanced outcomes, along with their
applications in all phases of drug delivery including fabrication of transdermal systems, as an excipient
to enhance formulations providing permeation, and even as therapeutic moieties to improve disease
outcomes. This review is based on mechanistic, computational, and structure–activity evidence for
their use in improving permeation and strategies for synergistic combinational therapy to that end.

A Brief Note on Deep Eutectic Solvents (DES)

Both DESs and ILs are touted to be greener solvents than current industrial standards; they are
similar in nature with the key difference that can be found in the components used. In DESs, an
organic halide is complexed with an organic agent, most often a hydrogen-bond donor derived from
non-ionic species [18,19]. Similarities between both are significant, including their applications as
modifiable solvents where DESs are gaining more and more traction over ILs due to a host of factors.
The most notable reasons include decreased cost, relatively easy preparation, lack of water reactivity
(a major disadvantage of some of the earlier ILs), non-toxicity, and biodegradation pathways (a major
advantage as several ILs show environmental damage) [18–20]. The hydrogen bonding seemingly
confers many advantages similar to ILs, providing compounds that have low vapor pressure, dipolar
nature, low volatility, and more [18]. While they are currently being applied to transdermal delivery
systems, DESs are beyond the scope of this review and are, therefore, omitted.

2. Properties of ILs

ILs are an interesting group of chemical compounds composed of ions which have melting points
below 100 ◦C [21–23]. ILs are generally described as having ideal properties, such as low to negligible
vapor pressure at room temperature, extensive and varying solubility profiles, high thermal stability,
non-flammability, adaptable polarity, inert chemical profiles, exceptionally low melting points (for
ionic-bonded compounds), variable viscosities, and many more customizable properties [14,21,23,24].
Pioneering work by Paul Walden in 1914 established ethyl-ammonium nitrate as a prototype IL which
was later succeeded by a multitude of alternative generations of ILs over several decades [1] with the
emergence of new tailored and greener ILs [21].

While ILs are often discussed as a group and are attributed relative group properties, it is essential
to note that the sheer diversity of ILs [23] means that there are very few descriptors that fit all ILs [22].
They can be modified to provide a variety of possible properties that are desired. They are made up of
two distinct components—the anion and cation moieties. The cation is generally bulky and organic
in nature, whereas the anion is relatively much smaller and inorganic. This combination leads to a
decrease in the crystallinity of the system, allowing ILs to be liquid at such low temperatures and
confer any number of favorable properties as mentioned above.

The make-up of ILs means that any number of permutations are possible so long as a cationic and
anionic species with poor crystalline packing exist. This led to the discovery of many nascent species.
Included among these newer IL bases (Figure 1) are cholinium and guanidinium cations, which confer
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the advantage of being biodegradable and are, therefore, referred to as bioinspired ILs (BILs) [25]. The
more traditional base cations include quaternary ammonium, imidazolium, pyrrolidinium, pyridinium,
and phosphonium cations. Some of the newer species, such as metal-containing cations, no longer fit in
the traditional scope of ILs where organic cations and inorganic anions are combined. These new metal
ILs are formulated using metal-containing cations and various anions, allowing the formation of IL-like
salts. A further subset of these metal-containing ILs involves those with magnetic properties [26]. The
abovementioned cation species and new alternatives increase the scope for application of these ILs in
biomedical research—particularly bioinspired IL bases.

Figure 1. Emerging anions and cations used in ionic liquids (ILs).

2.1. Chemical Traits

Due to the sheer number of possible permutations of these constituents that make up ILs, it
becomes very difficult to investigate possible chemical effects [14]. However multiple resources
including, but not limited to, computational models, databases such as IL-THERMO, and studies
of effects (using theoretical methods. i.e., classical and density functional theory (DFT) molecular
dynamics modeling), gave insights into chemical properties.

Recent studies involving the structural properties of ILs showed that ILs contain micro- and
nano-domain organizational structures [27], and ions tend to self-assemble into subdomains forming
amphiphilic nano-structures which persist. Based on these structural features, ILs seem to resemble
more of a nano-heterogenous substance which is a largely unique characteristic of ILs and is not
found commonly among solvents and other dissolution media. Spatial studies on these domains are
extremely difficult and are modeled theoretically using classical and DFT molecular dynamics. The
work is confirmed by spectral studies and accounts for difficulties when certain ILs are characterized
by nuclear magnetic resonance spectroscopy (NMR), thus requiring external forces throughout the
characterization process disrupting ultra-structures [27].

Hydrogen bonding and ionic interactions are the key drivers in structural organization found
in ILs. A core difference between ions of inorganic salts and ILs is the size of the participant ions.
Inorganic salts consist of spherical species allowing neat and ordered packing, in contrast to the
large and bulky cation of ILs with the charge being distributed over a much larger area. This in turn
influences the local structure of the IL, and minute changes can lead to drastic changes in the activity
demonstrated readily by cation choice. As an essential component, the cation influences factors such as
viscosity, conductance, electrostatic forces, surfactant properties, polarity, aggregation challenges, and
toxicity profiles, among others. A simple variation such as chain length can have extreme influences
on the physio-chemical properties of the resulting ILs (as outlined in Table 1).

The ultra-level organization of ILs is only possible due to the large bulky cation. The charge
distribution over a much larger area allows for lower charge density and thwarts electrostatic repulsion.
This convergence creates noncovalent interactions, leading to the structural properties observed in ILs.
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The application of ILs as solvents is a promising trend in current research, and the solubility
of ILs is a key concern. Solvent–solute interactions for ILs are often specific rather than explained
in non-specific class terms. The ability for ILs to be miscible with a wide variety of other solvents
provides an ideal solution for dissolving most solutes. The general mechanism for IL solvation is
not yet clearly understood, as some undergo H-bonding, others show dipole–dipole interactions,
and some even undergo π–π interactions. An interesting find by Visser et al. [28] (2002) showed that
neutral substances dissolve with ease as opposed to ionic species; however, with optimization, they
are capable of dissolving most substances to give ideal miscibility in reasonable molar ratios [29].

Table 1. Singular change to cation chain length leading to altered physicochemical profile.
IL—ionic liquid.

Chain Length Alteration Change on Physio-Chemical Properties of ILs Reference

Increase Increased viscosity [6,30]
Increase enthalpy of vaporization [6]
Increased aggregation (not necessarily ordered) [6,30,31]
Increased toxicity (bacterial and marine ecosystems) [3,32]
Increased surfactant activity [6]

Chain lengths similar to biological
membranes Increased bioaccumulation (potential for toxicity) [3,20]

Decrease Increased conductance [6]
Increase in electrostatic forces [6,30]
Ordered aggregation; depends largely on polarity and geometric packing [6,31]
Increased lipase catalytic activity [19,33]
Increased polarity [6]

2.2. Physical Properties

Physical properties of ILs are as diverse as chemical properties, and most of these characteristics
can be configured and fine-tuned for a given application [12]. Among the most important properties
is the density of ILs. The density of ILs ranges between 0.9 and 1.7 g·cm−3 which renders ILs to be
relatively more dense than conventional organic solvents [34]. Density can be affected by temperature,
pressure, and, most importantly, molecular mass and the interactions between molecules. As such, it
was found that larger organic cation-containing ILs have a lower density [29].

Another important property affecting the application of ILs in TDD is viscosity. The viscosity of a
given IL is a very important property, which varies from <10 to >1000 cP at room temperature. This
characteristic of ILs limits the possible applications of ILs where they are used as solvents. Viscosity
for ILs is expressed as a viscosity co-efficient rather than a stated value; this in large part is due to ILs
not following Arrhenius behavior. The alternative, Vogel–Tammann–Fulcher (VTF) equation, accounts
for an additional factor, i.e., the glass transition.

The lower melting points of ILs despite their inherent ionic nature are among the more fascinating
properties of ILs. Due to this property and low vapor pressures, they are extremely attractive
alternatives to current organic solvents. RTILs are defined by melting points at or below room
temperatures, and variances are accounted for due to charge distribution, H-bonding capability,
and symmetry. Freezing-point calculations are often experimental and unreliable as ILs undergo
variable rates of supercooling. Factors affecting these properties were experimentally found by
Katritzky et al. [35] (2002), and include molecular shape, symmetry, rotational freedom, and
electrostatic interactions.

Polarity features a key role in solvent–solvate interactions. As explained for each of the properties
above and for ILs as a whole, there are no unifying rules; rather, there are structure-related changes
that can be tuned and optimized for a given task. Solvatochromic dyes gained favor in polarity studies
where a variety of compounds such as Nile-red and betaine-30 have different absorption and emission
bands based on the solvents in which they are dissolved. Key features affecting the polarity of ILs
include chain length variation, whereby long and branching chains are more hydrophobic.
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2.3. Interactions of ILs with Biomolecules and Membranes

The organic character and increased use of ILs in industrial processes inspired the first studies of
ILs on bio-molecules and bio-organisms. While several studies highlighted toxicity and their negative
impacts, these can be applied in a variety of ways to be advantageous. The possibilities include, but
are not limited to, anti-bacterial properties, and the stabilization and storage of bio-molecules such
as proteins, enzymes, and DNA. More impressively, the abilities of ILs to re-functionalize defective
amyloid fibers, dissolve complex polysaccharides, and create pores in bio-membranes, among many
others were reported [4,32,36–40]. These processes can yield merits such as selective bacterial killing,
selective toxicity to cancerous cells, and application for transdermal systems, respectively.

Any initial reaction will occur at the interface between a bio-membrane and the ILs. It is critical
that the interaction must be safe for human use. These membranes serve not only as a protective
barrier, but are also key in regulating diffusional processes and cell replication. The most accepted
model of bio-membranes is the phospholipid bilayer, and testing employing ILs investigating their
effects employs this model. Several IL bases show significant resemblance to phospholipids and can
be synthesized to resemble biologically based materials, as demonstrated by Wang et al. [41] using
dimethylimidazolium iodide derivatives (Figure 2). In this study, the similarities extend to include an
ionic polar character and internal hydrophobic regions. Increasingly, ILs are being based on biological
materials such as those reported in the previous study and other work done by the same authors [42].
Bio-inspired ILs are different to biomimicry ILs such as those reported by these previous studies.
Bioinspired ILs such as those reported by Benedetto and workers (2014) [43], where choline-based
cations and several amino-acid–anion pairs were modeled and evaluated for biological systems as
starting materials. This led to significant similarities between endogenous groups and these artificial
substrates that can be observed.

 

Figure 2. Sketches depicting (a) double-tail lipid-mimic imidazolium-based IL; (b) glycerol–
phospholipid sub-regions with large tail lengths. The similarities are striking and allow for their
ability to intercalate within the phospholipid membrane structure. Adapted with permissions from
(a) Reference [41] John Wiley and Sons, ©2015, and (b) https://www.nature.com/scitable/topicpage/
cell-membranes-14052567 Nature Education ©2010.

Simple biomimicry between IL structure and endogenous phospholipids, however well done,
does not assure safety and compatibility of ILs in biomedical applications. This is evident by
the work of Evans et al., where it was reported that slight changes in the cation chain when
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using 1-butyl-3-methylimidazolium chloride led to substantial damage to the bio-membranes
that were investigated [44,45]. These experiments were limited in their scope, and work done
by Benedetto et al. [46] further explored the penetration of 1-butyl-3-methyl-imidazolium chloride
(BMIMCl) and choline chloride (Chol+)(Cl−) ILs in bio-membranes by means of neutron scattering.
This work demonstrated that phospholipid bilayers retain their two-dimensional (2D) characteristic
configurations at concentrations up to 0.5 M. This work gave significant insight into changes to the
bio-membranes which included the shrinking thickness of the bilayer, the accumulation of IL cations
within the junction between the polar heads and hydrocarbon tails, and the lipid bilayer composition
affecting the amount of accumulation that occurs, as well as the degree of penetration, but not the
location of accumulation. Further studies such as crucial work done by Jing et al. [45] also confirmed
this bioaccumulation of ILs causing swelling and also showed that concentration was a key concern
and could completely disrupt the bilayer. Building on their previous work, Benedetto et al. [47]
included molecular dynamics simulations which verified the validity of the results, and a potential
mechanism of interaction of ILS with bio-membranes (Figure 3) was proposed.

 
Figure 3. A model of the interaction between ILs (imidazolium-based) and bio-membranes where a
gold-coated sensor surface (orange) has a chemisorbed self-assembled monolayer (brown) tethered
by biotin linkers (green) to streptavidin which also tethers liposomes (blue). Panel (A) depicts
a vesicle, which can then associate and intercalate into the bilayer membrane. Panel (B) focuses
largely on mechanisms causing lyses to the membrane by forming vesicles or micelles in an aqueous
medium, thereafter disrupting the membrane structure. Panel (C) focuses on mechanisms that allow
pass-through within the membrane by disassociating into single molecules. Adapted with permission
from Drucker 2017 [48]; © 2017, American Chemical Society.

Effects of ILs on bio-membranes are affected by several factors. The concentration of ILs applied
affects the bio-membranes and results in shrinkage of the bilayer and increased the elasticity of
the bilayer. Disruption of phospholipid membranes is affected by the hydrocarbon chain length in
the cation. The interaction of cholesterol-containing bio-membranes makes them more resistant to
rupture, but at a threshold concentration; once exceeded, the effects on these cholesterol-containing
bio-membranes are much more apparent. Concentration and chain length play critical roles in
cytotoxicity, as they allow easier penetration into the membrane. Short-tailed ILs spontaneously
insert into the membrane, but long-tailed ILs self-assembled into micelles that are eventually absorbed
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and form a monolayer in the upper portion of the bilayer. This means that short-tailed ILs are more
mobile and can diffuse more easily than their long-tailed counterparts.

3. Current Challenges in Transdermal Drug Delivery

Transdermal drug delivery is yet to be fully appreciated, as more studies are required to fully
realize its full potential [49]. The major challenge associated with transdermal drug delivery is the
almost impermeable barrier created by the SC measuring 10 μm in thickness with variances in different
parts of the body [50–53]. While steady work is being carried out in this field, there are still very few
APIs that are likely candidates for delivery through this route. Permeation of APIs is historically the
biggest challenge in transdermal drug delivery, with multiple generations of transdermal delivery
systems [49] trying to overcome this without much progress to show [54,55].

Transdermal or percutaneous absorption refers to the rate of absorption of a topically applied
chemical. The necessity for determination of this rate is twofold the effectiveness of transdermal
application, thereby avoiding many of the disadvantages associated with other modes of drug delivery
such as oral or parenteral routes. With so many factors (Figure 4) affecting transdermal drug delivery
such as the method and location of drug delivery, the drug molecule itself, and factors such as
inter-individual variances (skin age, condition, and blood flow), it becomes apparent that simple
zero- or first-order kinetics are not sufficient to describe it. A key consideration in effective drug
delivery systems is protecting the drug moiety from undesirable metabolism while enhancing transport
to active sites. Biological and physiological hurdles prevent efficient drug delivery, particularly the
skin in transdermal systems.

Figure 4. Depiction of the most critical factors to consider when designing a transdermal drug
delivery system.

Skin is the primary barrier to any transdermal drug delivery. Designed to be impermeable and
extremely adapted to its function [56], the outermost layer (the SC) is the most impermeable layer
and extremely well differentiated, derived from keratinocytes that are terminally differentiated. A
lipophilic matrix that anchors corneocytes made up of free fatty acids, cholesterol, and ceramides
provides the only diffusion phase to allow drug delivery to occur into the subcutaneous layers [57,58].
Freeze-fracture electron microscopy showed that the SC is arranged in lamellae, which is facilitated by
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the presence of cholesterol sulfate. The matrix is extremely heterogeneous, made up of 11 classes and
342 individual ceramide species alone which were identified by Masukawa and co-workers (2008) [59].

Flux across the skin for molecules that are natively permeable can be simply expressed as

J = Kp·ΔC, (1)

where J is the flux (expressed usually as μg·cm−2·h−1), K is a co-efficient denoting the permeability
of the skin with regard to the permeant in question, and ΔC the concentration gradient across the
barrier. Where passive diffusion is the primary means of permeation, Kp is defined by the partition
co-efficient (P) and the diffusion co-efficient (D) and the thickness of the boundary (h), mathematically
expressed as

Kp =
P·D

h
. (2)

To date, many techniques and methods were evaluated for improving permeation, and none of
them can be labeled as ideal. The criteria [60,61] to be labeled as ideal is quite significant and include
a varying number of properties. These properties range from chemical nature, such as non-toxic,
non-irritant, and non-allergenic, to ideal conditions such as rapid activity and inert physiological
profile. This list also includes mechanistic criteria, such as unidirectional biased permeation, i.e.,
allowing drug molecules in but not letting that which is in the body out, and rapid recovery of
skin when the agent is removed. Formulation application is also considered, which must meet
standards such as compatibility with a variety of formulations and being cosmetically acceptable for
patient compliance.

The criteria for drug molecules suitable for transdermal drug delivery are extremely stringent
and include, but are not limited to, an aqueous solubility greater than 1 mg/mL, an oil–water partition
co-efficient between 10 and 1000 (at the same time, it cannot be too lipophilic as then it will remain
for an extended period in the subcutaneous layer), molecular weight under 500 Da allowing it to be
sufficiently mobile, and a melting point under 200 ◦C with a dose not exceeding 10 mg, i.e., potent
drug molecules [57,62,63]. These are preliminary ideal conditions for passive drug delivery across the
skin barrier. One of the most widely used indicators is the partition co-efficient described by Potts and
Guy [64] denoting hydrophilicity, with optimal results being seen at values ranging from (1)–(3).

log Kp = 0.71· log POctanol−water − 0.0061·Molecular Mass − 2.74. (3)

With only a few drug molecules such as scopolamine, nitroglycerin, clonidine, estradiol, fentanyl,
nicotine, testosterone, and norethisterone being able to meet the stringent criteria necessary for TDD,
it becomes very apparent that the limitations to this system are vast but not without their own
advantages. The skin provides a vast surface area for absorption of ~1–2 m2, decreased metabolism
of drugs, enhanced patient compliance due to several factors (non-invasive, reduced side-effect
profiles [65]), painless, and extended drug release systems especially for short half-life drug molecules
decreasing patient interventions, among others [14,57,63,66]. Those advantages are patient-driven and
quite substantial; however, these systems also decrease the need for skilled healthcare practitioners
especially in rural settings, and produce limited hazardous waste materials [67].

Three major techniques (with a few pertinent examples listed in Table 2) are used to improve
permeation across the skin. The first is formulation enhancement, whereby a variety of formulation
modifications and strategies are used to help the delivery system achieve permeation. These strategies
are not always applicable and can only be used for those drug molecules which are natively permeable
through the skin. The second is physical permeation enhancement. This usually involves usually
devices of some sort that disrupt the skin barrier by physical means by producing pores which drug
molecules can permeate through. These systems have the disadvantage of needing a device which the
patient must carry around; alternatively, the device may cause punctures or cavitation, which carries a
risk of infection [68].
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The last and most investigated methods are CPEs. This method involves the use of chemical
compounds that interact with the skin and affect the activity of the barrier. Various functional
groups in these chemicals interact with the skin and its lipid content causing disfiguration to the skin
layer. Chemical enhancers of this nature are liable to cause skin irritation, as permeation activity is
proportional to irritant activity.

Table 2. Permeation techniques (including formulation enhancement strategies, physical permeation
techniques, and chemical permeation enhancers) employed and examples of well-known applications
of these techniques.

Permeation Techniques Example of Technique References

Formulation enhancement
1) Supersaturated systems
2) Microemulsions
3) Drug moiety modification

[69–71]

Physical permeation techniques
1) Electroporation
2) Sonophoresis
3) Microneedles

[72–75]

Chemical permeation enhancers

1) Alcohols

a. Long-chain
fatty alcohols

b. Short-chain alcohols

2) Fatty acids
3) Sulfoxides
4) Terpenes

[57,76,77]

Current Limitations of Chemical Permeation Enhancers (CPEs)

The most extensively used method of permeation enhancement involves the use of chemical
moieties that would interfere with functional groups in the skin in a reversible manner, thereby
compromising barrier activity in the SC. This method can be applied to permeate otherwise
impermeable drug molecules and to significantly enhance those that already can permeate through.
When considering chemical permeation enhancement, several factors play a key role. The factors
can be narrowed to the steady-state flux

(
dm
dt

)
measured by the mass (m) passing per unit area of

membrane in time (t), concentration of permeant (C0), partition co-efficient (K) between the membrane
and application, diffusion co-efficient (D), and membrane thickness (h), expressed as [78]

dm
dt

=
D·C0·K

h
. (4)

The advantages of using CPEs over other types of enhancers include factors such as design
flexibility, self-administration, patient compliance, and easy incorporation into formulations [79].
The inherent limitations to CPEs are quite significant, especially when considering that
high-molecular-weight compounds are precluded. Many recent advances are based on peptides
and protein deliveries which are, by their nature, large in size and often charged species. This
list does not preclude the use of multiple agents (including physical permeation enhancers) to act
synergistically [54]. Many are used in combination to potentiate the effects of each other such as the
combinations of ethanol and propylene–glycol. However, each of these chemicals has the potential to
be irritant to the skin [63]; therefore, the use of some of these agents and any combination increases the
risk of skin irritation that may be deemed clinically unacceptable. Chemical enhancers that are found

129



Pharmaceutics 2019, 11, 96

in marketed dermatological products are usually alcohols (ethanol), propylene glycol, and sodium
lauryl sulfate [57].

4. ILs Meeting the Needs in Transdermal Drug Delivery

4.1. ILs as Skin Permeation Enhancers

ILs were shown to enhance permeation of drugs through the skin [15,40,80–83]; therefore, many
research studies were conducted to account for their underlying mechanisms of action. Several
mechanisms that are largely dependent on the chemical make-up of the IL were proposed. Most
notably, the work done by Monti and colleagues showed structure to have a large impact on the
degree of permeation [84]. A key factor related to permeation enhancement is the physicochemical
properties of ILs. Recent research suggests electronic profiles of the ILs have a large part to play in
their permeation activity [85]. However, this mechanism is extremely broad and does not account for
all IL permeation enhancement profiles. Broadly classified, all ILs with permeation enhancement are
hydrophilic or hydrophobic. Hydrophilic ILs act by opening tight junctions within the SC, thereby
promoting paracellular transport (Figure 5) acting by enhancing fluidization mainly within protein
and lipid regions, whereas hydrophobic ILs improve partitioning into the epithelial membrane by
providing channels, thus promoting transcellular transport in the lipid regions [25]. Among the
best documented is the activity of 1-octyl-3-methylimidazolium-based ILs which act by disrupting
structural integrity by inserting into the membrane [7]. It was also demonstrated that ILs possess the
ability to fluidize cell membranes, particularly seen with hydrophilic imidazolium-based ILs [8,40], as
well as lipid extraction in the SC. Transdermal delivery of several unlikely drug candidates such as
protein molecules [86,87], methotrexate [88], and acyclovir [89], among others benefited greatly from
IL incorporation, opening the way for a multitude of alternative possible drug molecules.

 

Figure 5. Depiction of the possible routes of transdermal permeation which lead to effective
transdermal absorption.

Toxicity is a crucial factor to consider when looking at the medical or biomedical applications
of any technology. Older generations of ILs were not suitable for medical applications. To overcome
this drawback, bioinspired ILs were designed and were shown to give desirable biodegradation
and decreased toxicity profiles. Choline-based bioinspired ILs are currently the most intensively
investigated [40,90]. Cytotoxicity studies conducted, usually focusing on ecological toxicity, do indeed
provide a reason to be concerned, especially amidst claims that some ILs are more toxic than current
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standards [91]. Toxicity correlation exists, whereby longer chain lengths are found to be more toxic, as
well as effects due to the presence of pharmacological activity, the present ionic species (anion and
cations), and the presence of oxygen in the compound. Limited studies were performed in an effort
to gauge toxicity on humans, and they include enzymatic assays (acetylcholinesterase (AchE) and
AMP deaminase), as well as cytotoxicity studies against cancerous cell lines (colonic, cervical, and
breast) [92] and some primary human cells such as normal human bronchial epithelial lines [40].

However, these abovementioned studies show toxicity on single-cell organisms, which can be
exploited for antimicrobial properties [40]. Additionally, the use of ILs as adjunctive treatments
or alternatives to chemotherapy on cancer cell lines is possible and was reported in Reference [4].
Cholinium-based ILs were proven to be much less toxic than regular ILs, whereby effects on
AchE are much more limited, and persistence in the environment is limited by the rapid and
substantial biodegradation [14,93]. These cholinium bioinspired ILs have limited or no applications in
antimicrobials or antineoplastic agents.

The mechanism through which ILs can be beneficial to transdermal systems is not only limited
to their permeation enhancement. They can play roles such as surfactants and optimize the
thermodynamic activity of drug molecules, they can act as efficient solubilizing agents or cause
fluidization of the lipid bilayer, and they can even disrupt the matrix by acting on keratin fibrils.
The permeation activity is high with limited cytotoxicity, which fulfils two of the criteria for ideal
permeation enhancers [84].

4.2. Evidence of Successful Synergy between Combinations of ILs and Chemical Enhancers

Synergistic combinations of ILs with other chemical enhancers are limited and mostly
experimental in nature. The majority of IL applications do not lie in medical and biomedical use;
thus, sparse work was done beyond proving IL effectiveness as a penetration enhancer, and limited
toxicity studies make the investigation of ILs in medical applications seem preliminary [94]. Most
combinational studies look at ILs, such as use as solvents, reaction media, and excipient substitution in
final formulations.

The versatility of ILs does not come from their properties, but rather their heterogeneous nature,
allowing them to be synthesized from any number of sources. So long as the result is an IL, it will
retain many of the advantages of ILs. They can be synthesized from dual APIs, from biologically based
ions, and even from normal synthetic compounds and solvents. This means that the proven safety of
GRAS (generally recognized as safe) chemicals (such as terpenes and surfactants) can be leveraged
as a basis for a safe and effective ILs. This is not to say that ILs are not safe; in fact, one of the major
selling points of ILs is safety; however, limited safety data make them risky investments in the current
market for commercial applications.

The current market CPEs can benefit from a variety of ways when incorporated with ILs (as
explored briefly in Table 3. The general properties can be improved, as well as enhancing permeation,
reduction of unwanted side-effects, and better safety profiles. Successful synergistic combinations
can be proposed ad nauseum due to the versatile nature of ILs; however, in this paper we highlight
some of the more practical possibilities which are based on previous or extrapolated evidence for their
inclusion in pharmaceutical products for higher standards.

IL incorporation with alcohol-based permeation enhancers can lead to the incorporation of a
wider variety of APIs via co-solvency, which aids in drug solubility. Similarly, with other permeation
enhancers such as Azone or terpenes, limitations when incorporating APIs can be overcome with
IL combination. Fatty-acid permeation is potent after a pre-treatment cycle; by using this method
and via the incorporation of APIs in IL vehicles, not only can the permeation be enhanced, but the
rate of transport can also be increased. Dimethyl sulfoxide (DMSO) incorporation into ILs may
overcome limitations such as lowered concentration of DMSO for permeation activity and decreased
side-effect profiles; however, the tangible presence of DMSO reduces the discreet profile of the IL and,
thus, should be considered in sealed systems. Surfactants are versatile and relatively safe and are,

131



Pharmaceutics 2019, 11, 96

therefore, reused in many formulations. They also boast extremely high permeation enhancement
effects; however, the most active permeation surfactants are also extremely irritant to the skin as
demonstrated with cationic and anionic surfactants. In this case, finding a balance between irritant
properties and activity is achieved with non-ionic surfactants. The incorporation of safer non-ionic
surfactants into ILs enhances permeant activity while maintaining safety profiles. Some of the earliest
work with medical applications of ILs done by Moniruzzaman et al. [15] showed the benefits of this
particular combination. Added to this is the possibility for completely replacing surfactants with ILs,
which can act as the surfactant within the system. Vesicle and IL combination is also quite versatile as
discussed for surfactants. ILs can be assembled into vesicles with great ease and even act as actives
that assemble into vesicles [95,96]. When employing this approach, however, care must be taken when
choosing the IL, as the choice of IL will affect bioactivity greatly.

The application of ILs in these systems will greatly enhance their activity, safety, and overall
therapeutic outcomes. The above listed incorporations are all feasible with current technologies
and are limited only by the diversity of ILs, making rational selection of appropriate combinations
extremely difficult. While applications of ILs in other industrial sectors are growing rapidly, the
stagnant medical applications are not simply due to research; scarce safety data also decrease the
likelihood that formulations with ILs will make it to the open market. This issue can be overcome by
conducting more in-depth cytotoxicity cell studies, and in vivo and ex vivo studies, which could lead
to the translation of ILs from research applications to the development of drug delivery systems.

Table 3. Presented here are some of the applications of ILs synergistically used to enhance drug delivery
with chemical permeation enhancers (CPEs). APIs—active pharmaceutical ingredients.

Chemical
Enhancer

ILs Synergism Documented Reference

Lipid vesicles ILs based on methylimidazolium chloride

1) Enhanced permeation
2) Improved therapeutic range
3) Vesicle stabilized

[97]

Surfactants Dimethyl-imidazolium dimethyl-phosphate

1) Enhanced permeation of
sparingly soluble APIs

2) Reduced cytotoxicity
[98]

Terpenes Menthoxymethyl-3-methylimidazolium chloride

1) Enhanced spatial drug delivery
2) Improved targeting of

specified receptors
[99]

Amines Amine-based ILs

1) Permeation of hydrophobic and
hydrophilic molecules

2) No skin tissue injury
during permeation

[81]

Alcohols N-tert-Alcohol-substituted imidazole

1) Medium for selective reactions
2) Lowered instances of

unwanted byproducts
[100]

4.3. ILs in Drug Dissolution for Improving Bioavailability in TDDS

4.3.1. Drug Moiety and Delivery System Modification

As mentioned earlier, the use of ILs as reaction media and solvents is well studied. They can be
modified to achieve any number of favorable properties; however, this is not the limit as they can be
further used in API synthesis to aid as catalysts and transformative media [101]. Particularly when
using biotechnological processes, ILs can act as selective enzyme enablers to improve yields [4] and
limit waste produced. The nano ultra-structures (as discussed earlier) provide an ideal environment
for selective reactions to favorably alter APIs. While their use as catalysts and solvents helps reduce
waste produced, they found a niche when applied to enzymes. They can help with stability, enhance
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the activity of enzymes, control folding in proteins, and reduce aggregation of the proteins [14]. Most
ILs contain some degree of hydration and can further adsorb water and can affect the stability of
these macromolecules.

ILs were applied to modify current emerging delivery systems for effective delivery of APIs. These
include ILs acting as functionalizing agents, solvents, dispersing agents, nanoparticles, nanocarriers,
and substrate activation. Emulsion modification became a key strategy, as evidenced in work by
Kandasamy et al. [89], where ammonium acetate-based ILs promote the ease of formulation of IL-in-oil
microemulsions, further improving the stability of the system and enhancing solubilization. This
was also evidenced in work done by Yoshiura et al. [88], demonstrating microemulsion size and size
distributions are improved by IL incorporation, leading to enhanced transdermal permeation. ILs in
these microemulsion-based systems act as solvents, whereby they can solubilize the API. Further to
this, they can replace both the hydrophobic and hydrophilic moieties in microemulsion-based systems.
The advantages of IL applications in these systems include the solvating power of ILs, which require
less solvent and can solubilize a wide variety of hydrophilic and hydrophobic drugs; their use as
permeation enhancers is a key feature in transdermal systems [80].

4.3.2. Forming a Complex of IL with the API

ILs can be implemented in a variety of ways to aid in formulation studies. A common strategy
to improve absorption and bioavailability is that APIs can be modified and formulated as prodrugs.
Prodrugs are inactive biologically until they are bio-transformed into the active metabolite. Advantages
of prodrug platforms include increased bioavailability, lowered metabolism, improved site specificity,
and controlled release of the active metabolite. ILs were combined with APIs to make prodrug
platforms [83] via the addition of hydrolysable ionic groups to neutrally charged APIs. These were
then combined with the correct counterions to formulate a new prodrug IL. The advantages to
this strategy are (a) the use of a counterion that is also an API leading to a dual-function IL, and
(b) combination with a penetration enhancer in transdermal systems to improve permeation [102,103].

The prodrug formulation can further be enhanced by combining IL-APIs with these prodrug
platforms, thereby conferring the advantages of both strategies. Cojocaru et al. successfully created
prodrug API-ILs by adding hydrolysable functional groups to neutral APIs that can be paired with
suitable anion counterparts [104]. The authors of the paper did acknowledge that the chosen IL forms
used may not be the most suitable and encouraged substitution with those that are more suitable such
as carboxylic acids and amines. By using this as a starting point, the advantages can be numerous.
Advantages of prodrugs and ILs aside, the pairing of synergistic drugs with appropriate anion and
cation pairs (dual APIs discussed later) can lead to the need for less individual medicaments, thereby
further enhancing patient compliance.

Release studies conducted by Cojocaru et al. [104] found that newly developed acetaminophen-
based prodrugs had slower release times (at 210 min ~89% release) when compared to the neutral
forms (at 210 min >97% release). This slower release profile is not in itself a disadvantage, particularly
when considering extended-release systems are becoming more common.

4.3.3. Dissolving the API in the IL (Solvation)

Solvation of an API forms the first stages of drug absorption and is a critical factor to consider
in any efficient drug delivery system. Currently, the use of organic solvents in the pharmaceutical
industry is an undeniable challenge to sustainable growth in this sector. Further to this is the organic
contamination of pharmaceutical products from these solvents. Alternative solvents and strategies
are long overdue, in an effort to produce greener and more sustainable practices with lowered waste
generation (corresponding e-factors). As such, ILs provide a suitable alternative to volatile organic
solvents for a variety of applications, including use as a reaction medium. The advantages they
offer are numerous and include improved solubilization [105], faster reaction rates, higher purity end
products, decreased waste generation, and less fastidious reaction conditions. The preferred cation
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in these reaction media is methylimidazole combined with anions such as BF4, PF6, and NTf2. This
combination and other ILs can be used in the preparation of a variety of drugs, including antiviral
agents, non-steroidal anti-inflammatory drugs (NSAIDs), anti-neoplastic agents, and anti-infectives.

For an API-solvent combination to be used in medicines and bio-medical applications, its solubility
must be greater than 1 mg/mL. Many IL candidates may exist meeting this standard for any given
API, but their toxicity profiles remain to be investigated [14]. This is a significant impediment to the
widespread use of ILs in medical and biomedical fields. Limited toxicity studies were conducted,
and much more work needs to be done in this field, as can be seen by in-depth meta-analysis studies
such as those conducted by Heckenbach and co-workers [106], where many studies dealing with ILs
(~39,000) were reported on, but a significantly lower number (~220) deal with toxicity in ILs. By using
biologically derived bases, the compatibility can be improved, and the toxicity can be limited [94].
Bioinspired ILs have limited issues with toxicity as they can be metabolized and excreted; further
modifications such as alkyl group substitution with ester groups further reduce toxicity. IL blends
were also used to accommodate and alter varying solubility standards. Using water-miscible ILs in
combination with hydrophobic ILs allows a degree of freedom when considering hydrophobic APIs.

4.4. ILs as Active Pharmaceutical Ingredients (APIs) in TDDS

APIs in large part exist as crystalline solids due to historical reasons, better stability, and support
from guidelines such as the Food and Drug Administration (FDA) guidelines, which give all the
necessary information for solid crystalline API analytical procedures, and decision trees providing
streamlined manufacturing processes. This is not the same for other API forms. The disadvantages
associated with these crystalline solid APIs affect many physicochemical properties and, ultimately, the
behavior of these compounds when introduced in medicaments. The most apparent and problematic
challenge is polymorphism [14]. Polymorphs occur when crystalline substances crystalize in more
than a single form. This can lead to challenges in solubility and absorption, ultimately affecting
bioavailability. Polymorph forms can be affected by manufacturing conditions such as solvent choice,
temperature, pressure, and mechanical stress. Polymorphs do not only occur during manufacture, but
also during long term storage, where less stable polymorphs will revert to more stable polymorphic
structures under storage conditions. While stable polymorphs are less prone to degradation, they are
often more difficult to solubilize and, when dissolved, they can salt out.

Challenges such as polymorphism, solubility, and bioavailability can be overcome by using
ILs [14]. Historically, the first API-ILs were considered to be miconazole derivatives [4]. Building
on this work, the formation of ranitidine docusate, lidocaine docusate, and dual API-ILs was later
reported. These studies led to (a) the synthesis of didecyldimethylammonium bromide and sodium
ibuprofen to give didecyldimethylammoniumibuprofenate, and (b) a demonstration that the API
could be either the anion [107], cation [108], or both [82]. Work done to date (pertinent examples
illustrated in Table 4 include the use of lidocaine, sulfacetamide, ibuprofen, cinnamic acid, piperacillin,
acetyl-salicylic acid, and penicillin G [14]. The use of IL-APIs not only helps overcome manufacturing
challenges, but also positively impacts therapeutic outcomes by improving API bioavailability and
penetration, as well as providing alternative delivery methods and beneficial synergistic interactions.

Table 4. The use of IL-APIs with beneficial delivery and therapeutic outcomes.

IL-API Formed Synergism Efficacy Reference

Acetyl salicylic
acid/salicylate

Improved manufacturing methods
Altered side-effect Profile

Solvent-free synthesis
Lowered Gastric distress [14,109–111]

Lidocaine docusate Improved therapeutic outcome Longer duration of action [107,112]

Ranitidine docusate Improved manufacture outcomes Improved polymorphic challenges [107]

Didecyldimethylammonium
ibuprofenate Proof of concept Dual API formation [107]
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5. Proposed/Future Opportunities for Synergism in TDDS

The incorporation of ILs in the abovementioned systems can be summarized to a few key strategies
for future deployment, as follows:

1) The use of ILs in a pre-treatment cycle: By pre-treating with ILs, the skin barrier properties are
decreased. This in turn would allow more of the active compounds being employed with physical
permeation to penetrate.

2) Using ILs in the permeation system: ILs are a diverse medium in which permeation systems can
be made and modified. They allow incorporation into systems by acting as electrolyte solutions,
coating media, and media in which delivery systems can be synthesized. Care must be taken to
ensure that unwanted products do not form when changing the manufacturing process.

3) The use of ILs as a bioactive: Certain drug molecules can be derivatized as ILs and can be
incorporated into other permeation systems. This will improve permeation and remove unwanted
polymorphs. Using prodrug platforms in this method may enhance permeation; however, the
need for the molecule to be activated may lead to longer therapeutic lead times.

4) Synergistic combination: A primary method of improving permeation with chemical enhancers
is the combination use of ILs with another chemical enhancer, which can lead to synergistic or
additive penetration. They can be combined in a single formulation where the IL can be the
primary solvent, co-solvent, or surfactant, or can be employed as a second permeation enhancer.
The risk to this strategy is that the irritation may be much more apparent during patient use.

5) Altered favorable environment for drug molecules: The use of ILs as a medium for solubilizing
drug molecules can be varied to be more favorable. This strategy may not be applicable to a large
number of drug molecules, as most are synthesized as crystalline solids as opposed to liquids.
These classes of drug molecules can therefore be easily incorporated into the ILs.

6) Diverse activity profile: ILs can act as a number of formulation components. They can act as
vehicles solubilizing drug molecules, surfactants, micelles, and permeation enhancers, and they
can replace aqueous or oily phases in formulations. This diverse portfolio makes them ideal for
incorporation into many formulations. However, a lack of long-term toxicity studies limits the
widespread use of ILs.

7) Modification of embedded substrates: The use of ILs to enhance drug profiles has sound evidence.
These are often favorable for drug delivery where drug molecular profiles are altered to enhance
permeation and systemic absorption. The long-term stability and safety of these altered drug
molecules is largely unknown and, therefore, requires much work before this strategy can reach
clinical applications.

6. Conclusions

The benefits of transdermal drug delivery are apparent, and a significant number of potential
techniques already exist. However, systemic absorption of most drug molecules is still elusive due
to the skin and its barrier properties. The possibility of using ILs as transdermal delivery systems
or permeation enhancers, and even in synergistic combinations without the risk of major toxicity
is a trademark of their versatile nature. They can be combined in a variety of ways with existing
permeation systems. ILs will clearly have a large role to play in transdermal drug delivery in the
near future. Their use as singular agents remains to be proven; however, when combined with other
formulation strategies, the activity enhancing transdermal permeation is remarkably greater.
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