Chapter 2 ®)
Ionic Liquids as Active Pharmaceutical e

Ingredients (APIs)

Rahman Md Moshikur @ and Masahiro Goto

Abstract The development of effective drug delivery systems for poorly water-
soluble drugs remains a significant challenge for the pharmaceutical industry because
of their limited solubility, bioavailability, permeability and stability and their poly-
morphic conversion. A well-established approach to address these limitations is to
convert the active compounds to salts; however, the challenges related to bioavail-
ability, permeability and polymorphic transformation of crystalline drugs remain.
The incorporation of active pharmaceutical ingredients (APIs) into ionic liquids (ILs)
has been shown to be an attractive method for resolving these challenges and/or
significantly increasing the pharmacokinetic and pharmacodynamic properties of
drugs. To date, API-ILs have been designed to enhance the solubility of poorly
water-soluble drugs in both water and simulated fluids, and to disrupt physiological
barriers to deliver drugs to target sites. This chapter highlights the progress of ILs in
API-related research. The discussion is focussed on the importance and advantages
of the API-IL approach for the development of novel drugs, considering not only the
physicochemical properties but also the pharmacological profiles of the API-ILs.
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Abbreviations

[CoMIM] 1-Ethyl-3-methylimidazolium
[Ci6Pyr] 1-Hexadecylpyridium
[N2222] Tetraethylammonium

[N4a4] Tributylammonium

[Nys44] Tetrabutylammonium
[N11.10.10] Didecyldimethylammonium
[Ne6.6.6] Tetrahexylammonium
[Ps4.44] Tetrabutylphosphonium
[Ps.6.6.14] Tributyl(tetradecyl)phosphonium
[Ci6Pyr] Cetylpyridinium

[HMPyr] 1-Methylpyrrolidinium
[AAE] Amino acid ester

[AlaEt] Alanine ethyl ester

[ProEt] Proline ethyl ester

[AspEt] Aspartic diethyl ester

[PheEt] Phenylalanine ethyl ester

[C,OHMIM] 1-(2-Hydroxyethyl)-3-methylimidazolium
[MPEG3Ny44] Triethylene glycol monomethyl ether tributylammonium
[(C10)2(C1), N]  Didecyldimethylammonium

2.1 Introduction

The pharmaceutical industry is facing unprecedented challenges related to the
delivery of many solid active pharmaceutical ingredients (APIs) because of their
limited solubility, insufficient bioavailability, polymorphism and poor stability, as
well as formulation difficulties (Egorova et al. 2017; Ali et al. 2020). Approxi-
mately 40% of marketed drugs and up to 70% of drugs under development are poorly
water-soluble, which leads to poor bioavailability and delivery difficulties, and thus
causes them to fail in the later stages of development (Rodriguez-Aller et al. 2015;
Moshikur et al. 2020b). Generally, the therapeutic efficacy of APIs is strongly influ-
enced by their chemical structures, which contain various functional groups capable
of forming strong inter/intramolecular interactions via hydrogen and/or halogen
bonding, resulting in the formation of highly crystalline solids (Shamshina et al.
2015; Ali et al. 2021). These crystalline forms of APIs are accompanied by a suite
of issues, such as lower aqueous solubility, irregular gastrointestinal absorption,
pre-systemic metabolism, possible toxicity and side-effects of polymorphs and chal-
lenging particle size modification (Shamshina et al. 2015; Egorova et al. 2017). Large
differences in bioavailability have been observed for different polymorphs of APIs,
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leading to toxic or potentially lethal ramifications if the wrong polymorph is admin-
istered (Ghielmetti et al. 1976). Difficulty controlling the particle size of solid APIs
is another common problem that is often critical to the development of formulations
with therapeutic efficacy. Based on the structural diversity of drug molecules (ionis-
able or non-ionisable), several approaches such as salt formation, prodrug conversion,
nanoemulsion formation, micellisation and nanoparticle formation, are now widely
used to improve their aqueous solubility and bioavailability (Rodriguez-Aller et al.
2015; Egorova et al. 2017). However, these techniques often use large quantities of
organic solvents, leading to concerns for human health and ecosystems (Clarke et al.
2018). Green techniques that do not compromise the therapeutic efficacy of drugs
are therefore required for effective delivery.

The use of API-ionic liquids (API-ILs, organic salts prepared by pairing an ionis-
able API with an appropriate IL-forming counterion that melt below body temper-
ature) is a promising tool for addressing the polymorphism and aqueous solubility
of solid drugs. ILs comprising APIs are expected to provide many advantageous
physicochemical and biopharmaceutical properties over solid or crystalline APIs
(Egorova et al. 2017; Moshikur et al. 2020b). The strategic design and appropriate
choice of IL-forming counterions have the potential to not only stimulate the syner-
getic actions of API-ILs, but to allow tuning of physico-thermal properties such
as solubility, polymorphism, hygroscopicity, permeability and thermal stability. In
addition, the scientific and technical advantages of APIs in liquid form could allow
facile formulation and delivery via various routes of administration compared with
the solid or crystalline drug. Therefore, the API-IL strategy is a potential opportunity
for pharmaceutical companies as one of their options in a competitive market.

The research activity related to the use of ILs in drug formulation and delivery has
significantly expanded over the last two decades (Egorova et al. 2017; Moshikur et al.
2020b). Figure 2.1a shows the number of research publications that have reported the
application of ILs/IL technologies in the pharmaceutical field since 2000. Notably,
the API-ILs approach is the most studied area among the IL-based drug delivery
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Fig. 2.1 a Publications related to ionic liquids (ILs)/IL technologies over the past two decades.
b A comparison of the prevalence of API-IL technology and other commonly used IL-related
technologies in the pharmaceutics literature, reproduced with permission from (Moshikur et al.
2020b)
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strategies (Fig. 2.1b). Consequently, many companies that produce generic pharma-
ceuticals are increasingly motivated to design effective API-IL bearing drug delivery
systems. However, the objective of this chapter is to summarise and further motivate
biomedical application-driven exploration of API-ILs.

2.2 Design of API-ILs

The design of novel liquid forms of APIs is an appealing strategy for addressing the
innate difficulties of many crystalline drugs. ILs derived from APIs may also provide
new perspectives in terms of lowering the production costs or repurposing of classical
drugs, and address the risk of toxicity arising from different undetected polymor-
phic phases that could cause harmful effects in patients. Converting solid drugs into
API-ILs by pairing with tailor-made IL-forming counterions can lead to desirable
physicochemical and biopharmaceutical properties. Their charged liquid state allows
fine-tuning of their melting enthalpy barrier as well as the solubility/bioavailability.
With effectively infinite options for design and flexibility, the use of the API-IL plat-
form in drug delivery systems has already made advances through several approaches
reported in the literature (Fig. 2.2). In this section, several implementation strategies
for the API-IL platform developed over the last decade will be discussed.

2.2.1 Single-Active API-ILs

The combination of crystalline APIs with an appropriate IL-forming counterion is
a promising technique for converting conventional pharmaceuticals into IL salts
(Fig. 2.2a). These salts usually melt below body temperature and comprise one phar-
maceutically active API and an IL-forming counterion. The appropriate selection
of an IL-forming counterion allows control of the physicochemical and biological
properties of the corresponding parent API, including the solubility, dissolution,
permeability and bioavailability. API-ILs can reduce the issues of polymorphism and
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Fig. 2.2 Schematic examples of API-ILs in pharmaceutical approaches. a The preparation of a
single-active API-IL, b dual-active API-IL, ¢ oligomeric API-IL, and d API-IL prodrug
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crystallinity that are related to the low aqueous solubility, poor therapeutic efficiency
and thermal instability of drugs. A series of API-ILs with different pharmacological
activities have been reported where solid APIs such as lidocaine, ibuprofen, sulfac-
etamide, sulfasalazine, indomethacin, procaine, aspirin, salicylic acid, methotrexate,
piperacillin and penicillin are converted to the IL form by combining with IL-forming
cations such as cholinium, amino acid ester, ammonium or phosphonium (Egorova
et al. 2017; Moshikur et al. 2020b).

2.2.2 Dual-Active API-ILs

The dual-active API-IL strategy appears very attractive for the design of effective
drug delivery systems owing to the dual-functional performances and possible syner-
gistic effects beyond those of the parent APIs. Generally, any combination of two
or more APIs is possible if both drugs form stable ions. Dual-active API-ILs are
composed of an active cation and an active anion with different pharmaceutical activ-
ities (Fig. 2.2b). The role of the counterions is not only to influence the crystallinity
of the drug molecules, but also to retain their own biomedical activity, resulting in
dual-functional properties or providing new therapeutic properties not attainable with
the two isolated APIs or known salt forms. Several notable examples of dual-active
API-ILs have been reported to enhance their physicochemical and biomedical prop-
erties. A dual-functional API-IL was formed by the combination of acetylsalicylate
with its main metabolite salicylic acid, resulting in the enhanced solubility of acetyl-
salicylate with minimal gastrointestinal distress (Endres 2010). Similar dual-active
API-ILs were also formed from both salicylate and acetylsalicylate when paired with
an analgesic tramadolium cation, antibacterial benzethonium cation, local anaes-
thetic lidocainium and procainium cations and an antiarrhythmic procainiumamide
cation. Most of these API-ILs were liquids at room temperature and showed improved
stability in air and moisture (Endres 2010). Antibacterial cations such as benzalko-
nium and didecyldimethylammonium were paired with the ‘sweet’ anions sacchari-
nate (Sac) and acesulfame (Acesuf), which led to improved antimicrobial activity as
well as good insect deterrent activity compared with the individual drugs. However,
some of these API-ILs ([(C0)2(Cy)2 N][Sac] and [(C19)2(C;)> N][Acesulf]) caused
oral toxicity and skin irritation (Hough-Troutman et al. 2009). Ampicillin is a popular
antibiotic that formed a dual-active API-IL when paired with the antiseptic cetylpyri-
dinium (C,¢Pyr), demonstrating significantly higher activity against several gram-
positive and gram-negative bacterial strains compared with parent [Na][Amp] or
[C16Pyr][Cl] (Ferrazetal.2014,2015). Notably, [C;sPyr][Amp] showed significantly
higher growth inhibition in some tumour cell lines than [Na][Amp] (Ferraz et al.
2015). To improve the transdermal penetration, the nonsteroidal anti-inflammatory
drugs, etodolac and ibuprofen, were combined with the local anaesthetic lidocaine,
resulting in significant aqueous solubility as well as more efficient skin permeability.
Although, the permeation of etodolac from lidocainium etodolac was significantly
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higher than that of parent etodolac, the opposite was observed for lidocaine (Miwa
et al. 2016).

2.2.3 Oligomeric API-ILs

A nonstoichiometric approach for converting crystalline drugs into liquid forms is
the formation of oligomeric API-ILs. Generally, oligomeric API-ILs are composed
of hydrogen-bonded cations/anions and neutral non-ionised drug molecules, which
share the delocalised protons between the deprotonated anion and protonated cation
causing them to resist crystal formation (Fig. 2.2¢). These API-ILs can be tuned
by simply altering the stoichiometric ratio and/or complexity of the ions by intro-
ducing the free acids or bases of the conjugate bases or acids within the salt formu-
lations. Use of the term ‘ionic liquid’ for this type of liquid salt formulation is
debatable unless non-covalently bonded species behave as a single ion, because
all species in API-ILs are partially to fully ionised liquids. Rogers’ group first
introduced this concept in 2010 by preparing ‘oligomeric’ tetrabutylphosphonium
salicylates ([P44.4.4][Hn(Salys1)]) (Bica and Rogers 2010). The formation of these
oligomeric API-ILs can be explained by the formation of hydrogen-bonded dimer
complexes between salicylic acid and the salicylate anion. All compositions in the
range [P4 4.4.4][Sal] 3-3Ho 7-» wereliquids. Lidocainium salicylate ((HLid][Sal,+; Hy]
or [HLid,4][Sal]), a viscous liquid, is another example of an oligomeric API-IL,
which was prepared by adding an excess of salicylic acid or lidocaine to lidocainium
salicylate (Bica and Rogers 2010).

2.2.4 Prodrug API-ILs

The prodrug strategy is a promising approach for improving the therapeutic efficacy
of APIs and extending their delivery to different routes of administration (Fig. 2.2d).
A prodrug is a pharmacologically inactive molecule that is converted into an active
substance through chemical and/or enzymatic transformation within the body (Pedro
et al. 2020). Prodrugs are generally used to increase the solubility and site speci-
ficity, reduce rapid drug metabolism and cellular toxicity and achieve controlled
drug release (Shamshina et al. 2013). However, prodrugs can exist as several poly-
morphs that suffer the same polymorphic problems as any solid API. For example,
chloramphenicol palmitate—a prodrug of chloromycetin—exists in three polymor-
phic forms, A, B and C, but only the B polymorph is able to transfer into the blood
plasma at the effective level (Aguiar et al. 1967). Combining the advantages of
API-IL with a prodrug approach can be a potential mean of not only improving the
drug efficacy, but also eliminating the unwanted toxicity of the solid drug. Prodrug
API-ILs are prepared by adding hydrolysable functional groups, which can be easily
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biochemically cleaved, to neutral APIs, and then pairing them with IL-forming coun-
terions to give new ILs (Cojocaru et al. 2013). The appropriate choice of IL-forming
counterion would lead to a prodrug API-IL with the desired physicochemical and
biopharmaceutical properties. A series of API-IL prodrugs prepared by pairing the
acetaminophen bearing imidazolium, phosphonium, pyridinium and pyrrolidinium
prodrugs with docusate, resulted in no melting point, lower aqueous solubilities and
controlled release profiles in physiological fluids (Cojocaru et al. 2013).

2.3 Synthesis and Characterisation of API-ILs

2.3.1 Synthesis of API-ILs

The conversion of APIs to liquid forms is a promising strategy for boosting the effi-
cacy and delivery of APIs. This can be effectively tuned by selecting biologically
active ions and appropriate IL-forming counterions with a high degree of asymmetry
and diffuse charge as well as a minimal number of potential H-bonds among the
molecules (Balk et al. 2015a). The biologically active ions should also be on the
list of substances ‘generally regarded as safe’ under sections 201(s) and 409 of the
Federal Food, Drug, and Cosmetic Act (the Act), which is appraised and approved
by the United States FDA. The initial development of API-ILs demanded an instinc-
tual knowledge not only of the pharmacological activity of the ions, but also of their
ability to form ILs. In general, API-ILs are synthesised by neutralisation of an acid
with a base and/or metathesis reactions between the biologically active anion and the
cation bearing salt (Moshikur et al. 2020b). In most cases, available salt forms of the
cations and anions are dissolved in a solvent (e.g. water, methanol, ethanol, acetone,
chloroform, tetrahydrofuran) and stirred at room temperature or a given temperature
to afford the desired API-ILs by eliminating inorganic salts. For example, the first
reported API-IL, lidocainium docusate, was synthesised by metathesis of lidocainium
hydrochloride and sodium docusate in methanol. The efficiency of this method was
also proven by synthesising a series of API-ILs including benzalkonium based peni-
cillinate G, trans-cinnamate and thiomersalate. Alternative metathesis methods have
also been used to synthesise API-ILs, for example, cationic salts were converted to
the hydroxide forms in methanol using ion exchange or Amberlite resin, and then
the basic solution was neutralised by adding the acidic API solutions. However,
the use of large amounts of organic solvents during the preparation of API-ILs led
to the formation of undesired impurities, which may be harmful to human health as
well as to the environment. To address these issues, mechanochemical processing—a
green alternative method for synthesising API-ILs—has attracted significant atten-
tion because it is based on a grinding technique and uses only small amounts of
organic solvents, or no solvents at all (Fig. 2.3). Martins et al (2017) introduced this
strategy to synthesise gabapentin and L-glutamic acid bearing mechnoAPI-ILs by
simply grinding the API precursors with IL-forming counterions, suggesting a faster,
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Fig. 2.3 Schematic diagrams of a the traditional method and b the mechanochemical method of
API-IL preparation, reproduced with permission from Egorova et al. (2018)

solvent-free, reproducible, higher yield and greener synthetic approach for API-IL
preparation. A series of ketoprofen-containing mechnoAPI-ILs were prepared with
benzocainium, procainium or tetracainium using a mortar agate pestle. However,
additional studies are required to clearly determine the mechanisms as well as to
generalise these techniques for wider API-IL preparation.

2.3.2 Characterisation of API-ILs

Designing API-ILs for pharmaceutical applications requires careful assessment to
ensure both appropriate physico-thermal properties and high therapeutic efficacy,
with the minimal possible side-effects. Generally, the formation of API-ILs is
confirmed by NMR spectroscopy through the qualitative characterisation of proton
transfer—where the chemical shifts of 'H, '3C and "N are closely monitored to
determine the degree of proton transfer from an acidic API to a basic IL-forming
counterion, which indicates ionisation or H-bonded complex formation (Moreira
et al. 2015). 'H and '3C NMR are used to monitor the reactions and to confirm
the stoichiometry of the cation and anion of an API-IL that contains hydrogen and
carbon atoms, from the change in the chemical shifts upon the proton transfer related
to IL formation (Balk et al. 2015b). They are also used to evaluate the presence
of by-products and degradation by simple integration of signals in the compound.
Recently, nuclear overhauser enhancement experiments such as NOESY, ROESY and
HOESY have been used to confirm the chemical structures of API-ILs. To eliminate
the influence of the NMR solvents, several deuterated solvents such as methanol-
d4, DMSO-d6 and chloroform-d have been used to measure the 'H and '*C NMR
spectra of API-ILs by simply dissolving the ILs with the deuterated solvents in an
NMR tube. In particular, "H NMR spectra of ILs can reflect the differences in intra-
and intermolecular interaction between ions that vary in size and structure (Cremer
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et al. 2010). Infrared spectroscopy is also used to qualitatively assess the proton
transfer, complete ionisation and impurities of API-IL moieties. X-ray diffraction of
single crystals or powders is used to assess the crystallinity of API-ILs or the homo-
geneous distribution of APIs in the IL-forming counterionic matrix. Halide analyses
are conducted to detect the presence of inorganic impurities using the metathesis reac-
tions. Thermoanalytical methods such as differential scanning calorimetry, thermal
gravimetric analysis or derivative thermal gravimetric analysis are carried out to
assess the decomposition temperatures, melting point and phase transitions (glass
transition temperature or solid—solid transitions) (Ali et al. 2019; Moshikur et al.
2020c¢). In addition, Karl Fischer titration is used to determine the water content, and
hygroscopicity is assessed by dynamic vapour sorption during storage.

2.4 Physico-Thermal and Solubility Behaviour of API-ILs

The conversion of neutral APIs into IL forms is a promising approach for over-
coming the inadequate physico-thermal properties and solubility challenges of APIs.
The physicochemical and biomedical properties of API-ILs mainly depend on the
appropriate choice of IL-forming cations. It has been suggested that using APIs
in an IL form allows fine-tuning of their physicochemical and biological properties.
Several notable studies have been conducted to emphasise the effect of counterions in
controlling the various pharmaceutical cocktail properties of API-ILs, i.e. solubility,
physico-thermal properties, stability, biological activity and bioavailability.

2.4.1 Physico-Thermal Properties

When crystalline solid APIs are converted into API-ILs, the thermal properties such
as the glass transition temperature (T,) and melting point (T',) are significantly
lower than those of the corresponding parent drugs. Cholinium-containing ibuprofen,
ketoprofen and naproxen are liquid at room temperature (7, in the range —90 to
—70 °C), whereas the T, values of cholinium-based acyclovir and methothexate
were —50.2 and 27 °C, respectively (Shamshina et al. 2017; Chantereau et al.
2019; Moshikur et al. 2019). The T, values of lidocaine ibuprofenate, ranitidinium
ibuprofenate and ranitidinium sulfacetamide were —30, —12 and 25 °C, respec-
tively; the melting points of these API-ILs were not detected in the range —80 to
300 °C. Similarly, docusate-containing diphenhydraminium, glycinium and ethyl-
glycinium ILs showed no melting point, and their T, values were observed below
0 °C (Aratjo et al. 2014; Pani¢ et al. 2020). Ampicillin- and penicillin-based ILs
with cholinium, ammonium, pyridinium, phosphonium and imidazolium as cations,
as well as cholinium-bearing nalidixic acid, pyrazinoic acid, niflumic acid, 4-amino-
salicylic acid and other APIs as anions; showed significantly lower T, than their
corresponding starting APIs or conventional API salts (Balk et al. 2015¢; Chantereau



22 R. Md Moshikur and M. Goto

et al. 2019; Ferraz et al. 2020). A wide panel of ibuprofen-containing dual-active
API-ILs with lidocaine, procainium, ranitidine, diphenhydramine and other coun-
terions exhibited relatively low T, and T, indicating acceptable thermal stability
(Abednejad et al. 2019; Wu et al. 2019; Pani¢ et al. 2020). The same was observed
for dual-active API-ILs combining lidocaine with salicylate, diclofenate, naproxe-
nate, etodolac and docusate (Miwa et al. 2016; Berton et al. 2017; Abednejad et al.
2019; Maneewattanapinyo et al. 2019; Pani¢ et al. 2020). Methotrexate and acyclovir
containing API-IL prodrugs with cholinium, ammonium, amino acid esters, phos-
phonium and/or imidazolium and docusate also demonstrated lower T, and T',, values
than the parent APIs. The obtained prodrug-ILs showed fast hydrolysis in both water
and simulated body fluids (phosphate-buffered saline, simulated gastric and simu-
lated intestinal fluids) (Shamshina et al. 2017; Moshikur et al. 2019). Lidocainium
ibuprofenate was suggested for use as a stabiliser for the preparation of IL-mediated
silver nanoparticles (20-30 nm), and was readily released from the nanoparticles
(Jiang et al. 2018). An IL with the surface-active API 1-alkyl-3-methylimidazolium
ibuprofenate, formed aggregate structures where the number of imidazolium cations
in the micelles increased with the increasing alkyl chain length of the cations. API-
ILs of mefenamic acid containing ammonium were suggested for use as an initiator
for ring opening polymerisation of L-lactide, and the shape and size of API-IL-
grafted—poly(L-lactide) was controlled by altering the number of hydroxyl groups
in the cation (Halayqa et al. 2017). However, lidocaine salicylate showed higher
density and viscosity with lower conductivity compared with lidocaine ibuprofe-
nate, suggesting the smaller size of the salicylate anions facilitates dense packing of
the lidocainium cations (Pani¢ et al. 2020). A similar feature was found for diphen-
hydramine bearing ibuprofen and naproxen, where the diphenhydramine naproxe-
nate showed higher viscosity with lower iconicity, diffusivity and ionic conductivity
compared with diphenhydramine ibuprofenate (Wang et al. 2018).

2.4.2 Enhanced Solubility

The main anticipated advantage of the API-IL technique is the enhanced aqueous
solubility and bioavailability compared with neutral APIs, which depend on the
nature of the IL-forming counterions (Table 2.1). For example, the poorly water-
soluble drugs acyclovir (ACV) and methotrexate (MTX) have been converted into
IL forms using a series of IL-forming counterions. The solubility of MTX bearing
cholinium and ammonium was at least 5000 times higher in both water and simu-
lated body fluids than that of the neutral MTX, whereas for amino acid ester-based
MTX-ILs, it was 4000 times higher (Moshikur et al. 2019). Similar variable solu-
bility was also found in both water and simulated body fluids (up to 400 times
higher than parent drug) when acyclovir was combined with IL-forming counte-
rions such as ammonium, phosphonium, cholinium and docusate (Shamshina et al.
2017). The solubility of cholinium sulfasalazine in saline was improved almost
4000-fold, whereas that of cholinium niflumate in water was 56 000 times higher
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than that of the neutral API (Aradjo et al. 2014; Shadid et al. 2015). API-ILs
with cholinium containing nalidixic acid, 4-amino-salicylic acid, picolinic acid,
pyrazinoic acid, naprox, ketoprofen, ibuprofen and betulinic acid, exhibited signif-
icantly improved aqueous solubility compared with the neutral APIs and sodium
salts (Aradjo et al. 2014; Azevedo et al. 2017; Chantereau et al. 2019). Amino
acid esters—potent green IL-forming cations—were found to enhance the solu-
bility of API-ILs. L-valine alkyl ester bearing ibuprofen ILs showed approximately
42 times better solubility than the parent API, whereas amino acid ester (alanine,
proline and aspartic acid) bearing salicylate ILs were miscible (soluble) at any ratio
with water (Moshikur et al. 2018; Janus et al. 2020). The API-ILs of indomethacin
with tetramethylguanidine, 2-dimethylaminoethanol, 1,8-diazabicyclo[5.4.0Jundec-
7-ene and 1,4-diazabicyclo[2.2.2]octane showed very high aqueous solubility (5
000 000 times higher than that of the parent indomethacin) (Tojo 2018). Other
IL-forming cations such as ammonium, phosphonium and docusate bearing API-
ILs also improved the solubility in water compared with indomethacin. API-
ILs of tetrabutylphosphonium bearing ibuprofen, ketoprofen, naproxen, diclofenac,
sulfamethoxazole, sulfadiazine and tolbutamide showed enhanced solubility (1000
times higher than the parent drugs) in water (Balk et al. 2015c). Moreover, API-
ILs bearing the hydrophobic IL-forming counterion docusate with glycinium, ethyl-
glycinium, diphenhydraminium, ranitidinium sulfacetamide and lidocaine, exhib-
ited similar aqueous solubility, whereas docusate-containing lumefantrine, erlotinib,
gefitinib, ceritinib, cabozantinib, amlodipine and metformin ILs showed improved
solubility in lipidic formulations (Frizzo et al. 2016; Williams et al. 2018a, b; Tay
et al. 2020). Several dual-active API-ILs of lidocaine bearing ibuprofen, naproxen,
diclofenac and etodolac showed approximately 470-fold higher aqueous solubility,
whereas diphenhydramine containing ibuprofen and naproxen were considerably
more water-soluble than the neutral APIs (Wang et al. 2018; Abednejad et al. 2019).
Although API-ILs are considered to have significant potential for application in
the pharmaceutical industry, some drawbacks of the concept should be noted. In some
cases, the polymorphism problem of solid APIs persists in their IL forms (Egorova
et al. 2017). Ethambutol dibenzoate formed three polymorphs with different thermal
stability. Procainium acetate was found to form a dihydrate salt that underwent irre-
versible crystallisation. Ibuprofen with 1-(2-hydroxyethyl)-3-methyl imidazolium
showed high sensitivity to the water content. These findings suggest the importance
of further investigation into the formation of polymorphs and hydrates in API-ILs.

2.5 Biomedical Activity

Notwithstanding numerous reports on the preparation and physicochemical proper-
ties of API-ILs, their biomedical activity has still only been evaluated using in vitro
models. Many of the API-ILs showed improved aqueous solubility compared with
the parent drugs, indicating the possibility of higher in vivo bioavailability. In addi-
tion, API-ILs addressed the polymorphism problems of many conventional solid
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APIs, and the amorphous structure of API-ILs offered higher solubility with reduced
polymorphism. However, the impact of converting the APIs into ILs on the biomed-
ical activity is not always clear. Therefore, an ideal API-IL should be liquid with
considerable physicochemical properties so polymorphs are not formed and should
retain the level of biomedical activity exhibited by the parent APIL.

2.5.1 Enhanced Biological Activity

To date, only a few attempts have been made to investigate the biological activi-
ties of the numerous API-ILs that have been synthesised (Table 2.1). Imidazolium-
containing API-ILs of amoxicillin and penicillin showed improved antibacterial
activity compared with the conventional salts of the APIs. Ammonium, phospho-
nium and cetylpyridinium bearing API-ILs of ampicillin and penicillin exhibited
improved antibacterial activity (Ferraz et al. 2020). Cholinium-bearing API-ILs of
nalidixic, niflumic and pyrazinoic acids, showed similar cytotoxicity to that of the
parent APIs, whereas the cholinium naproxenate and ketoprofenate API-ILs showed
higher cytotoxicity (Aradjo et al. 2014; Azevedo et al. 2017). N-methyl-2-pyrrolidone
bearing ibprofenate exhibited lower toxicity than cholinium ibprofenate (Moshikur
et al. 2020d). The introduction of amino acid esters (AAEs)—low toxicity cations—
into the anticancer drug methotrexate (MTX) enhanced the antitumour activity,
whereas the cholinium-bearing MTX showed similar antitumour activity compared
with the parent drug. MTX-IL with IL-forming cations of different toxicity, showed
different modes of antitumour activity (Moshikur et al. 2019). In addition, the low
toxicity AAE-containing salicylate API-ILs showed reduced cytotoxicity compared
with the parent salicylic acid drug, whereas the imidazolium-containing salicylate
exhibited similar cytotoxicity to the parent drug (Egorova et al. 2015; Furukawa
et al. 2016; Moshikur et al. 2018). The biological activity of API-ILs also depends
on the structure of the ions. When antibacterial agents (benzalkonium, [N 1 .10.10],
[C6Pyr] or 3-hydroxy-1-octyloxymethylpyridinium) were combined with an artifi-
cial sweetener (acesulfame or saccharinate), the antibacterial activity of the API-ILs
was greatly influenced by the IL-forming cations (Hough-Troutman et al. 2009).
Dual-active API-ILs of ibuprofenate-based ranitidinium and diphenhydraminium
showed similar solubility and improved antibacterial activities compared with their
precursors when tested against Candida. The same was observed for dual-active API-
ILs combining docusate with glycinium, ethylglycinium and diphenhydraminium
(Frizzo et al. 2016). Lidocainium docusate offered a longer and more pronounced
analgesic effect than lidocainium hydrochloride, indicating a synergistic impact on
the activity.
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2.5.2 Enhanced Permeability

Many topical drugs have been found to be unable to penetrate the skin barrier and to
crystallise prior to use (Moshikur et al. 2020a). For topical and transdermal delivery,
the bioavailability and therapeutic efficacy are strongly related to the penetration of
a drug through the skin. Therefore, a great deal of research is currently focussed
on improving drug transportation through the skin barrier by employing a pene-
tration enhancer (Table 2.1). As the salt forms of drugs have difficulty penetrating
through the skin, API-ILs are a promising platform for skin delivery because of
their skin enhancer properties. Several studies have been conducted to evaluate the
role of ILs during permeation. In most cases, the in vitro permeability of API-ILs
was evaluated using animal skins or artificial model membranes. For example, the
Rogers group designed a series of API-ILs to investigate the permeability of a model
membrane to various combinations of protic, acidic and basic APIs, demonstrating
their more rapid penetration compared with that of the free APIs. They conducted a
topical in vivo pharmacokinetic study on rats by dissolving the lidocaine-containing
liquid co-crystal (Lid.Ibu) and salts ([Lid]Cl or [Lid][Doc]) in a carrier cream and
observed faster transport/absorption of actives from the liquid co-crystals than from
the salts. PEGylated salicylate IL exhibited faster transdermal transport (~2.5-fold)
than PEG-free cations, and AAE-containing salicylate ILs enhanced the skin perme-
ation compared with the parent drug (Zavgorodnya et al. 2017; Moshikur et al.
2018). Proline ethyl ester ibuprofenate exhibited tenfold better permeation than the
parent APL In a study of ibuprofen ILs with L-valine alkyl esters, L-valine propyl
and isopropyl ester bearing ibuprofenate exhibited higher rate of transport through
the skin (Janus et al. 2020). Fatty acid-containing donepezil AIP-ILs improved the
permeation through an artificial membrane by 1.9- and 1.55-fold for a-linolenic and
docosahexaenoic acid based API-IL patches, respectively, compared with the corre-
sponding free base patch (Wu et al. 2020). Compared with cholinium ibuprofenate,
N-methyl-2-pyrrolidone-bearing ibuprofenate enhanced the skin retention 2.6 times,
however, the skin penetration was 2.3-fold lower (Moshikur et al. 2020d).

2.6 Clinical Applications

Notwithstanding the progress in the preparation and characterisation of API-ILs, only
one API-IL—lidocaine etodolac—has reached clinical trials to date (Egorova et al.
2017). In 2013, the Japanese company MEDRXx published the phase I trial data for
the MRX-7EAT lidocaine etodolac topical patch, which resulted in faster absorption
of the active (etodolac) through the skin, with mild to moderate adverse effects. The
Phase IT and Il trials have been conducted to evaluate the efficacy and safety in several
types of pain treatment including ankle sprains (NCT01198834), acute tendonitis
and bursitis (NCT01161615, NCT01506154), low back pain (NCT01968005) and
shoulder pain (NCT01506154). At the end of November 2016, MEDRx decided to
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terminate the development of the MRX-7EAT topical patch owing to unsatisfactory
trial results.

2.7 Conclusion and Future Directions

This chapter emphasised the importance and advantages of API-ILs as promising
alternatives to solid crystalline APIs in pharmaceuticals. API-ILs have effectively
addressed the solubility and polymorphism challenges observed with solid APIs,
which were the primary barriers to the development of effective drug delivery
systems. The possibility of rationally designing the API-ILs also allows the tuning
of new drug forms with the desired physicochemical and biomedical properties.
Advances in this area have revealed the ability of API-ILs to improve drug solu-
bility in both water and simulated body fluids, as well as to enhance drug permeation
through physiological skin barriers. The results reported have been very encouraging,
with specific or dual pharmacological action and enhanced bioavailability and effi-
cacy being the hallmarks of the IL-strategy. However, few studies have assessed
the in vivo bioavailability of API-ILs, suggesting the necessity for pharmacoki-
netic and pharmacodynamic investigations to understand the pathways involved
in their absorption, distribution, metabolism and elimination. In addition, experi-
mental and fundamental methodologies are needed to synthesise new API-ILs and to
better understand the physicochemical and biological properties of these systems. We
believe that the current understanding of ILs provides an important starting point for
the further exploration and development of API-ILs for pharmaceutical applications.
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