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The technological utility of active pharmaceutical ingredients (APIs) is enormously improved when they are con-
verted into ionic liquids (ILs). API-ILs possess better aqueous solubility and thermal stability than that of solid-
state salt or crystalline drugs. However, many such API-ILs are not biocompatible or biodegradable. In the current
study, we synthesized a series of IL-APIs using methotrexate (MTX), a potential anticancer prodrug, and biocom-
patible IL-forming cations (choline and amino acid esters). The MTX-IL moieties were characterized through 'H
NMR, FTIR, p-XRD, DSC and thermogravimetric analysis. The solubility of the MTX-ILs was evaluated in simulated

ﬁiﬁfg ;dflélrmaceuﬁcal ingredient body fluids (phosphate-buffered saline, simulated gastric, and simulated intestinal fluids). An assessment of the
Tonic liquid in vitro antitumor activity of the MTX-ILs in a mammalian cell line (HeLa cells) was used to evaluate their cyto-
Methotrexate toxicity. The MTX-ILs showed aqueous solubility at least 5000 times higher than that of free MTX and two orders
Solubility of magnitude higher compared with that of a sodium salt of MTX in both water and simulated body fluids. Impor-
Cytotoxicity tantly, a proline ethyl ester MTX prodrug showed similar solubility as the MTX sodium salt but it provided im-

proved in vitro antitumor activity. These results clearly suggest that the newly synthesized API-ILs represent

promising potential drug formulations.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The development of smart drug delivery systems for anticancer
drugs has been a challenging task for pharmaceutical researchers be-
cause of their polymorphisms, lower solubility and bioavailability
[1-4]. Currently, new anticancer drugs are developed to achieve maxi-
mum therapeutic efficacy with minimal possible side-effects through
oral or parenteral administration [3]. However, most chemotherapeutic
agents exhibit undesirable physico-chemical properties such as low
water solubility, low permeability (barriers to drug delivery), a narrow
therapeutic window and a short half-life, along with systemic side-
effects [5]. To avoid severe adverse effects, pharmaceutical scientists
are trying to design drug delivery formulations specifically to kill
tumor cells only, with little or no adverse effects on healthy tissues or
cells. Methotrexate (MTX) is a biopharmaceutical classification systems
class IV drug and has been approved by the USA Food and Drug
Administration (FDA) as a chemotherapeutic agent. MTX possesses low
permeability (C log P = 0.53), poor aqueous solubility (0.1 mg/mL) and
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poor bioavailability (only 18% for doses >40 mg/m?) [6,7]. MTX is used
clinically for the treatment of different types of cancer, rheumatoid
arthritis, psoriasis, and other autoimmune diseases, and the induction of
abortion (along with misoprostol) [6-9]. In general, MTX is absorbed by
the gastrointestinal tract (GIT). The rate of absorption mainly depends
on the drug dose [10]. For example, the therapeutic and toxic plasma con-
centration of MTX varies from low-dose therapy (0.005 and 0.001 pg/mL,
respectively) to high-dose therapy (2.27 and 4.54 pg/mL, respectively)
[11]. On the basis of this erratic GIT absorption, it has been suggested
that high-dose therapy (>25 mg) should be administered orally or paren-
terally [7]. Although MTX tablets and injections were FDA approved in
1980, high-dose oral therapy could increase the risk of adverse effects,
such as GI toxicity [12,13], because of poor MTX solubility and bioavail-
ability [7]. The therapeutic effect of MTX is largely influenced by its low
tumor cell uptake and therapeutic doses can cause severe side effects
such as diarrhea and ulcerative stomatitis [13].

To address these limitations, an ionic liquid (IL) formulation of active
pharmaceutical ingredients (APIs), such as MTX, is a promising technique
to deliver drugs. Recently, ILs have been used extensively to form IL-API
because they provide many advantages over solid or crystalline forms
of drugs [14-16]. IL-APIs can also address the issue of polymorphisms, a
significant problem in drug delivery. The combination of poorly water-
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soluble APIs with specific counter-ions is an excellent approach to up-
grade conventional pharmaceuticals using an IL-based strategy [16].
This prodrug technique can eliminate the effect of drug polymorphisms
or crystallinity, which is often responsible for reducing therapeutic
efficiency, bioavailability and thermal stability [15-17]. Recently, Rogers
groups demonstrated the successful application of an IL formulation to
deliver the poorly soluble drug sulfasalazine and reported that solubility
increased 4000 times and bioavailability was 2.5-fold higher compared
with that of free drug [18]. Yoshiura et al. [19] described an IL-based
microemulsion for the delivery of MTX and demonstrated that MTX
penetration through pig skin increased dramatically. Moniruzzaman
et al. [20] reported a novel imidazolium-based IL-in-oil microemulsion,
in which MTX dissolved more efficiently than in water. However, an
MTX-based API-IL, either as an anion or as a cation, has not previously
been reported.

In the present study, we explored the use of the IL-API approach to
solve the deficiencies of the solid drug MTX, by creating an MTX
anion-based IL, and report the synthesis, characterization, solubility
(both in aqueous and physiological fluids) and in vitro antitumor
activity of the MTX-IL moieties.

2. Experimental
2.1. Materials and methods

MTX (anhydrous, >98% purity) was purchased from Wako Chemicals
Ltd. (Osaka, Japan). L-Proline, L-aspartic acid, tetramethylammonium
hydroxide (15% in water), and tetrabutylphosphonium hydroxide
(40% in water) were obtained from Wako Chemicals Ltd. (Osaka, Japan).
L-Phenylalanine with a high level of purity (>98.0%) was purchased
from Kishida Chemical Co. Ltd. (Osaka, Japan), and 1-ethyl-3-
methylimidazolium chloride was purchased from TCI America (Tokyo,
Japan). The concentrations of ammonium, phosphonium, choline and
imidazolium were determined via titration. All other reagents, solvents
and materials were of analytical grade and were used without any further
purification.

Gibco minimum essential media (MEM), Opti-MEM, fetal bovine
serum, and antibiotic-antimycotic were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Dulbecco's phosphate buffered saline
(PBS) and 0.25% trypsin/1 mM ethylenediaminetetraacetic acid
were obtained from Nacalai Tesque (Kyoto, Japan). A WST-8 (2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium monosodium salt) cell counting kit was obtained from
Dojindo Molecular Technologies, Inc. (Kumamoto, Japan). The HeLa
cell line was provided by the RIKEN cell bank (Tsukuba, Japan).

2.2. General synthetic procedure for cations and MTX-IL moieties

The desired cations were synthesized in accordance with our previ-
ously reported procedure [2,21]. The synthetic route for the preparation
of amino acid esters (AAEs) is outlined in Scheme S1 and involves a re-
action between amino acids and thionyl chloride (mole ratio of thionyl
chloride: amino acid = 1.5:1) in ethanol and neutralization using an
ammonium solution (two equivalents) as a base [2]. The synthetic
route for the other cations outlined in scheme S2 involves adding an
equimolar amount of silver oxide to the respective chloride salt of the
cations [21]. Finally, MTX anion-containing IL-API moieties were syn-
thesized as shown in Scheme S3, through the ionization of a hydropho-
bic MTX hydrate and hydroxide salts of the desired cations in methanol
at 40 °C for 2 h (see supporting information for details).

2.3. NMR measurements
The 'H NMR spectra were recorded using a JEOL ECZ400S 400 MHz

spectrometer (Tokyo, Japan) in deuterated dimethyl sulfoxide
(2.5 ppm)/ methanol (3.3 ppm). The NMR solvents were obtained

from Wako Pure Chemical Industries Ltd. The coupling constants (J)
are reported in Hertz (Hz). The DeltaV software package (version
5.0.5.1,JEOL) was used to process the spectra. The purities of the synthe-
sized MTX-IL moieties were determined using the following equation:

Purity (%) = {Zl (product)/Zl (total)] x 100 (1)
where, I represents the relative area of each signal [22].
24. Fourier transform infrared analysis

The Fourier transform infrared (FT-IR) spectra of the MTX-ILs were
recorded using a Perkin Elmer spectrometer (Frontier FT/IR, Waltham,
MA) in the range 400-4000 cm ™! with an accumulation of 20 scans.

2.5. Thermogravimetric analysis

Thermogravimetric and derivative thermogravimetric analysis
(TGA/DTG) was performed using a Hitachi High-Technologies TG/DTA
7300 (Tokyo, Japan) under a flow of nitrogen. Samples weighing
approximately 10 to 20 mg were analyzed in an aluminum crucible
and were heated from 30 to 550 °C using a constant heating rate of
5 °C min~! with a 30 min isothermal step at 70 °C.

2.6. Differential scanning calorimetry

Differential scanning calorimetric (DSC) measurements were carried
out using a Hitachi High-Technologies DSC X7000 (Tokyo, Japan) to
characterize the thermal behavior of the drug moieties. Standard alumi-
num pans containing 4 to 6 mg samples were crimped with an alumi-
num lid using a press (T Zero sample press), and heated from —50 to
300 °C at a rate of 10 °C min~! under constant nitrogen at 30 mL/min.
An empty pan, sealed in the same way as the sample, was used as a
reference.

2.7. Powder X-ray diffraction (p-XRD)

For structural analysis, p-XRD analyses were performed using a
high-resolution X-ray diffractometer (Rigaku, Smartlab 9 kW, Tokyo,
Japan) with monochromatized and Ni-filtered Cu Ko radiation (N =
1.5418 A), operating at 40 kV and 30 mA. The data were collected
using the 26 range of 5-50° with a scanning speed of 2°/min with 0.02°.

2.8. Partitioning coefficient determination

Approximately 2 to 3 mg of free MTX-ILs were added to a mixture of
5 mL of Milli-Q-water and 5 mL of octanol. The mixtures were allowed
to mix overnight at room temperature with constant shaking in the
dark. Then, the solution was centrifuged at 10,000g for 60 min to
separate the layers. The concentration of free MTX in each layer was
quantified through UV spectroscopy (JASCO V-750, Japan) using
known concentrations of a standard at 302 nm. The partition coefficient,
log Pow, Was determined using the following equation:

log Pow = log (Solutecganor /Solutewater) (2)

where, Solute,ctano; and Solute,y.ce, represent the amount of free MTX in
octanol and water, respectively.

2.9. Media for solubility studies

Milli-Q-water, PBS, simulated intestinal fluid (SIF) and simulated
gastric fluid (SGF) were used as dissolution media to perform a solubil-
ity study of the MTX-IL moieties. PBS (pH = 7.4) was purchased from
Nacalai Tesque Inc. (Kyoto, Japan). SIF (pH = 6.8, without pancreatic
enzyme) and SGF (pH = 1.2, without pepsin enzyme) were prepared
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following United States Pharmacopeia guidelines. Briefly, SIF buffer was
prepared by dissolving 0.0896 g of NaOH and 0.6805 g of KH,PO,4 in
100 mL of water in a volumetric flask. SGF was prepared by dissolving
0.200 g of NaCl and 0.7 mL of concentrated HCl (to adjust the pH to
1.2) in a 100 mL volumetric flask and diluting the solution using water.

2.10. Solubility of the MTX-IL moieties

To determine the aqueous solubility of the MTX-IL moieties, equilib-
rium solubility was determined using a “shake-flask” method. Briefly,
an excess amount of MTX-ILs was mixed in 0.5 mL of water or physio-
logical fluids (PBS, SIF, or SFG), and the mixtures were stirred
thoroughly for 24 h at 20 °C. Then, each solution was centrifuged at
10,000g for 60 min to separate the solid-liquid phases. The liquid
phase was filtered using a 0.2 pm syringe filter to remove the remaining
solid particles. The filtrate was analyzed using UV-vis spectroscopy,
with quartz cells at a wavelength of 302 nm, which is the wavelength
of the maximum absorbance of MTX. Duplicate samples were measured.
A predetermined calibration curve was used to determine the amount
of drug in the dissolution media (for all curves R? > 0.9957), which
was constructed using different solutions with known concentrations
of the corresponding MTX-ILs.

2.11. In vitro antitumor activity

To evaluate the antitumor activity of the MTX-ILs and sodium salt of
MTX, a WST cell viability assay was conducted using the HeLa mamma-
lian cell line, as described in the literature [2]. Briefly, the cells were
cultured in MEM containing 10% fetal bovine serum and 1% antibiotic-
antimycotic. The cells were seeded into 96-well flat-bottomed plates
at 5000 cells/well and, then incubated for 24 h at 37 °C under a 5%
CO, atmosphere. Samples were prepared in Opti-MEM at varying con-
centrations in the range 0.01-50 mM. A total of 100 L of each sample
solution was replaced in each well, and the plates were incubated for
24 h. After incubation, the solution was removed through washing
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with PBS and 100 pL of the WST cell counting kit solution in Opti-
MEM was added to each well to measure the mitochondrial activity of
the cells. After a further 3 h incubation at 37 °C in a CO, incubator, the
absorbance of the supernatant (Ageated) Was measured at 450 nm
using a microplate spectrophotometer (Bio-Rad, Tokyo, Japan). The
cell viability compared with untreated cells (Acontrol) Was calculated
using the following equation:

Cell Viabi]ity (%) = (Atreated/Acontrol) x 100 (3)

All tests were performed in triplicate and the average values are re-
ported. Microsoft Excel 2016 (Microsoft, Washington, USA) was used to
perform the statistical analysis. Data are presented as the mean with the
standard deviation.

2.12. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 6
software (GraphPad Software, Inc., La Jolla, CA). Statistical significance
was evaluated through a one-way analysis of variance (ANOVA)
followed by Tukey's post-hoc test for multiple comparisons.

3. Results and discussion
3.1. Synthesis and characterization of MTX-IL moieties

API-IL prodrugs represent a highly promising approach to turn
crystalline drugs into a liquid form to improve their physiochemical or
biological activity. To synthesize IL-APIs (Fig. 1B), the hydrophobic
crystalline drug MTX is considered an anion which possesses two acidic
protons (pK, = 2.9 and 4.6) and a nitrogen basic site (pK, = 6.6) in its
structure [23].

Several types of cation, such as AAE, cholinium, imidazolium, quater-
nary ammonium and quaternary phosphonium, are described in Fig. 1A.
They reportedly have low toxicities or additional biological activity
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Fig. 1. Structures, names, and abbreviations for the (A) IL-forming cations and (B) MTX-ILs used in this study.
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Fig. 2. 'H NMR spectra of (A) the Cho cation, (B) free MTX and (C) [Cho][MTX].

among their corresponding groups, and they were chosen as a counter-
ion for use during MTX-IL moiety synthesis [2,24-28]. The rationale for
the choice of these cations is their potential to improve aqueous
solubility and skin permeability when combined with free drugs [18].
However, MTX anion-containing IL-API moieties were synthesized
through ionization of hydrophobic hydrate MTX and AAEs or hydroxide
salts of the desired cations in methanol. The results of the '"H NMR
spectroscopy analysis show that the stoichiometry between the two
constituents for the [Cho][MTX] compounds was 1:2 (Fig. 2). In the
case of the MTX-AAEs, the stoichiometry ratio was 1:1 because of
the lower pKb value of AAE cations (the pKb value of AspEt is 6.6)
(Fig. S19-S21). However, all the MTX-IL moieties demonstrated high
yields and were present as solids except [Cho][MTX], [EMI][MTX] and
[TBP][MTX] (Table S1). The purities of all the synthetic compounds de-
termined using 'H NMR were > 97.0% (Table S1).

While the stoichiometry ratio of the MTX-ILs was assessed using 'H
NMR, the assessment of fully ionization of the moieties was performed
using FT-IR. FT-IR measurements were performed to further understand
the interaction between MTX and the cations and then compare the
moieties with a fully ionized sodium salt of MTX. In the FT-IR spectrum
of free MTX, characteristic peaks were observed at 1678 cm™!,
1640 cm ™! and 1606 cm ™! for C=0 stretching of the ~-COOH groups,

C=C stretching of the MTX benzene ring and the MTX amide, respec-
tively. The spectrum of the [ProEt][MTX] moieties was confirmed to
contain characteristic peaks at 1616 cm~! and 1590 cm ™' for (=C
stretching of the MTX benzene ring and MTX amide, respectively
(Fig. 3). These peaks were also observed in the [Na][MTX] spectrum.
Characteristic peaks for C=0 stretching of the ~COOR groups of ProEt
were observed at nearly 1731 cm ™! and this shifted to ca. 1726 cm ™!
in the ProEt cation [2]. The characteristic peaks for C—H stretching of
the ethyl group were observed at ca. 2981 cm™! in the [ProEt][MTX]
spectrum and were attributed to the ethyl group of ProEt. Similarly,
characteristic peaks for other cations were observed in their respective
MTX-IL spectra. For all spectra of the MTX-IL moieties, the characteristic
peaks for C=0 stretching of ~-COOH groups at 1678 cm™ !, as seen in
free MTX, were not observed (Figs. S1-S3). However, a new weak
shoulder peak appeared at ca. 1602 cm ™', which has been attributed
to hydrogen bonding between carbonyl groups and respective cations
(i.e. amine/ammonium/phosphonium groups of cations). These similar
weak shoulder peaks were observed at 1602 cm™! in the [Na][MTX]
spectrum (Fig. 3).

The amorphous structure of API-ILs is the important parameter to
achieve maximum therapeutic efficacy. It has been reported that amor-
phous APIs have higher solubility, higher dissolution rate and reduced

Transmittance (%)

——MTX — ProEt — [ProE][MTX] — [Na][MTX]

2900 2400
Wavenumber (cm-')

3400

Fig. 3. FT-IR spectra of free MTX, ProEt, [ProEt][MTX] and [Na][MTX].
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Fig. 4. The XRD spectra of [AspEt][MTX], [Cho][MTX] and free MTX.

polymorphism than corresponding crystals [29]. It reveals a great ability
to stick together during tableting and reduce the amount of additives,
which simplify the formulation procedure [30]. The XRD pattern
shown in Fig. 4 confirmed the amorphous phase of the MTX-ILs while
the free MTX was crystalline in nature. Several characteristic sharp
peaks were observed in the X-ray diffractogram of free MTX between
the 26 of 5° and 30°. The most promising peaks of MTX were identified
at9.3,11.4,12.8,14.3,15.9, 17.6, 194, 21.4,24.2, 25.4, 26.9 and 27.8
(26 scattered angles), which clearly indicated the crystalline nature of
the free MTX [31]. All sharp crystalline peaks were diffused in the
diffractogram of the MTX-ILs, as shown in Fig. 4, which is indicative of
the amorphous nature of the MTX-IL moieties. Therefore, these results
indicate that free MTX was encapsulated or homogeneously distributed
in the cationic matrix and then dispersed molecularly (Fig. S4).

3.2. Thermophysical studies of MTX-IL moieties

The thermal behavior of all synthetic MTX-IL compounds was inves-
tigated using thermoanalytic methods, as well as DSC, TGA and DTG, to
provide evidence on the possible thermal interaction between free drug
and various cations. Initially, we evaluated the thermal stabilities of
the synthesized MTX-IL moieties through TGA and measured the
onset (Tsyonset) temperatures (Table 1 and Fig. 5). The MTX-ILs showed
similar or lower thermal stabilities than that of the free hydrate MTX
(Table 1). In the TGA and DTG thermograms of free MTX and [Cho]
[MTX)], the free hydrate MTX thermogram showed a three step decom-
position with 37.26% loss of its initial mass on heating to 550 °C, which
was clearly seen in the DTG thermogram. The first decomposition step
occurred from 40 °C to 75 °C, and was attributed to removal of volatile

Table 1

Physicothermal properties of the free hydrate MTX and MTX-IL moieties.
Compound Log P ow DSC TGA

Tg (DC) Tm (OC) TS%onset (DC)

Methotrexate —1.98 114 154 246
[Cho][MTX] —3.62 27 143 200
[TMA][MTX] —3.99 46 141 208
[EMI][MTX] —3.83 45 112 251
[TBP][MTX] —-1.17 17 137 296
[ProEt][MTX] —2.82 93 120 171
[AspEt][MTX] —2.56 104 164 142
[PheEt][MTX] —1.91 103 142 175

materials and surface adsorbed water molecules with a ca. 8% loss of
mass. The second decomposition step corresponds to a 2% dehydration
of drug from 75 °C to 120 °C, which is required to remove structural
water. This value of mass loss is in good agreement with the theoretical
percentage of water contained in the free drug (ca. 10%). After the re-
moval of the water, anhydrous MTX is formed and shows good thermal
stability in a 120-228 °C temperature range. The actual thermal decom-
position of free anhydrous MTX takes place from 232 °C to 550 °C with a
mass loss of ca. 52.7% of its initial mass. The Tsyonset Of the free hydrate
MTX is approximately 246 °C. These results are in agreement with pre-
vious findings [32].

The MTX-IL moieties exhibited slightly different results compared
with the free hydrate MTX. For example, [Cho][MTX] demonstrated
three main thermal phenomena. The first and second weight losses of
3.72% and 1% at 30-75 °C and 75-150 °C, respectively, were attributed
to the removal of volatile materials and surface adsorbed water, and
structural water molecules. Similar decomposition steps were also
found for all MTX-IL moieties (Fig. S5). It was found that the MTX-IL
moieties demonstrated good thermal stability up to 200 °C except
[AAES][MTX]. The Tsyonset temperatures of decomposition for the
MTX-IL moieties are shown in Table 1.

To further investigate the physical properties such as the melting
points and/or phase transitions of the MTX-ILs, we carried out DSC anal-
yses. The DSC thermograms are shown in Fig. 6. The free MTX exhibited
a characteristic sharp endothermic peak at 154 °C with an enthalpy of
relaxation of 8 mW, which corresponds to its melting point. It has
been reported that the thermogram of choline exhibits no endothermic
peak during the complete heating procedure (20 °C-300 °C) [33].
However, in the thermogram of [Cho]|[MTX] the characteristic sharp en-
dothermic peak shifted to 143 °C, which is an indication of a significant
change in the physical state from crystalline to amorphous.

Similarly, IL moieties of MTX with different cations ([ProEt][MTX])
showed variable characteristic sharp endothermic peaks at different
temperatures without any phase transformation (Fig. 6 and Fig. S6-S8).
These results confirmed that there was a strong physicochemical interac-
tion between free drug and cations.

3.3. Solubility study of the MTX-IL moieties

Solubility and bioavailability of a drug molecule is essential physico-
chemical parameters in order to predict their mode of release mecha-
nisms and possible in vivo behavior into the human body. The
pharmacokinetic and pharmacodynamics parameters of drug molecules
were limited due to their insufficient aqueous solubility and permeabil-
ity in the simulated body fluids following oral administration. To deter-
mine if we had achieved our goal of increased solubility, we carried out
an equilibrium solubility analysis (undissolved solid MTX-IL remains in
equilibrium within a saturated aqueous solution) of MTX-ILs in various
physiological fluids at room temperature and atmospheric pressure. All
MTX-IL compounds showed higher solubility than free MTX in both
water (Fig. S9) and buffers (Fig. 7). As expected, [Cho][MTX] showed
higher aqueous solubility than the other MTX-ILs, and this was 5280
times higher than that of free MTX (0.15 mg/mL) or two times higher
than that of an MTX sodium salt in PBS (pH = 7.4). The presence of
hydroxyl groups in the alkyl chains of the cholinium cation, which en-
hance the hydrogen bonding capacity and polarity of a cation, increases
its aqueous solubility. These results are similar to previously reported
data, in which choline-based drugs showed higher aqueous solubility
than free drugs. For example, choline naproxen and choline tolmetin
showed a 6700- and 8000-fold higher aqueous solubility than their cor-
responding free drugs, respectively [34].

The aqueous solubility of MTX-ILs in PBS decreases in accordance
with the following sequence: [PheEt][MTX] < [AspEt][MTX] < [ProEt]
[MTX] < [TBP][MTX] < [EMI][MTX] < [TMA][MTX] < [Cho][MTX]. This
depends on the chemical structure of cations such as ammonium,
imidazolium, phosphonium, choline and AAEs (Fig. 7). Table 1 shows
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Fig. 5. TGA and DTG thermograms of (A) free hydrate MTX and (B

the Log P of the MTX-ILs. [Cho][MTX] (Log P = —3.62) showed the
highest solubility in PBS among the MTX-ILs, free MTX and an MTX
sodium salt, because of its high hydrophilicity. The relative aqueous
solubility of the MTX-ILs mainly depends on the hydrophilicity of
the cations. However, although the hydrophilicity of [ProEt][MTX]
(Log P = —2.82) is higher than that of [TBP][MTX] (Log P = —1.17),
the aqueous solubility of [ProEt][MTX] is lower than that of [TBP]
[MTX], yet that of both MTX-ILs is higher than that of free MTX.

Next, we evaluated the solubility of the MTX-ILs in different simu-
lated physiological body fluids such as SGF (pH 1.2), and SIF (pH 6.8).
The solubility of the MTX-ILs was much higher compared with that of
free MTX in all physiological media. In SGF, [Cho][MTX] showed the
highest solubility because of an increase in the hydrophilicity of the
cholinium cation produced by the presence of hydrophilic hydroxyl
groups in the alkyl chains. However, [TMA][MTX] showed a slightly
higher solubility than [Cho][MTX] in SIF, because of its high hydrophilic-
ity at neutral pH. The solubility of [TMA][MTX] in PBS or SGF was lower
than that of [Cho][MTX] because of the effect of the low pH and ionic
strength of the testing media. In all cases, [PheEt][MTX] showed
the lowest solubility in water and the three simulated body fluids
(PBS, SGF and SIF). The PheEt cation increased the hydrophobicity of
the MTX-ILs because of the presence of a hydrophobic benzene ring in
its side chains.
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3.4. In vitro antitumor activity of the MTX-ILs

Finally, the in vitro antitumor activity of the MTX-ILs was evaluated
using a HeLa mammalian cancer cell line, and compared with that
of MTX sodium salt. Before comparing the antitumor activity of
the MTX-IL moieties, we evaluated the cytotoxicity of the cations
(Fig. 8A). Among the cations, TBP showed the lowest ICsq because of
the presence of a long alkyl chain in the cation. In the AAEs, the high
cytotoxicity of PheEt could be attributed to a strong m-m interaction be-
tween the cation and the cell membrane, leading to a rapid disruption of
the cell structure. ProEt showed lower toxicity than the other cations
because of the presence of a cyclic secondary amine in its structure
[2]. Both ProEt and AspEt demonstrated relatively low toxicity because
of their higher hydrophilicity (Table 1).

The in vitro antitumor activity of the MTX-ILs mainly depends on the
toxic nature of the relevant cations (Fig. 8B). Among all the MTX-IL
moieties, [TBP][MTX] was the most toxic in HeLa cells because of the
presence of a highly cytotoxic cation (Fig. 8A), which enhanced the pen-
etration of MTX into the cell membrane and disrupted its physiological
functions, ultimately leading to cell death. A similar result was obtained
in [PheEt][MTX] and [EMI][MTX] because of the presence of a benzene
or pyridine ring, which is attributed to a strong m-m interaction between
the hydrophobic or liphophilic cations and the plasma membrane of
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Fig. 7. Solubility of MTX-IL moieties in buffers (SIF, SGF and PBS).
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Fig. 8. In vitro antitumor activity of MTX-IL moieties in HeLa cells. Effect of (A) cations derived from IL-forming cationic salts, and (B) MTX-IL moieties. Statistical significance was evaluated
by one-way ANOVA followed by Tukey's post-hoc test for multiple comparisons. *P< 0.05 versus all the other cations, #P < 0.05 versus all the other MTX-ILs. Data are expressed as mean +

SD,n=3.

cells, leading to rapid disruption of the cell structure. These results are in
agreement with published work showing that higher hydrophobicity or
long alkyl chains leads to high toxicity [1,2].

Ammonium-based IL moieties such as [TMA][MTX] and [Cho][MTX]
showed the least toxicity whereas the AAE- and imidazolium-based
MTX-ILs showed relatively high antitumor activity. These cations
could be partially attributed to their high aqueous solubility and
partition coefficient (Table 1), which reduced their interaction with
the lipid bilayer of the cell membrane. The higher hydrophilicity of
MTX-ILs could reduce the penetration of MTX through cell membrane
by decreasing the lipophilicity of the IL form. Interestingly, the ProEt
and AspEt cations were not toxic when administered alone (Fig. 8A).
However, the AAE-based MTX-ILs with low toxicity ([ProEt][MTX] and
|AspEt][MTX]) showed enhanced toxicity compared with a sodium
salt of MTX because of their lower hydrophilicity. The ProEt cation-
based MTX-IL showed lower toxicity than either the AspEt or PheEt
cation-based MTX-IL because of the higher hydrophilicity of [ProEt]
[MTX] (Table 1). Therefore, the enhanced cytotoxic activity in a cancer
cell line of these cations compared with their sodium analogs can be re-
lated to their greater lipophilicity.

4. Conclusions

The current study reported a new series of IL-APIs consisting of MTX
as an anion and biocompatible ILs, such as choline and AAEs, as a cation.
Characterization studies (including NMR, FTIR, DSC and TGA) showed
the successful synthesis of IL-MTX APIs with excellent API properties.
The solubility of the MTX-IL moieties in simulated body fluids improved
significantly compared with MTX and MTX sodium salts. Importantly,
the prodrugs [AspEt][MTX] and [ProEt][MTX] showed enhanced
in vitro antitumor activity compared with that of MTX sodium salt.
The results reported here could play a significant role in the develop-
ment of MTX-IL-assisted drug delivery systems that take advantage of
the various attractive properties of ILs.
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