
 

Ionic liquids of active pharmaceutical ingredients: 

A novel platform addressing solubility challenges of 

poorly water soluble drugs 

 

 

Dissertation zur Erlangung des naturwissenschaftlichen Doktorgrades der 

 

Julius-Maximilians-Universität Würzburg 

 

 

 

 

 

vorgelegt von 

 

Anja Balk 

 
aus Roding 

 

 

 

Würzburg 2015 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Eingereicht bei der Fakultät für Chemie und Pharmazie am 

 

Gutachter der schriftlichen Arbeit 

 

1. Gutachter: 

 

2. Gutachter: 

 

 

Prüfer des öffentlichen Promotionskolloquiums 

 

1. Prüfer: 

 

2. Prüfer: 

 

3. Prüfer: 

 

 

Datum des öffentlichen Promotionskolloquiums 

 

Doktorurkunde ausgehändigt am 

 

  



 

 
 

 

Die vorliegende Arbeit wurde in der Zeit von Januar 2012 bis Juni 2015 am Institut für Pharmazie 

und Lebensmittelchemie der Bayerischen Julius-Maximilians-Universität Würzburg unter der 

Anleitung von Herrn Prof. Dr. Dr. Lorenz Meinel angefertigt. 

  



 

 



 Table of contents 

 

 
 

Table of contents 

 

Summary ........................................................................................................................................... 1 

Zusammenfassung ............................................................................................................................ 3 

Chapter 1: ‘Pro et contra’ ionic liquid drugs - challenges and opportunities for 

pharmaceutical translation.............................................................................................................. 5 

Chapter 2: Ionic liquid versus prodrug strategy to address formulation challenges ............... 41 

Chapter 3: Tuning solubility, supersaturation and hygroscopicity by counterion design ...... 69 

Chapter 4: Transformation of acidic poorly water soluble drugs into ionic liquids .............. 109 

Conclusion and outlook ............................................................................................................... 137 

Abbreviations ................................................................................................................................ 145 

Curriculum vitae .......................................................................................................................... 149 

Acknowledgments ........................................................................................................................ 151 

 

 



 

 

 



 Summary 

 

1 

 

Summary 

Starting in the late 1990s ionic liquids (ILs) gained momentum both in academia as well as 

industry. ILs are defined as organic salts with a melting point below 100 °C. Active pharmaceutical 

ingredients (APIs) may be transferred into ILs by creating salts with a bulky counterion with a soft 

electron density. ILs have demonstrated the potential to tune important pharmaceutical features 

such as the solubility and the dissolution rate, particularly addressing the challenge of poor water 

soluble drugs (PWSD). Due to the tunability of ILs, modification of physico-chemical properties of 

APIs may be envisioned without any modifications of the chemical structure. 

In the first chapter the potential as well as the limitation of ILs are discussed. The chapter 

commences with an overview of preparation and characterization of API-ILs. Moreover, examples 

for pharmaceutical parameters are presented which may be affected by IL formation, including the 

dissolution rate, kinetic solubility or hygroscopicity as well as biopharmaceutical performance and 

toxicology. The impact of IL formation on those pharmaceutically relevant features is highlighted, 

resulting in a blueprint for a novel formulation concept to overcome PWSD challenges without the 

need for structural changes of the API. 

Within the second chapter the IL concept is detailed for one specific API - counterion combination. 

A poorly water soluble acidic API against migraine attacks was transformed into an IL in an effort 

to minimize the time to maximum plasma concentration (tmax) and optimize the overall 

bioavailability. These studies were conducted in parallel to a prodrug of the API for comparison of 

the IL strategy versus a strategy involving modification of the API’s structure. A significantly 

longer duration of API supersaturation and a 700 fold faster dissolution rate of the IL in 

comparison to the free acid were obtained and the underlying mechanism was elucidated. The 

transepithelial absorption was determined using Caco-2 cell layers. For the IL about 3 times more 

substance was transported in comparison to the prodrug when substances were applied as 

suspensions, despite the higher permeability of the prodrug, as increased solubility of the IL 

exceeded this effect. Cytotoxicity of the counterion was assessed in hepatic, renal and macrophage 

cell lines, respectively, and IC50 values were in the upper µM / lower mM range. The outcome of 

the study suggested the IL approach instrumental for tuning biopharmaceutical properties, without 

structural changes of the API as required for preparation of prodrugs. Thus the toolbox for 

formulation strategies of poorly water soluble drugs could be extended by an efficient concept. 

The third chapter focuses on the effect of different counterions on the physico-chemical properties 

of an API-IL, in particular to overcome the challenge of poor water solubility. Therefore, the same 

poorly water soluble acidic API against migraine attacks mentioned above was combined with 36 

counterions resulting in ILs and low lattice enthalpy salts (LLES). Depending on the counterions, 
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different dissolution rates, durations of supersaturation and hygroscopicities were obtained and 

release profiles could be tailored from immediate to sustained release. Besides, in vitro the 

cytotoxicity of the counterions was assessed in three cell lines. Using molecular descriptors such as 

the number of hydrophobic atoms, the graph theoretical diameter and the number of positive 

charges of the counterion, the dissolution rate, supersaturation and hygroscopicity as well as the 

cytotoxicity of counterions could be adequately modeled, rendering it possible to predict properties 

of new LLESs. 

Within the forth chapter different poorly water soluble APIs were combined with the counterion 

tetrabutylphosphonium (TBP) studying the impact on the pharmaceutical and physical properties of 

the APIs. TBP-ILs and low lattice enthalpy salts were prepared of the acidic APIs Diclofenac, 

Ibuprofen, Ketoprofen, Naproxen, Sulfadiazine, Sulfamethoxazole and Tolbutamide. NMR and IR 

spectroscopy, DSC, XRPD, DVS and dissolution rate measurements, release profiles and saturation 

concentration measurements were used to characterize the free acids and TBP salts as compared to 

the corresponding sodium salts. The TBP salts as compared to the free acids displayed lower 

melting points and glass transition temperatures and up to 1000 times higher dissolution rates. The 

increase in the dissolution rate directly correlated with the salts’ hygroscopicity, an aspect which is 

critically discussed in terms of pharmaceutical translation challenges. In summary TBP ILs of solid 

salts were proved instrumental to approach the challenge of poor water solubility. The outcome 

profiled tailor-made counterions as a powerful formulation strategy to address poor water 

solubility, hence bioavailability and ultimately therapeutic potential of challenging APIs. 

In summary, a plethora of ILs and LLESs were prepared by combination of different acidic APIs 

and counterions. The IL and LLESs concept was compared to conventional salt and prodrug 

strategies. By choice of the counterion, biopharmaceutical relevant parameters were deliberately 

modified and release profiles were tuned ranging from immediate to prolonged release. The impact 

of distinct structural counterion features controlling the dissolution, supersaturation, hygroscopicity 

and counterion cytotoxicity were identified, correlations were presented and predictive models 

were built. ILs and LLESs could be proven to be a powerful concept for the formulation of poorly 

water soluble acidic APIs. 
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Zusammenfassung 

Seit etwa 1990 haben Ionische Flüssigkeiten (IL) großes Interesse sowohl in der universitären als 

auch in der industriellen Forschung geweckt. ILs werden als organische Salze definiert, die einen 

Schmelzpunkt von unter 100 °C aufweisen. Arzneistoffe können in ILs umgewandelt werden, 

indem man Salze herstellt, mit einem voluminösen Gegenion mit delokalisierter Elektronendichte. 

ILs ermöglichen es wichtige pharmazeutische Eigenschaften wie Löslichkeit und 

Auflösungsgeschwindigkeit bewusst zu verändern, und im Besonderen stellen sie eine Möglichkeit 

dar, die Herausforderung, die schwer wasserlösliche Arzneistoffe mit sich bringen, zu bewältigen. 

Aufgrund der Variabilität von ILs, wird die Anpassung von physikochemischen Eigenschaften von 

Wirkstoffen denkbar, ohne die chemische Struktur des Stoffes zu modifizieren. 

Im ersten Kapitel werden die Potentiale aber auch die Grenzen von ILs dargestellt. Zu Beginn des 

Kapitels wird eine Übersicht über die Herstellung und Charakterisierung von ILs gegeben. Des 

Weiteren werden pharmazeutisch relevante Parameter gezeigt, die durch die IL Herstellung 

beeinflusst werden können, wie beispielsweise die Auflösungsgeschwindigkeit, die kinetische 

Löslichkeit oder die Hygroskopizität. Daneben können biopharmazeutische Größen und die 

Toxizität modifiziert werden. Der Einfluss der IL Bildung auf diese pharmazeutisch relevanten 

Parameter wird zusammengefasst und ein Formulierungskonzept aufgezeigt, um die schlechte 

Wasserlöslichkeit von Arzneistoffen zu überwinden ohne den Wirkstoff strukturell zu verändern. 

Im zweiten Kapitel wird das IL Konzept für eine spezifische Wirkstoff-Gegenion Kombination 

gezeigt. Ein schwer wasserlöslicher Arzneistoff gegen Migräne wird in ein IL umgewandelt, um 

eine schnellere und bessere Bioverfügbarkeit im Vergleich zu einem Prodrug zu erreichen. Eine 

signifikant verlängerte Übersättigung des Wirkstoffes und eine 700-fach schnellere Auflösung des 

ILs im Vergleich zur freien Säure wurden gemessen und der zugrunde liegende Mechanismus 

aufgeklärt. Die transepitheliale Aufnahme wurde anhand von Caco-2 Zellen untersucht. Vom IL 

wurde 3mal mehr Substanz transportiert als von dem Prodrug, wenn Suspensionen der Substanzen 

appliziert wurden und dies trotz der höheren Permeabilität des Prodrugs, da die verbesserte 

Löslichkeit des ILs hier überwog. Die Zytotoxizität des Gegenions wurde in einer Leber- und einer 

Nierenzellinie und in Makrophagen getestet und die IC50 Werte lagen im oberen µM- und unteren 

mM-Bereich. Die Ergebnisse der Untersuchungen legen dar, dass das IL Konzept hilfreich sein 

kann, um biopharmazeutische Eigenschaften zu variieren, ohne strukturelle Veränderung des 

Arzneistoffes, wie es für ein Prodrug nötig ist. Entsprechend konnten die Strategien, um schwer 

wasserlösliche Arzneistoffe zu formulieren, um ein neues und effizientes Konzept ergänzt werden. 

Der Fokus des dritten Kapitels liegt auf dem Einfluss von verschiedenen Gegenionen auf die 

physikochemischen Eigenschaften von Arzneistoff-ILs, insbesondere um Probleme aufgrund von 
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schlechter Wasserlöslichkeit zu lösen. Dazu wurde der bereits im zweiten Kapitel genannte, saure 

und schwer wasserlösliche Arzneistoff gegen Migräne mit 36 Gegenionen kombiniert, wodurch ILs 

und Salze mit einer geringen Gitterenthalpie (LLES) erhalten wurden. In Abhängigkeit vom 

Gegenion wurden verschiedene Auflösungsgeschwindigkeiten, Übersättigungsdauern und 

Hygroskopizitäten erhalten. Durch Verändern des Gegenions konnte sowohl eine sofortige als auch 

verzögerte Freisetzung des Arzneistoffs erreicht werden. Daneben wurde in vitro die Zytotoxizität 

in drei Zelllinien bestimmt. Mittels zwei-dimensionaler Deskriptoren, wie der Anzahl der 

hydrophoben Atomen, dem graphentheoretischen Durchmesser und der Anzahl an positiven 

Ladungen des Gegenions, konnten die Auflösungsgeschwindigkeit, die Übersättigung und die 

Hygroskopizität sowie die Zytotoxizität des Gegenions berechnet werden, wodurch es gleichzeitig 

möglich wird, diese Eigenschaften für neue LLES vorherzusagen. 

Im vierten Kapitel werden verschiedene schwer wasserlösliche Arzneistoffe mit dem Gegenion 

Tetrabutylphosphonium (TBP) kombiniert und der Einfluss auf die pharmazeutischen und 

physikochemischen Eigenschaften des Wirkstoffes untersucht. TBP-ILs und Salze mit niedrigem 

Schmelzpunkt wurden von den sauren Arzneistoffen Diclofenac, Ibuprofen, Ketoprofen, Naproxen, 

Sulfadiazin, Sulfamethoxazol und Tolbutamid hergestellt. NMR- und IR-Spektroskopie, DSC, 

XRPD, DVS und Auflösungsgeschwindigkeitsmessungen wurden verwendet, um die freien Säuren 

und die TBP-Salze im Vergleich zu den entsprechenden Natrium-Salzen zu untersuchen. Die TBP-

Salze zeigten im Vergleich zu den freien Säuren niedrigere Schmelzpunkte und 

Glasübergangstemperaturen und eine bis zu 1000-fach schnellere Auflösungsgeschwindigkeit. Ein 

Nachteil der Salze, die eine schneller Auflösungsrate zeigten, war die damit einhergehende erhöhte 

Hygroskopizität. Zusammenfassend lässt sich sagen, dass die Herstellung von flüssigen und festen 

TBP-Salzen hilfreich sein kann, um die Wasserlöslichkeit von Arzneistoffen zu verbessern. Die 

Untersuchungen lassen den Schluss zu, dass durch maßgeschneiderte Gegenionen neue 

Formulierungsstrategien für schlecht wasserlösliche Arzneistoffe zugänglich werden, wodurch die 

Bioverfügbarkeit und der therapeutische Nutzen optimiert werden kann. 

Insgesamt wurde eine Vielzahl von ILs und LLESs durch die Kombination von verschiedenen 

sauren Arzneistoffen und Gegenionen hergestellt. Das IL- und LLES-Konzept wurde mit der 

klassischen Salz– und Prodrug-Strategie verglichen. Durch die Wahl des Gegenions konnten 

biopharmazeutisch Parameter bewusst verändert werden und die Freisetzungsprofile von sofortiger 

bis hin zu verzögerter Freisetzung gewählt werden. Die strukturellen Merkmale der Gegenionen, 

die entscheidend für die Auflösungsgeschwindigkeit, die Übersättigung, die Hygroskopizität und 

die Gegenionen-Zytotoxizität waren, konnten gezeigt werden und Berechnungen dazu wurden 

präsentiert. Abschließend lässt sich sagen, dass die Herstellung von ILs und LLESs ein 

wirkungsvolles Konzept ist, um schwer wasserlösliche, saure Arzneistoffe zu formulieren
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Introduction 

Starting in the late 1990s the research on ionic liquids (ILs) has attracted rising interest in academia 

as well as industry [1, 2]. ILs are defined as liquids composed of ionized species with melting 

points (MP) or glass transition temperatures (TG) below 100 °C [3-5]. Those ILs being liquid at 

ambient conditions are referred to as room temperature ILs (RT-ILs) [6]. As ions can be 

deliberately exchanged, a huge number of ILs are easily amenable, offering a plethora of 

application possibilities [1, 7-9]. It is for this flexibility and variability, that within the chemical 

applications (solvents), ILs were called ‘designer solvents’[9]. According to their properties and 

characteristics ILs were classified into three generations [4]. Initially, ILs were particularly 

interesting as solvents due to their desirable physico-chemical properties, including improved 

thermal and chemical stability, negligible vapor pressure, non-flammable properties, and a wider 

liquid range as compared to molecular solvents [2]. The second generation focused on the 

deliberate tuning of physico-chemical characteristics of ILs for adaptation of properties to a 

specific task. ILs were designed for use as reaction media and catalysts [2, 8, 10, 11], for 

separations and extractions [2, 12-15], as electrolytes for electrochemistry [2, 16] application in 

nanotechnology [17-19], biotechnology [2, 20, 21], engineering [15], lubricants [22, 23], magnetic 

fluids [24-26], propellants [27, 28] or hydraulic fluids [29]. With increasing insight into their 

toxicity and biocompatibility ILs were discussed as a formulation concept for active 

pharmaceutical ingredients (APIs), forming the third generation of ILs and expanding into 

pharmaceutical application [4]. The third generation has considerably branched to date, ranging 

from ILs serving as solvents for APIs to APIs which were transformed into ILs themselves by 

means of creating appropriate salts (API-ILs). One application was the use of ILs as tunable 

solvents for the dissolution of APIs and replacing common organic solvents [8, 30, 31]. This 

includes the use for synthesis of APIs [1, 8, 32], as well as analytical approaches [33, 34]. Besides 

this ILs were used as solvents for proteins [35, 36] or poorly water soluble APIs [30, 37-39] or as 

excipients for the preparation of microemulsions [40-42]. 

The focus of this review is on API-ILs and their potential application for medicines of tomorrow. 

An overview of the metathesis and characterization of API-ILs is presented. Furthermore, ILs are 

discussed in comparison to typical crystalline salts, focusing on poorly water soluble APIs, which 

form one of the major technical challenges in the pharmaceutical industry today. This review builds 

off previous articles reporting on the research and use of API-ILs [6, 8, 31, 43], however, with a 

particular focus on pharmaceutical ‘pro et contra’ of these formulations and challenges and 

opportunities of translating them into pharmaceutical and ultimately clinical application. 
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Classification of ionic liquids 

ILs are organic salts composed of ionized species with a MP or TG lower than 100 °C. Depending 

on the degree of ionization and TG or MP a distinction is made between the following species [5] 

(Figure 1): Salts are considered to be solid crystalline (MP > 100 °C) substances consisting of two  

 
Figure 1: Classification of ionic liquids. 

completely ionized oppositely charged molecules (vide infra). On the contrary, co-crystals consist 

of two neutral molecules crystallizing simultaneously without covalent interactions [44]. In 

between those two extremes are combinations of ionized salts and neutral molecules as ionic co-

crystals, hence co-crystals of the API salt and a neutral organic molecule [45]. Similarly, salt 

solvates, consisting of the API salt and neutral (residual) solvent are between the two extremes of 

the pure salts and pure co-crystals [5]. The liquid equivalents of salts are ILs, stoichiometric 

combinations of completely ionized anions and cations. The term IL is somewhat loosely defined 

such that crystalline and amorphous salts with a melting point below 100 °C also fulfill the 

definition of ILs. The liquid equivalents to co-crystals are low melting eutectics, deep eutectic 

mixtures or liquid co-crystals. An example for a liquid co-crystal is the complex of lidocaine and 

fatty acids [5, 46] as well as the liquid complex of lidocaine and ibuprofen [47]. In both cases 

proton transfer between acid and base was not determined but a hydrogen bonded complex with 

strong ion pairing was demonstrated. Liquid intermediates between ILs and liquid co-crystals are 

oligomeric ILs. Oligomeric ILs are prepared by combining a salt with an excess of free acid or 

base, resulting in oligomeric ions, which are complexes of ionized and unionized form, sharing a 

delocalized proton. Examples for oligomeric ILs are tetrabutylphosphonium or lidocainium with 

the counterion being a complex of salicylic acid and salicylate [48]. Further examples for 

oligomeric ILs are salicylate combined with a complex of lidocaine and lidocainium or N-

methylpyrrolidine with a complex of acetic acid and acetate [48, 49]. The degree of ionicity is 
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critical for the pharmaceutically relevant properties and fundamental for classification as outlined 

[5]. We like to direct the reader to excellent previous reviews and manuscripts regarding co-

crystals [46, 50] as well as non-stoichiometric liquid salts [48] and focus on API-ILs [8, 31, 43] 

(Table 1). 

API Counterion Interesting features Reference 

Acetylsalicylic 

acid 

Lidocainium 

Cetylpyridinium 

Benzethonium 

Tramadolium 

Dual functional ILs, 

moisture sensitive 

[51] 

Amantadine Benzoate Dual functional ILs [50, 52] 

Amitriptylin Dodecyl sulfate (from SDS) Self-assembly into vesicles , 

controlled release, better 

bioavailability 

[53] 

Ampicillin Tetraethylammonium 

Cholinium 

1-Ethyl-3-methylimidazolium 

Cetylpyridinium 

Trihexyltetradecylphosphonium 

Counterion lipophilicity 

reduses solublilty and 

increases permeability 

[54-56] 

Ampicillin 1-Hexadecyl-3-

methylimidazolium 

1-Hexadecyl-2,3-

dimethylimidazolium 

Cetylpyridinium 

ILs with improved 

antibacterial activity 

compared to sodium salt 

[57] 

Bupivacaine Salicylate 

Flurbiprofen 

Diclofenac 

Saccharinate 

Acesulfame 

Docusate 

Flufenamic acid 

Dual functional ILs [58] 

Carvedilol Phosphate ILs of small counterions [59] 

Ethambutol Dibenzoate Trimorphic IL [60] 

Ethambutol Adipate Hygroscopic IL [61] 

Gentisic acid Tuaminoheptane 

Amantadine 

2-Pyrrolidinoethanol 

Dual functional ILs [50, 52] 

Ibuprofen 1-Methyl-3-butylimidazoium Short alkyl chainlow 

toxicity, viscous liquid, solid 

silica particles 

[62] 

Ibuprofen Tetrabutylphosphonium Viscous liquid, ionogels [47, 63] 

Ibuprofen Bromhexidinium Formation of hydrogen 

bonded clusters 

[52] 

Ibuprofen 1-Butyl-3-methyl-imidazolium 

1-Hexyl-3-methyl-imidazolium 

1-Octyl-3-methyl-imidazolium 

Dependence of micells on 

chain length of counterions 

[64] 

Ibuprofen Didecyldimethylammonium RT-IL [4, 7] 

Ibuprofen Benzalkonium Dual functional IL [7] 

Lidocaine Salicylate 

Flurbiprofen 

Diclofenac 

Dual functional ILs [58] 
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Saccharinate 

Acesulfam 

Docusate 

Flufenamic acid 

Lidocaine Hydrochloride IL with small counterion [65] 

Lidocaine Docusate Controlled release 

Enhanced bioactivity 

[4, 7] 

Lidocaine Ibuprofen Faster permeation than 

classical salt through 

artifical membrane due to 

ion pairing 

[47] 

Metformin Docusate Dual functional IL [58] 

Penicillin G Benzalkonium 

Didecyldimethylammonium 

Hexadecylpyridinium 

Dual functional ILs [66] 

Piperacillin Hexadecylpyridinium 

Didecyldimethylammonium 

Benzalkonium 

Dual functional ILs [66] 

Phenazone Gentisic acid Dual functional IL [8, 10] 

Prilocaine Docusate Dual functional IL [58] 

Procaine Acetate RT-IL, crystalline dihydrate [67] 

Procaine Hydrochloride IL with small counterion [59] 

Propantheline Acesulfamate 

p-toluenesulfonate 

RT-ILs [68] 

Pyridostigmine Saccharinate RT-IL [68] 

Ranitidine Docusate Solution to polymorphism [4, 7] 

Salicylic acid Didecyldimethylammonium Dual functional IL [66] 

Salicylic acid Tuaminoheptane 

Amantadine 

2-Pyrrolidinoethanol 

Dual functional ILs [50, 52] 

Salicylic acid Tetrabutylphosphonium 

Cetylpyridinium 

Benzethonium 

Benzalkonium 

Hexetidinium 

Lidocainium 

Tramadolium 

Procainium 

Procainamidium 

Dual functional ILs [31, 51] 

Salicylic acid Cetylpyridinium 

Benzalkonium 

1-ethyl-3-methylimidazolium 

Surface actibity, protein 

binding, membrane 

permeability 

[69] 

Sulfacetamide Benzalkonium Dual functional IL [7] 

Sulfacetamide Didecyldimethylammonium 

Hexadecylpyridinium 

Dual functional ILs [66] 

Tetracycline Docusate Reduced solublilty and 

increased logP and liposome 

–water partition coefficient 

[70] 

Tuaminoheptane Benzoic acid Dual functional ILs [50, 52] 
Table 1: API-ILs in the literature. 
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Salt metathesis of ionic liquids 

The ultimate goal of most if not all efforts for the preparation of liquid salts is establishing low 

lattice forces between the API and the counterion. This can be effectively achieved by choosing 

bulky counterions with soft electron density and a minimal number of potential H-bonds among 

molecules. Typical counterions are monovalent and asymmetric and possess flexible alkyl chains, 

causing steric inhibition among the salt components [71, 72]. These geometric features increase the 

degree of rotational freedom resulting in an entropy gain, hence reduction of the free enthalpy of 

the salt formation process [50]. Entropic changes are confined to a view of the components of the 

IL itself, as no other molecules are present such as water or other solvents. The counterions must 

not necessarily be pharmaceutically inert. In fact, some APIs possess IL counterion requirements 

(e.g. bulky, voluminous side chains, functional groups) and can be the starting point to build ILs 

together with other APIs, an approach which has been previously referred to as dual functional ILs 

[73]. Examples for this approach include lidocaine hydrochloride, carvedilol phosphate and 

procaine hydrochloride [59, 65]. In most pharmaceutical applications, ILs result from proton 

transfer (Brønsted) which is sometimes specified as protic ILs [50, 74]. API-ILs are usually 

synthesized by metathesis reactions [43, 58]. Typically the components (API and counterion) are 

obtained as a certain salt, dissolved in a suitable solvent (e.g. methanol, ethanol, water) within 

which the IL readily forms at room temperature or upon heating. Unavoidable counterions of the IL 

components (e.g. the hydroxide counterion of tetrabutylphosphonium and the chloride of procaine 

hydrochloride, etc.) are eliminated through additional organic solvent, resulting in the precipitation 

of the inorganic salt impurities or by extracting the ILs in an adequate solvent. Within the 

pharmaceutical context, these solvents must be carefully chosen, as organic or inorganic residuals 

are to be minimized during reaction or removed by proper purification. One approach to minimize 

impurity related challenges is to proceed with plain acid base reactions for the generation of ILs 

[51], which may require an additional preceding ion exchange step to obtain the free forms of the 

API and the counterion, respectively [75, 76]. One caveat during acid base reactions are possible 

pH changes during manufacture, challenging this approach e.g. for acid-labile APIs. One study 

addressed such stability challenges for the hydrolysis-sensitive acetylsalicylic acid under basic 

conditions by dissolving the anionic API and the hydrochloride form of the cationic counterion 

followed by discontinuous addition of NaHCO3 at 0 °C and extraction of the resulting IL into an 

organic solvent [51]. A solvent free metathesis by melting the free form of the API and counterion 

was described for salicylate ILs [51] or ethambutol adipate [61]. 

The exhaustive preparation of protic ILs typically demands a sufficient pKa difference among the 

API and the counterion, leading to effective proton transfer and complete ionization of the resulting 

ion pair. Therefore the pka difference (Δ pka) has to be considered for IL preparation. Typical 



1 Chapter 1: ‘Pro et contra’ ionic liquid drugs 

 

11 

 

technical recommendations suggest a Δ pka of 10 for efficient proton transfer / ionization, which is 

hardly possible for most APIs [77]. However, ionization does not only depend on the pka 

difference but on structural features of the API and counterion as well [50, 58]. Exemplarily, for 

procaine diclofenac the Δ pka of 3.9 resulted in 99% of the API being ionized while for lidocaine 

diclofenac the same Δ pka of 3.9 led only to 6% of ionized API [58]. This discrepancy is at least in 

part a result of the experimental approach for the determination of pka values in dilute aqueous 

solutions. These examples demonstrated, that Δ pka values are valuable qualitative predictors for 

solid or liquid salts but must not be taken as sole parameters when assessing the ionization potential 

[5]. Therefore with smaller Δ pka than 10 – as typically present for common pharmaceuticals - 

proton transfer might well be complete. On the contrary, lidocaine (free base) reacted with a fatty 

acid with Δ pKa ~ 3 resulting in a liquid product, however, without demonstrated proton transfer, 

indicating that the product was not a salt hence no IL. The components were attracted by hydrogen 

bonds, such that the product was classified as a liquid analogue of a co-crystal, another interesting 

approach for liquefaction of pure APIs [46]. These examples demonstrate that the experimental 

characterization of the degree of ionization is critical for the characterization of ILs and may not be 

derived theoretically in a reliable fashion. 

Characterization of ionic liquids 

Deploying API-ILs requires a critical assessment to which extent existing analytical methods are 

sufficient and exhaustive to guarantee pharmaceutical quality and whether complementary methods 

need to be developed. API-ILs have not been approved by regulatory authorities to date, hence, this 

discussion is of pivotal importance in the absence of successful precedence let alone regulatory 

guidelines [78]. Characterization of pharmaceutical ILs typically includes a qualitative 

characterization of the proton transfer as a key part of IL science, purity of the product and 

generally relevant pharmaceutical characteristics of ILs [4, 51, 54, 55, 63, 68, 69, 73, 79, 80]. Since 

the chemical shift of 
1
H, 

13
C, and 

15
N is closely related to the electron density in Nuclear Magnetic 

Resonance (NMR) spectroscopy, it can be utilized to monitor the proton transfer from a Brønsted 

acid to a Brønsted base in a protic IL and to determine the degree of proton transfer and thus 

whether the substance is ionized or hydrogen bonded complexes are present [58, 81]. Especially 

15
N atoms show a rather pronounced migration of the chemical shift upon protonation of an amine, 

which is counterbalanced by its low natural abundance [82]. Moreover, the effective charges of the 

ions in solvents of different polarity can be measured by means of diffusion and electrophoretic 

NMR experiments [83]. 
1
H and 

13
C NMR spectroscopy can be deployed to monitor reactions and to 

assess the occurrence of by- and degradation products by simple integration of a pure signal of 

either compound [84]. Correspondingly, the stoichiometry of cations and anions of an IL 

containing hydrogens and carbon atoms can be determined, either in solution (when the formation 
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of the IL is confirmed by the changes of the chemical shift upon proton transfer related to the IL 

formation) or in solid phase NMR experiments [85]. Information about the structure of the IL 

complexes might be available by means of 2-dimensional (intermolecular) Nuclear Overhauser 

Enhancement (NOE) experiments, such as NOESY, ROESY and HOESY [86, 87]. In order to rule 

out the influence of the solvent, 
1
H and 

13
C NMR spectra of pure ionic liquids can be measured in a 

simple NMR tube (with an insert containing the deuterated solvent). Especially the 
1
H NMR 

reflects differences in interaction between ions of varying size and differences in hydrogen bonding 

interactions. This has been shown for imidazolium ILs with various anions [88]. Infrared 

spectroscopy (IR) is also instrumental to qualitatively assess the proton transfer and impurities. 

Thermal analysis (differential scanning calorimetry (DSC) or thermal gravimetric analysis (TGA)) 

is applied for the assessment of the glass transition temperature or melting point. Besides, the water 

content (Karl-Fischer titration) is determined and hygroscopicity (during storage) is assessed by 

dynamic vapor sorption. Halide analyses are performed to detect inorganic impurities from 

metathesis. X-ray-diffraction (XRD) of single crystals or powders (XRPD) is applied to assess the 

crystallinity. Solubility and dissolution rate directly impact the bioavailability and are typically 

tested in water, organic solvents and simulated gastrointestinal fluids. As ILs or the free form of the 

API may recrystallize from solution, by simultaneous measurements of both liquid-state and solid-

state NMR spectra as a function of time a better insight into the crystallization process could be 

gained [89]. Permeability is assessed by transport of API-ILs through cell layers (Caco-2 cells) or 

artificial membranes (silicone, hexadecylphosphocholine) [52-54, 85]. Besides, electrospray 

ionization mass spectrometry (ESI-MS) and conductivity and viscosity measurements (Walden 

plots) are quite frequently used to determine aggregate formation of cation and anion [90-92] and 

NMR may also be used to address aggregates by measurement of concentration-dependent 
1
H 

NMR spectra on the one hand [93-95] and NOESY experiments on the other hand, resulting in 

critical aggregation concentration and aggregation numbers [85]. These aggregates are of particular 

interest within the pharmaceutical context, as these phenomena may impact membrane transport 

and, therefore, bioavailability (vide infra) [52]. Another challenge is storage stability (shelf-life) 

and few studies are available assessing the physico-chemical properties as a function of stressed 

storage conditions. In particular, for solid amorphous ILs recrystallization may occur as they may 

be present as supercooled amorphous glassy phases. By running several heating and cooling cycles 

by DSC, the original state of the IL may be determined from the first heating cycle. The cooling 

cycle is instrumental for the assessment to which extent the IL recrystallizes and from the second 

heating cycle the formation of a supercooled phase can be assessed, e.g. if a melting point was 

detected during the first heating cycle but a glass transition temperature during the second cycle 

[68]. In case of recrystallization, crystallinity should be assessed by XRPD in comparison to the 

original substance. The specification must be a stability of at least 2 years upon manufacture [96]. 
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Other considerations akin to any new pharmaceutical salt include the assessment of the potency as 

appropriate [56, 73] and the protein binding of ILs to determine the impact of the counterion on 

API binding and whether the complex of API and counterion binds to the protein or whether there 

is a competitive binding of API and counterion after partial dissociation [69]. Further studies on 

API-ILs include biological activity assessment and cytotoxicity experiments (vide infra). Few 

animal trials and no human trials are reported to date. 

Ionic liquids as pharmaceutical salts 

Approximately 50% of all APIs are administered as salts [97]. These salts typically have melting 

points far exceeding 100 °C (which when below would qualify them as ILs) and one of the main 

drivers for the high melting points is the need for sustained stability during storage – a specification 

posing an inherent challenge to amorphous APIs, molecular dispersion drug products, or 

polymorphs not being in the lowest free enthalpy state [98]. Salt formation or ‘salification’ is 

motivated by positive impact on API stability, kinetic solubility, dissolution rate and ultimately 

bioavailability as compared to the free form of the API [99]. Consequently, new APIs enter a broad 

salt selection program in pharmaceutical development before larger toxicological studies or even 

first in man studies commence. The impact of appropriate salts is indirectly reflected by means of 

the possibility to generate new intellectual property for API salts if those were not addressed in the 

initial patent covering the novel API. This is occasionally referred to as “secondary patents” as 

these typically come after innovation on the API itself or, more specifically, when these contain 

secondary claims only, “independent secondary patents”. It has been estimated, that independent 

patents on salt claims (or polymorphs, isomers, products, etc.) add an average of 6.3 years of patent 

life to a chemical compound patent [100]. Thereby, ionic liquid approaches with rather uncommon 

or novel counterions may substantially contribute to the “evergreening”/life cycle management of 

pharmaceutical patent portfolios aiming to foster their monopoly status [101]. Similarly, new salts 

of an API may be recognized as new chemical entities by the Food and Drug Administration (FDA) 

agency and other health authorities. Salt preparation for ionizable drugs, and in particular for 

poorly water soluble drugs (PWSD) is one of or perhaps the most effective and developable 

approach to optimize pharmaceutical parameters including kinetic solubility and dissolution rate 

[99]. The challenge of PWSD has constantly grown as a result of research strategies, which due to 

high-throughput screening for lead identification, tend to identify lipophilic molecules with high 

molecular weight which are typical molecular features of PWSDs. Approximately 70% of the new 

APIs found today belong to this category [102]. This development fueled the need for rather 

complex drug formulations which in return increase the risk of the overall development plan. This 

risk is not only problematic from a technical perspective (challenge of upscaling of complex forms; 

potential by- and degradation products of several excipients required for these formulations and 
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associated analytical challenges; purity and batch-to-batch homogeneity of starting materials; up-

scaling challenges; missing know-how in companies or driving the dependency of companies to 

specialist know-how, etc.) but unknown pharmaceutical dosage forms may easily translate into 

fluctuating pharmacokinetics and safety and efficacy profiles. Surprises are what most 

pharmaceutical development programs encounter at one or more stages of their development cycle 

but obviously, these must be minimized to the maximum possible extent. Consequently, one of the 

arising needs is to find pharmaceutically acceptable approaches to tackle the challenge posed by the 

increasing presence of PWSDs while avoiding the need for complex drug products. One of the 

alternatives is to complement current standard salt screening programs [97] by tailored counterions 

for new APIs failing expectations after routine screenings. One of the frequent oppositions by 

formulation scientists is the potential toxicity of novel counterions which might require some 

balance in light of the known safety issues of several excipients in complex formulations, which are 

so readily used today. Manufacturing ability is another driver for salt screening tailoring aspects 

such as compressibility and friability. However, also negative consequences have been reported for 

salt formation. For example, an increase in water sorption has been described as a result of the 

changed polarity of surface chemical groups of the salt as compared to the free form of the API 

[103]. Another drawback is the increase in molecular mass particularly when larger counterions are 

used. This aspect is of importance when indications/APIs requiring high doses are targeted and/or 

situations for which volume limitations exist at the site of administration. 

As mentioned before, many APIs enter salt screenings to increase physical stability during storage 

and pharmaceutical properties for manufacture, storage, and treatment alike [97]. For exhaustive 

salification the API and counterion pKa as well as the pH of maximum solubility (pHmax) and the 

solubility product (Ksp) of the salt are considered, as effective salt formation is limited to the salt 

plateau [99]. In general, pKa values of API and counterion should differ by at least 3 log units for 

effective proton transfer [104]. As most APIs being weak acids or bases their solubility is a 

function of the environmental pH. If a basic (monoprotic) API or the corresponding salt is 

dissolved in water the concentrations of base [B] and salt [BH
+
] can be calculated from 𝐾𝑎 =

[𝐵][𝐻3𝑂+]

[𝐵𝐻+]
. Similarly, for an acidic (monoprotic) API (A) the correlation is  𝐾𝑎 =

[𝐴𝐻]

[𝐴−][𝐻3𝑂+]
. If the 

solution is saturated the pH-solubility profile of drugs can be described by two independent curves, 

one for which an excess of the free form is present and one for which the corresponding salt is 

present (Figure 2). The pHmax is the pH value where both the free form and the salt coexist and 

which separates the two curves. Recrystallization of the free form occurs, if the pH of the solution 

exceeds the pHmax value (Figure 2). 
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Figure 2: Solubility of salts of weak acids and bases as a function of the pH. 

At pH < pHmax a basic API is mainly ionized (salt form) and in a saturated solution. Addition of 

further acid will almost completely convert the API into the salt. The pH will not change until all 

solid substance is transformed into the salt. The total solubility S at that pH can be expressed by 

𝑆(𝑏𝑎𝑠𝑒; 𝑝𝐻 < 𝑝𝐻𝑚𝑎𝑥) = [𝐵𝐻+]𝑠 + [𝐵] = [𝐵𝐻+]𝑠(1 +
𝐾𝑎

[𝐻3𝑂+]
) 

The subscript ‘s’ indicates that saturation concentration is reached. From the equation it can be 

derived that at pH < pka only very low amounts of free base are present in solution and the total 

solubility mainly depends on the saturation solubility of the salt. Therefore, a plateau is reached. In 

the plateau region the solid phase is completely converted to the salt form and this is why salt 
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formation (metathesis) is done in this pH region. Within the second part of the curve for pH > 

pHmax, the substance is present as free base as solid excess substance. The total solubility can be 

calculated by 

𝑆(𝑏𝑎𝑠𝑒; 𝑝𝐻 > 𝑝𝐻𝑚𝑎𝑥) = [𝐵]𝑠 + [𝐵𝐻+] = [𝐵]𝑠(1 +
[𝐻3𝑂+]

𝐾𝑎
) 

With increasing pH the amount of the ionized form decreases and the solid substance is the free 

base. Therefore this pH region is not suitable for salt preparation. For acidic compounds (A) similar 

calculations are applicable: 

𝑆(𝑎𝑐𝑖𝑑; 𝑝𝐻 < 𝑝𝐻𝑚𝑎𝑥) = [𝐴𝐻]𝑠 + [𝐴−] = [𝐴𝐻]𝑠(1 +
𝐾𝑎

[𝐻3𝑂+]
) 

𝑆(𝑎𝑐𝑖𝑑; 𝑝𝐻 > 𝑝𝐻𝑚𝑎𝑥) = [𝐴−]𝑠 + [𝐴𝐻] = [𝐴−]𝑠(1 +
[𝐻3𝑂+]

𝐾𝑎
) 

The plateau region is reached at pH > pHmax and this region is suitable for salt preparation for 

acidic APIs [99]. Therefore, the pHmax value is important to decide at which pH a salt can be 

prepared. Furthermore, the pHmax defines the pH range when the dissolved salt will considerably 

commence its conversion into the free form and, therefore, potentially crystallize or precipitate 

from solution. One challenge from this consideration applies for acidic API salts, which in acidic 

gastric fluids may convert to the free form, increasing the risk of precipitation and reduced 

bioavailability. Therefore, for acidic API salts low pHmax values are needed and salts should 

typically be protected from the gastric pH e.g. by enterically coated tablets with the ultimate goal 

that API release from the tablet is prevented at sites with pH values lower than the pHmax. The 

pHmax is calculated from the pKa of the API, the intrinsic solubility S0 and the solubility product 

Ksp [99] by 

  𝑝𝐻𝑚𝑎𝑥 = 𝑝𝐾𝑎 + 𝑙𝑜𝑔
𝑆0(𝐵𝑎𝑠𝑒)

√𝐾𝑠𝑝
 for bases and by  𝑝𝐻𝑚𝑎𝑥 = 𝑝𝐾𝑎 + 𝑙𝑜𝑔

√𝐾𝑠𝑝

𝑆0(𝐴𝑐𝑖𝑑) 
 for acids. 

The API’s solubility is directly impacted by its lipophilicity and melting point [105]. Once the API 

and counterion are ionized their lipophilicity is rather low, favoring their solubility in polar 

solvents. By combination of one API with different counterions to a salt, the counterions’ size and 

lipophilicity impact the overall solubility of the API [106]. Besides, the melting point is indirectly 

related to the overall solubility product (Ksp) [106]. Therefore, both lipophilicity and melting point 

are important for rationale selection of a counterion. As a rule of the thumb, the larger the 

counterion, the lower is the melting point and the higher is the kinetic solubility [106, 107]. The 

lower the melting point, the higher is the possibility that an ionic liquid is obtained. 
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Typically, small inorganic counterions are used for salt preparation including sodium, potassium 

and calcium for acidic APIs and chloride, sulfate, bromide and phosphate for bases [108, 109]. 

Notably, the Ksp affects the total kinetic solubility of a salt. For example, if chloride is chosen as 

counterion, the gastric and intestinal chloride concentration is affecting the Ksp on top of the 

chloride counterion. Thereby, precipitation of the salt may occur - an observation referred to as the 

“common ion effect”. The common ion effect is relevant at the salt plateau, e.g. in cases in which 

the environmental pH is above or below pHmax for bases and acids, respectively (irrelevant for 

bases in vivo, as pH exceeding 7.4 is rarely found) [97, 99]. Other commonly used counterions, 

which are listed by the FDA as ‘generally regarded as safe’ substances (GRAS), include “larger” 

organic anions like mesylate, maleate, citrate tartrate and aceteate or cations like N-

methylglucamine [109]. However organic counterions pose an additional risk of side reactions 

during metathesis. Safety challenges were reported for the genotoxic alkylmesylates in mesylate 

salts, due to impurities of the methane sulfonic acid used for salt preparation [110, 111]. As ILs are 

liquid salts the above considerations are also applicable for API-ILs. Thus the pka of the API and 

counterion is not only important for the degree of ionization but may critically impact the 

recrystallization of API or counterion at different pH values. As mentioned for salts, enteric coating 

is necessary for ILs with pHmax values below gastric pH. 

Ionic liquids of active pharmaceutical ingredients 

Impact on kinetic solubility and release profiles 

The formation of ionic liquids combines the concept of salification (vide supra) and the reduction 

of the melting point to increase the dissolution rate and the solubility. Detailed reports on API-ILs 

solubility have been published [4, 54, 57, 70, 71, 80, 112]. For example, one study reported on 

several acidic APIs for which salts were formed with tetrabutylphosphonium (TBP). These salts 

displayed a decreased melting point as compared to the free form and corresponding sodium salts. 

Moreover, the TBP salts (whether ILs or crystalline salts) had a higher kinetic solubility and faster 

dissolution rate than the free API forms. However, in comparison to the sodium salts no unanimous 

(in a sense of increasing) effect on solubility was reported among the tested API-ILs [80]. 

Furthermore, and in spite of the overall MP reduction for all reported TBP salts not all of these 

displayed an improvement on the dissolution rate when compared to the sodium salts. These data 

demonstrated that a robust comparison of the IL counterions to small inorganic and conventional 

counterions (sodium, chloride, etc.) is important. Correspondingly, for 4 choline API-ILs an 

improved solubility in comparison to the free form was reported, but the data set did not include a 

comparison to conventional small and inorganic salts [112]. A reduced kinetic solubility upon 

replacement of conventional counterions by bulky counterions was observed for several API-ILs 
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[4, 55, 57, 70, 71]. For example, creating ampicillin ILs with pyridinium or imidazolium 

counterions resulted in a 100 to 150 fold reduced kinetic solubility as compared to the sodium salt 

[57] and the use of trihexyltetradecylphosphonium transformed ampicillin into a water insoluble 

liquid [55]. In other studies the formation of ampicillin ILs with tetraethylammonium (TEA) and 1-

ethyl-3-methylimidazoium (C2MIM) as counterions resulted in lower kinetic solubilities as 

compared to the sodium salt, while 1-hydroxy-ethyl-3-methylimidazolium (C2OHMIM) and 

choline based ILs displayed comparable kinetic solubilities. This high kinetic solubility of 

C2OHMIM was linked to the additional hydroxyl group of the counterion and the resulting impact 

on polarity and hydrogen bonding capacity. Besides, the TEA IL was less soluble than the C2MIM 

IL which was attributed to the more exposed charge of the imidazolium in comparison to the rather 

shielded charge of the TEA [54]. Furthermore, an indirect correlation between the counterions’ 

lipophilicity - as determined by octanol-water partition - and solubility was observed for these 4 

ampicillin preparations [54]. Similarly, for tetracycline docusate the less than half kinetic solubility 

as compared to its hydrochloride salt was linked to the three times higher lipophilicity, as assessed 

by octanol-water partition [70]. One of the conclusions from these studies is that successful kinetic 

solubility improvement by means of IL preparation is a balancing act of melting point reduction 

(supporting kinetic solubility) and counterion lipophilicity (reducing kinetic solubility). Predictive 

models are currently developed. 

The molecular mechanisms leading to an improvement of kinetic solubility for APIs/counterions 

are quite instrumental in shaping a strategy for the salt program. This has been demonstrated in a 

study, focusing on solubility and supersaturation of an API-IL [85]. The prolonged supersaturation 

of the IL in comparison to the potassium salt was linked to the aggregates formed of the API and 

counterion as determined by NMR. The acidic API with a pKa of 6.7 was prone to recrystallize as 

the free form in neutral aqueous solutions. In contrast to the potassium ion the counterion 

tetrabutylphosphonium (TBP) interacted with the API and stabilized its ionized state, thereby 

keeping it at a much higher kinetic solubility. At this supersaturated state, observed amorphous 

precipitates of the IL were composed of anionic TBP and cationic counterion. One of the 

consequences was that, the ratio of the dissolution rate in comparison to the precipitation rate was 

significantly increased for the IL as compared to the potassium salt, thereby fueling the kinetic 

solubility of the IL in contrast to the potassium salt. 

In addition to affecting the state of protonation at supersaturated states, the counterion may impact 

the kinetic solubility by API solubilization upon dissolution. IL counterions are charged and 

typically have an apolar side chain, rendering them amphiphilic and therefore micelles can be 

formed. The API in solubilized state may integrate into or onto these micelles, improving kinetic 

solubility. This will be particularly the case for amphiphilic counterions, and solubilization is a 
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quite frequently discussed mechanism for chemical applications (e.g. solvent properties) but less 

frequently discussed from a pharmaceutical point of view [113-115]. For APIs, some studies 

deployed surface active quaternary ammonium counterions for IL formation, molecules which are 

pharmaceutically known as penetration enhancers through biological membranes [73]. Besides, 

micelle formation was reported for three salicylate API-ILs [69]. For ibuprofen ILs the mechanism 

was analyzed in more detail with a focus on the impact of the alkyl chain length on micelle 

structure. 1-Alkyl-3-methyl-imidazolium derivative (CnMIm) counterions with alkyl chain lengths 

of n = 4, 6, or 8 were used to prepare ILs. The interesting article detailed the impact of the 

counterion’s alkyl chain on stoichiometry of the resulting micelles and provided another example 

to which extent physical-pharmaceutical properties can be tailored by counterion design [64]. In 

fact, the design space within which API properties can be adapted is extending beyond kinetic 

solubility considerations or dissolution rates, as controlled release profiles can be targeted as well. 

Controlled release in a strict sense is present, if dissolution from the solid state is the rate limiting 

event in a chain of others, typically ending with the pharmacokinetic profile, i.e. the concentration 

profile of the API in the circulation. In cases in which the dissolution is retarded to an extent that 

API uptake from the site of injection or transport through the biological barrier is faster, the 

absorption kinetics are controlled by the pharmaceutical formulation. If the dissolution rate is 

slower than the metabolism of the API, the entire pharmacokinetic profile is controlled by the IL, a 

feature, which is typically less relevant for oral but for parenteral administration. Practical 

limitations for oral application are due to the duration of gastrointestinal exposure to the API, with 

sustained release profiles being particularly intriguing for rather fast metabolized APIs (less than 6 

hours). A general constraint of any retarded as compared to instantaneous availability is the 

dampening impact on the maximal concentration of the pharmacokinetic profile, which is 

frequently accommodated for by increasing the dose. Further concerns apply for APIs with narrow 

absorption windows for which retardation of release translates into a substantial reduction in 

bioavailability. One example reported sustained release for the API-IL of amitriptyline and the 

counterion sodium dodecyl sulfate (SDS), which resulted in retarded release as compared to the 

hydrochloride salt. By using SDS as a counterion, self-assembling vesicles were formed. This was 

linked to electrostatic interaction between the API and the counterion leading to a retarded release 

from the vesicles for the IL. Furthermore, the hemolytic toxicity of the amitriptyline IL was 

determined (surfactants may damage cell membranes) but no increased toxicity was detected 

following IL formation [53]. Amitriptyline’s half-life is well beyond 6 hours and, therefore, the 

controlled release profile following potential oral use is of less pharmaceutical interest. However, 

the study outlined the potential to tailor API release kinetics when released from different salt 

forms, a feature which typically requires more complex dosage forms than amenable through 

simple salt formation. Therefore, IL formation offers an interesting possibility to deliberately tune 
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dissolution rate, stabilization of IL in solution and API release by choice of the counterion. 

Similarly, the approach has been deployed before for absorption from other sites, e.g. a reduced 

dissolution of the topically applied lidocaine docusate IL as compared to its hydrochloride salt was 

linked to longer residence time on the skin and potential longer effect [71]. 

In summary, rationally designed counterions are instrumental to tailor the kinetic solubility and 

dissolution rate of API salts. Furthermore, a balance has to be achieved between desired properties 

(e.g. in most situations increased kinetic solubility or faster dissolution rate) and undesired 

properties (e.g. in most situations decreased kinetic solubility or slower dissolution rate), which are 

introduced by the respective counterions. In some situations, the slower dissolution rate might be 

interesting for controlling API release as long as overall bioavailability is not compromised. In this 

case, extremely simple salts may challenge the use of complex pharmaceutical controlled release 

dosage forms, with positive impact on the complexity of technical development, analytics, and 

production. The counterion may also act as a solubilizing agent upon release, which is relevant for 

amphiphilic molecules with longer alkyl chains. In essence, the proper design of a counterion can 

tailor both, the pass over rate of API-counterion aggregates from the solid into the liquid state and 

API concentration profiles in solution. 

Permeability and absorption 

The movement through membranes is described by the term drug transport, summarizing processes 

and transport systems facilitating uptake. Drug transport is among other factors mainly impacted by 

the physico-chemical properties of the API salts. Proper counterion choice is instrumental to tune 

the overall physico-chemical properties. Providing passive transport only hydrophilic ionized APIs 

hardly permeate intact lipid membranes of an epithelial barrier unless they are small enough to pass 

‘aqueous pores’ [116, 117]. A design strategy for these APIs can aim for modulating their overall 

lipophilicity in an effort to increase trans-epithelial transport in those cases in which drug transport 

through these barriers is rate limiting. This increase in overall lipophilicity may come at the 

expense of a reduced dissolution rate and care is warranted that the rate limitation would not flip 

from the permeation to the dissolution. With increased permeation, the overall bioavailability can 

be improved for the API. The approach to increase the lipophilicity by counterion mediated charge 

shielding of the API, resulting in neutral aggregates has been reported before and was assessed by 

increased partitioning into an apolar octanol phase [72, 118]. Improved drug transport into red 

blood cells of whole blood, as a more biorelevant model, was demonstrated for polar anions after 

pairing with lipophilic ammonium cations [119]. However, it was not assessed to which extent 

dissociation of the salt occurred before permeation, to which extent the counterion is absorbed and 

whether a permeation enhancement due to surface activity of the counterion had an impact on the 
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result. Similarly, for ampicillin ILs with ammonium and imidazolium counterions ion pairing was 

reported to increase hexadodecylphosphocholine membrane transport, while surface activity was 

determined for the counterion at the same time [54]. Likewise, ion pairing was stated for three 

salicylate API-ILs using the surface active molecules cetylpyridinium, benzalkonium and 1-ethyl-

3-methyl-imidazolium as counterions, respectively [69]. The reported data demonstrate improved 

partitioning and membrane transport, however, the existence of ion pairs simultaneously 

permeating the membrane has to date not been demonstrated directly, such that one could 

differentiate the impact of a possible undissociated ion pair versus dissociated ion pairs for which 

the surface activity of the (dissociated) counterion was the reason for an enhanced API 

permeability. Future studies e.g. using PAMPA membranes, Caco-2 monolayers and in vivo 

pharmacokinetic studies including blood partitioning should aim at detailing this important aspect. 

Nevertheless, some insight has been provided. For example, the transformation of ampicillin into 

an IL using the apolar counterion cetylpyridinium increased the permeability and antibacterial 

activity, while highly polar small cations like choline displayed no improved effect [56]. Likewise 

for an IL of the rather polar counterion tetrabutylphosphonium membrane transport was not 

improved as compared to the free API in a Caco-2 cell permeation assay [85]. These studies 

provide preliminary evidence, that the lipophilicity of the counterions is a relevant driver for API 

permeation but cannot elucidate to which extent incomplete dissociation or counterion surface 

activity upon dissociation lead to this observation. The same applies for the improved membrane 

transport, demonstrated in a parallel artificial membrane permeation assay (PAMPA) for the API-

IL amitriptyline dodecylsulfate which was linked to results in rabbits for which a higher absorption 

was observed after oral administration. It has to be considered that dodecylsulfate is a surface 

active molecule and thus may influence drug absorption [53]. Arguably, the “ion pair” hypothesis 

(i.e. incomplete dissociation renders the salt more hydrophobic, hence supporting passive transport 

across lipophilic membranes) finds support in another study for the ampicillin ILs of 

cetylpyridinium (CP) and hexadecyldimethylimidazolium (C16M2Im) for which improved 

bactericidal activity was described as compared to its sodium salt or to a mixture of the ampicillin 

sodium salt and bromide salt of the bulky counterion for IL preparation. Thus it was demonstrated 

that the supplementation with the counterion had no solubilizing effect affecting membrane 

permeability of the sodium salt. Therefore, enhanced efficacy was attributed to the increased 

lipophilicity of the API-counterion aggregate, resulting in a more effective perturbation of the 

bacterial walls [57]. Other studies linked ion pair formation to improved membrane permeability. 

For example, ion pairs of salicylate combined with 2-amino heptane as counterion (NTH3Sal) 

crossed a silicon membrane as rapidly as the unionized neutral salicylic acid and 10 times better 

than the sodium salt. Disruption of aggregate formation of NTH3Sal by propylenglycol reduced 

permeation to the level of the sodium salt [73]. Similarly, the complex of ibuprofen and lidocaine 
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([Lid][Ibu]) resulted  in a simultaneous membrane transport of both APIs with a faster rate as 

compared to the corresponding crystalline sodium and hydrochloride salts [109]. However, both 

NTH3Sal and [Lid][Ibu] were hydrogen bonded complexes rather than ILs (vide supra). In 

summary, IL formation may substantially increase drug transport. The mechanism may depend on 

the counterions and needs to be further studied to assess the extent of ion pair formation and the 

stability in biorelevant fluids with a focus on the dissociation pattern of aggregates before and after 

permeating the membrane. One straightforward approach would be through in vivo data to assess 

the amount of absorbed API and concomitantly of the counterion. Tailor-made counterions may be 

an intriguing strategy to modulate transport kinetics across membranes, particularly as by 

formation of relatively stable ion pairs, “apparent” physico-chemical properties of APIs can be 

transiently modified for passage. This feature is far beyond of what even complex pharmaceutical 

formulations are able to accomplish, which upon release of the API molecule cannot impact uptake 

– unless often problematic membrane disruptive excipients are co-administered. Future studies 

must detail this exciting potential on drug transport in light of the ability to tailor – in a transient 

way – the physico-chemical properties of an API by counterion design. 

Control of Polymorphism 

One of the frequently cited advantages of room temperature ILs (RT-IL) is the principle inability to 

form solid structures, including different crystal forms or polymorpis. Polymorphism may result in 

different physico-chemical properties for each crystalline form of the API. These different forms 

may relevantly affect manufacture, stability, solubility, and bioavailability [8, 31, 120-122]. 

Obviously, only RT-ILs offer the advantage of polymorphism control whereas ILs with MP/TG 

exceeding RT may not. For instance, three polymorphs were found for the solid IL ethambutol 

dibenzoate [60]. The strategy to overcome the challenge of different crystalline forms was 

impressively demonstrated for ranitidine hydrochloride, which is existing in at least two different 

forms [123]. Transforming ranitidine into an RT-IL by the use of the counterion docusate 

effectively addressed the challenge of polymorphism for this H2 receptor antagonist [4]. Similar 

successes were reported for propantheline bromide - a muscarinic acetylcholine receptor antagonist 

– which resulted in a RT-IL by using the counterions acesulfamate or p-toluenesulfonate [68, 71]. 

Other efforts aimed at the ibuprofen sodium polymorphism [124], naproxen sodium pseudo-

polymorphism [125], or the polymorphism of the free naproxen acid [126], which were 

transformed into stable RT-IL with tetrabutylphosphonium (TBP) [63, 80] and for ibuprofen also 

with 1-alkyl-3-methylimidazolium [127]. In conclusion, transforming APIs into RT-ILs is an 

appropriate approach to address polymorphism challenges. 
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Expanded application options 

Liquid RT-ILs can be a desirable API form in cases in which solid particles are problematic. One 

aspect is manufacturing and analytical control, thereof. Generally for characterization of an API 

powder the particle size, particle morphology and size distribution are key parameters affecting 

dissolution, solubility, powder fluidity, miscibility compressibility and further process parameters. 

With liquid APIs these parameters are largely irrelevant [31]. Besides, certain applications demand 

particle-free formulations. For example, for eye ointments or application on skin particle size 

should be smaller than 100 µm to avoid irritation. Especially for poorly soluble substances or if 

high concentrations are required a liquid API could facilitate the preparation of an adequate 

formulation. These challenges may be met at times by transforming APIs in RT-ILs. One example 

was suggested for transdermal drug delivery [128]. The study detailed the disruptive role on 

biofilms of the IL, thereby enhancing the drug transport of the antibiotic API into the bacteria. Four 

ILs were prepared, which were proved to be effective against biofilm-forming gram-negative 

pathogens, Pseudomonas aeruginosa and Salmonella enterica. Among them the use of two 

counterions, tetraalkylphosphonium oleate (TAPO) and tetraalkylphosphonium hexanoate (TAPH), 

facilitated the transport of the respective IL with the model “API” mannitol into skin. For the 

TAPO IL, mannitol delivery was increased into the superficial layers of the skin while TAPH 

shuttled mannitol even into deeper tissue layers. Moreover, the ability of the two ILs to enhance 

skin penetration was assessed using the model antibiotic cefadroxil. ILs from cefadroxil/TAPH and 

cefadroxil/TAPO delivered 15-20% of the applied API dose, which was approximately fivefold 

better as compared to cefadroxil itself [128]. Furthermore, the ILs had a low skin irritation potential 

in spite of demonstrated irritation in response to the individual components (TAPH or TAPO). 

Within the context of expanding therapeutic application of APIs, RT-ILs may offer exciting novel 

options. Successes have been demonstrated for RT-ILs which facilitated intra- and transdermal 

delivery of APIs, and better efficacy was determined for antibiotics. One study demonstrated a 

reduced skin irritation for an API transformed into an RT-IL, however, robust toxicity studies are 

required to corroborate these initial findings (e.g. Magnusson and Kligman test on the allergenic 

potential [129], repeated daily topical administration for 4 weeks, and Vinson & Borselli test on the 

photosensibilizing potential [130]). 

However, the resulting RT-ILs are typically viscous fluids which may pose specific handling 

challenges (e.g. pumping) in manufacture or quite hygroscopic posing challenges for dosing 

accuracy, impacting the stability of the surrounding dosage form (e.g. a hard gelatin capsule may 

dry out and break) or film coatings (cracks may form jeopardizing film integrity) as well as 

required environmental demands during manufacture, filling, and storage. 
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Translating API-ILs into pharmaceutical manufacturing 

Liquid instead of solid salts 

ILs are extensively used in chemistry, replacing volatile organic solvents or for electro-chemical 

applications. However, application as a formulation principle is still in its infancy. The challenge 

particularly applies for RT-ILs, as liquid and viscous images cannot be processed or pose 

substantial engineering hurdles. One of the approaches to overcome this challenge is to adsorb RT-

ILs on solid carriers. Such immobilization of ILs was demonstrated on mesoporous silica, resulting 

in free flowing powders of TBP ibuprofenate and lidocainium-ibuprofenate with drug loads up to 

20% and complete drug release was demonstrated within 5 minutes [63]. Another example for 

immobilization of an IL is the preparation of Ionogels, using tetramethoxysilane alone or together 

with methyltrimethoxysilane [62, 131]. For the API-IL imidazolium ibuprofenate the preparation of 

an Ionogel achieved drug loads of about 50%. Release kinetics were retarded as compared to the 

pure API, demonstrating the potential of Ionogels for controlled release [62]. However, these 

approaches result in a mass increase; hence, the same API dose requires substantially higher 

masses of the API-IL-hydrogel or API-IL/particle complexes. At times, this may be critical in 

instances in which only low volumes may be applied. 

Besides, a typical approach for liquid or semi-solid preparations for oral application is the 

encapsulation into soft gelatin capsules or sealed hard gelatin capsules [132, 133]. In both cases the 

IL may be directly filled into the capsules, however, the water content of the filling has to be 

controlled carefully. As moisture from the capsule shell may migrate into the filling and vice versa 

the shell may lose water and become brittle or moisture increase may cause softening of the shell. It 

has to be assured that water content of the shell and the filling as well as the humidity during 

storage results in an equilibrium state with the capsule shell containing the desired percentage of 

water. Models for prediction of the optimal initial moisture contents for the empty capsule and the 

filling were reported before, offering more guidance for formulation scientists [134]. 

Counterion toxicity 

Many counterions are bulky with lipophilic parts while charged at the same time, features typically 

resulting in surface activity and a potential risk of skin or mucosa irritation. However, by now 

many interesting approaches for IL preparation were made with counterions ‘generally recognized 

as safe’ (GRAS) and listed by the FDA as such [9, 68, 128]. A common example is docusate which 

was reported to form ILs with lidocaine, ranitidine and propantheline [4, 72]. Further counterions 

of this list are quaternary ammonium counterions, choline, p-toluenesulfonate or artificial 

sweeteners including saccharinate, acesulfamate and cyclamate [31, 68]. Other harmless options 
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include naturally occurring amino acids [75, 76, 135] or fatty acids [38]. Novel counterions require 

toxicological profiling, likely alone and as salts with the respective API at question. Cytotoxicity 

has been frequently assessed for some counterions, e.g. imidazolium counterions, and quantitative 

structure–activity relationship models (QSAR models) were postulated [136-139]. Aquatic toxicity 

was correlated with counterion lipophilicity [140]. Cell viability in mouse macrophages (J774) for 

choline phosphate ILs was profiled and the EC50 values were linked to anion mass size and the 

presence of moderately long and / or branched alkyl chains of the counterion [141]. An analogous 

correlation was reported from studies using the human breast cancer cell line MCF7 and the 

counterions pyridinium, pyrrolidinium, piperidinium and imidazolium with different alkyl chain 

lengths [142]. One possible mechanism linking counterion lipophilicity to cytotoxicity is that for 

the more apolar molecules the interaction with the aqueous environment is reduced such that 

partitioning of the counterion into lipophilic cell membranes increases. Similar argumentation was 

given for those IL ion pairs for which an increase in cytotoxicity was observed, with uncharged 

pairs partitioning into the lipophilic cell membranes leading to more effective cell membrane 

penetration [141]. 

In conclusion, ILs can be prepared from naturally occurring molecules or from counterions 

generally recognized as safe. New counterions must be toxicologically profiled. However, the 

general assumption that counterions themselves or IL in general are less safe than the pure API or 

common salts of the API is wrong. The demonstrated versatility in counterions, as well as 

demonstrated successes in which the proper choice of the counterion resulted in safer application as 

compared to conventional salts clearly demand an unbiased and scientifically justified view on ILs. 

Hygroscopicity 

Hygroscopicity is critically challenging pharmaceutical use. The water content affects thermal and 

chemical stability, powder flow, compressibility, dosage accuracy and dissolution rate [51, 103, 

143, 144]. Most if not nearly all ILs are hygroscopic at ambient conditions [145-147]. The impact 

for some ILs is illustrated for lidocaine, typically a rather lipophilic drug. When transformed into 

an IL, lidocaine docusate reaches a water content of 9.6% after saturation [4]. Another group of 

APIs transformed into TBP-ILs exposed to 80% r.h resulted in water contents ranging from 3% to 

27% [80]. The consequences of water absorption are different. API-ILs typically liquefy with water 

sorption but may as well crystallize. For example, water sorption by procaine acetate (RT-IL) 

resulted in transformation of the IL into a crystalline dihydrate (MP = 52 °C) [67]. In consequence, 

one would exchange the counterion to prevent this effect. Water sorption is particularly high for 

amorphous and liquid APIs, as water can easily permeate into the bulk of the liquid or solid 

substance in contrast to crystalline APIs for which water sorption is limited to the surface of the 
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substance [143]. Absorbed water in amorphous substances serves as a plasticizer and reduces the 

TG in accordance with the Kelley-Büche equation. 

𝑇𝐺𝑚𝑖𝑥 = [(𝑤1 ∗ 𝑇𝐺1) + (𝐾 ∗ 𝑤2 ∗ 𝑇𝐺2)]/[𝑤1 + (𝐾 ∗ 𝑤2)] with 𝐾 = (𝜌1 ∗ ∆𝛼2)/(𝜌2 ∗ ∆𝛼1) 

TG is the glass transition temperature, w the weight fraction, Δα the change in thermal expansivity 

and ρ is the true density [148, 149]. Thus water sorption can result in significant changes of the 

consistency and the physical properties of an IL, as the TG of water is at <136 K [150]. Thereby, 

even small amounts of water lead to a substantial depression of the TG. Therefore, the facilitated 

water absorption of amorphous ILs or RT-ILs is particularly challenging due to hygroscopicity 

related stability issues. Nevertheless, hygroscopicity can be tailored. As hygroscopicity depends on 

the interaction of water and the IL there is a strong correlation between solubility and water 

sorption. Factors impacting the propensity for hygroscopicity introduced by a counterion depend on 

its overall surface charge, localization of the charge (localized or delocalized), coordination of 

water, size, and overall lipophilicity, quite often driven by the length of alkyl chains in many 

counterions. Increasing charge strengthens IL-water interactions while with increasing size of the 

counterions the charge may be more delocalized and the resulting interaction is weaker [146, 147, 

151, 152]. From these insights, one can design ILs with reduced hygroscopicity – knowingly 

introducing a challenge to other pharmaceutical parameters including dissolution rate and 

solubility. An acceptable compromise has to be identified, balancing the needs for a successful 

pharmaceutical product. Another approach may be the reproducible annealing of water to 

precondition the IL for manufacturing, an approach which may be viable in instances in which 

water absorption is similar across larger relative humidity states of the manufacturing environment. 

However, this approach will require special primary packaging (e.g. aluminium blister) to ensure 

constant water conditions throughout storage. Another study addressed the challenge of 

hygroscopicity by incorporating vancomycin hydrochloride (not an IL but a hygroscopic salt) into a 

polyethylene glycol matrix, with the formulation resulting in comparable in vivo pharmacokinetics 

as the corresponding API solution [132]. Further alternatives may be derived from pyridostigmine 

bromide, which rapidly transforms from solid to liquid state under ambient conditions as a result of 

water annealing. To address this challenge, pyridostigmine bromide was encapsulated into Avicel 

pH 102 – a water-insoluble excipient - by extrusion–spheronization and water uptake was 

prevented [153]. Other studies deployed porous calcium silicate for formulation of very 

hygroscopic drugs [154]. 

These exemplarily selected formulation strategies addressing the challenge of hygroscopicity might 

form interesting approaches to meet a potential increase in hygroscopicity of ILs as compared to 

crystalline, conventional salts of the APIs, however, further studies are required to prove that these 
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approaches are a reasonable concept for ILs. Beside, lipophilic counterions reduce the propensity 

for water annealing of the API-counterion pair, however, likely affect other pharmaceutical 

parameters such as the dissolution rate or kinetic solubility. It is the task of the formulation scientist 

to balance these factors such that an optimal drug product is formulated. 

Physical, chemical and biological stability 

For a pharmaceutical application ILs have to meet strict requirements concerning stability. 

Nevertheless, a paucity of studies addresses this issue and detailed long term stability data for API-

ILs are rarely found. Physical stability needs to be tested in early stage stress tests in order to assure 

that the IL is in its thermodynamically most stable form and no recrystallization may occur during 

storage. In accordance with the guideline ‘Stability Testing of New Drug Substances and Products’ 

by the International Conference on Harmonisation of Technical Requirements for Registration of 

Pharmaceutics for human use (ICH) [155], ILs might be stored at a defined temperature and r.h. 

over a certain period of time, followed by detailed characterization using XRPD and DSC and 

determining conductivity, viscosity, density or the dissolution pattern [156-158]. Furthermore, due 

to their hygroscopic nature, viscosity, density and water content, should be monitored during the 

stability studies of API-ILs under storage conditions, in particular as molecular mobility is an 

important factor for chemical API and counterion stability of amorphous pharmaceuticals and may 

change with water absorption (vide supra) [159]. Pharmaceutical ILs should be chemically and 

physically stable at ambient conditions, a fact which was addressed by the first air and water stable 

ethyl-methylimidazolium based ILs in 1992 [160], and followed by subsequent studies detailing a 

general stability of imidazolium counterions in water and under oxidative conditions at ambient 

temperature [15]. Chemical stability for ILs is typically assessed from thermal stability in the form 

of degradation temperature, determined by TGA and differential thermal analysis (DTA). A general 

trend was postulated regarding thermal stability with phosphonium cations being most stable, 

followed by imidazolium and ammonium cations [161]. Quaternary ammonium and phosphonium 

as well as imidazolium salts decomposed through a reverse Menschutkin reaction and by Hofmann 

elimination and their decomposition is a function of the nucleophilicity of the anion. The study 

further detailed, that an increase in the lengths of the straight alkyl chains of imidazolium 

counterions results in an increased thermal stability [161]. Hygroscopicity may arguably lead to a 

microbiological challenge throughout storage. Residual water may be sufficient to allow for 

bacterial growth which may require supplementation with preservatives. In this context the 

preparation of ILs with counterions displaying antimicrobial activity is suggested. Antimicrobial 

alkylimidazolium, choline-like quaternary ammonium ILs and quaternary phosphonium ILs 

demonstrated a broad anti-bacterial activity comparable to the preservative benzalkonium chloride 

[162-165]. For quaternary ammonium counterions QSAR analysis revealed that lipophilicity (logP) 
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was the main important factor for antimicrobial activity such that efficacy was boosted by 

increasing the alkyl chain length and introducing two instead of one long chain lipophilic 

substituent [162]. Based on these findings, ILs with antimicrobial or antibacterial activity were 

prepared using TBP, cetylpyridinium, benzethonium, benzalkonium and hexetidinium as 

counterions [51]. A similar correlation between alkyl chain lengths/lipophilicity and antimicrobial 

activity was demonstrated for ILs using imidazolium and pyridinium derivatives as counterions 

[138], or for ß-lactam antibiotics for which imidazolium- and pyridinium ILs displayed increased 

antimicrobial activity as compared to the respective sodium salt [57]. 

In conclusion, the physical and chemical stability of ILs is an inherent concern to any amorphous 

or liquid formulation. Previously demonstrated formulation successes for hygroscopic APIs must 

be extended to ILs, such that hygroscopicity challenges can be adequately addressed, 

simultaneously reducing the propensity for bacterial contamination. In summary, physical, 

chemical and biological stability can be effectively controlled by proper choice of the counterion. 

Conclusion 

API-ILs have a fascinating potential for pharmaceutical application for medicines of tomorrow 

(Table 2). They offer a minimalistic yet highly controlled approach potentially supplementing or in 

selected cases replacing complex formulations. This strategy is in fact leading to enhanced salt 

screening programs including the design, metathesis, and application of tailor-synthesized 

counterions allowing access to a large pharmaceutical design space (tailored parameters include 

kinetic solubility, dissolution rate, controlled release, stability, hygroscopicity, manufacturing, 

biopharmaceutical properties) with efficient use of resources (straightforward manufacture with 

conventional equipment, low risk technical development and production due to minimal process 

steps reducing out of specification batches, facilitating analytics and release due to the absence of 

complex excipient mixtures as present in drug product formulations, low scale-up risk, etc.). As a 

result of their quite frequent amorphous character or crystalline nature with a low melting point, 

ILs are readily absorbing water and this is potentially one of the main caveats for pharmaceutical 

use. The formulation scientist can tailor the degree of hygroscopicity but as true for regular salts, 

one will unlikely achieve conditions in which this phenomenon can be entirely neglected. 

However, proper choice of the counterion has been instrumental to address this challenge typically 

leading to more lipophilic ionic pairs. In turn, this lipophilicity increase reduces the dissolution rate 

and quite frequently the kinetic solubility. This is exactly the point at which the formulation 

scientist needs to balance the phenomena against each other in an effort to find the most desirable 

compromise among interfering parameters. The incomplete dissociation of the API and the  
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Strengths 

 Possibility to tune pharmaceutical 

properties  without structural changes 

of the API 

 Immediate and modified release 

 Tunable permeability through 

biological barriers 

 Control of polymorphism by RT-IL 

Weaknesses 

 Hygroscopicity 

 Increased molecular weight by large 

counterions 

 Ionizable APIs prerequisite 

 

Opportunities 

 Avoiding complex formulations 

 Novel administration routes (e.g. 

transdermal) 

 Portfolio expansion /Life cycle 

management 

 Avoid structural changes of API (e.g. 

prodrug) 

 Rapid and simplified development 

program 

 Dual function of IL (e.g. biofilm 

disruptive counterion for antibiotics or 

preservative as counterion to meet 

microbiological challanges) 

 Replace counterions with safety 

concerns (e.g. mesylate) 

Threats 

 Toxicology challenge for some 

counterions 

 Impurities in newly synthesized 

counterions 

 High viscosity, requiring specialized 

equipment for manufacture 

Table 2: ‘Pro et contra’ ionic liquids for pharmaceutical application. 

counterion upon dissolution introduces intriguing possibilities for biopharmaceutical development 

and several studies reported enhanced transport of the ion pair across membranes. One exciting 

direction – however, still in its infancy – is the application of IL strategies with the ultimate goal to 

enhance transmembrane transport to an extent, such that intra- or transdermal delivery becomes 

feasible. Future studies must demonstrate to which extent these exciting insights can be deployed 

for advanced pharmaceutical application. Similarly, the strategy of reducing the melting point / 

glass transition temperature to an extent such that liquid API are obtained at room temperature in 

an effort to remove polymorphism challenges is a topic demanding careful experiments before 

implementing this into critical path activities. The boundaries of this approach are readily visible to 

date, with processing of typically highly viscous liquids being one challenge and the 

aforementioned hygroscopicity with associated stability challenges being another. Future studies 

should aim at optimizing the rheological features of RT-ILs as well as addressing the challenge of 

water sorption or other dynamics during storage. ILs are typically linked to safety issues, ignoring 

the unlimited structural space of the counterions, the broad pharmaceutical design space which can 

be approached by this strategy as well as the simplicity of this extrapolation, which to a large extent 

rests on experiences from using ILs as solvents. De facto, toxicology can be designed as the other 
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parameters can. One question which arises for ILs in a pharmaceutical setting is the arbitrary 

definition for the melting point / glass transition temperature at 100 °C. Obviously, the 

pharmaceutical advantage overrides the need to develop salts with a TG/MP smaller than 100 °C. 

This is why the term “low lattice force salts” may better describe the aim at improving or adapting 

pharmaceutical properties by the strategies outlined here within than the term IL does. 

As pointed out, the formulation scientist gets a novel tool to tailor the physico-chemical properties 

of the API in solid state, upon dissolution, and to some extent as a result of incomplete dissociation 

of the ion pairs for drug transport across membranes. From a high-level perspective and in 

simplified terms, one is modulating the overall API lipophilicity but not by changing the API 

structure itself. Instead, this modulation is achieved by formation of incompletely dissociating ion 

pairs with properly chosen counterions. Thereby, and in contrast to many current approaches 

introducing changes to the API structure in an effort to meet pharmaceutical demands, much faster, 

resource effective and straightforward approaches may readily become feasible. Following this 

strategy, the future promises pharmaceutical design spaces for key pharmaceutical parameters for 

APIs by simply presenting these as salts with a suite of counterions. To build this future, well-

characterized (metathesis, stability, purity, toxicity) counterion libraries must be built for both basic 

and acidic APIs. Equally important are studies on IL carriers, with the focus on overcoming 

hygroscopicity or viscosity challenges of RT-ILs. Lastly, analytical and salification platforms 

should be designed, such that automatic, semi- or high throughput pharmaceutical characterization 

allows rapid and reliable screening of large API-counterion combinations. 
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Introduction 

Improper solubility jeopardizes biopharmaceutical impact of pharmaceuticals and ultimately delays 

relief to the suffering. This problem is aggravated in pharmaceutics today as a result of high 

throughput screening (HTS) based research strategies for lead identification. By HTS preferentially 

lipophilic and high molecular weight molecules are selected, posing an additional developmental 

challenge, for these molecules are typically less soluble in water [1, 2]. To overcome the low 

bioavailability, the concept of transforming an active pharmaceutical ingredient (API) into an ionic 

liquid (IL) is presented in this manuscript. ILs are organic salts with a melting point below 100 °C 

and are dissociated to some extent into ions [3, 4] and have been developed to address e.g. 

solubility challenges[5]. Another improvement of permeability and / or solubility may be by 

converting a parent drug into a prodrug [6]. The prodrug concept is well established, however, 

challenging from a drug regulatory perspective as it constitutes a new API. 

We compared the IL strategy to a prodrug concept with the aim to improve the biopharmaceutical 

properties of a new, orally active α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

(AMPA) antagonist [7-9], which was administered to patients with acute migraine attacks at a dose 

of 250 mg before [10]. We identified the physical-chemical mechanism to achieve improved 

biopharmaceutical properties of the IL in comparison to the free acid, its potassium salt, and an 

acetylated prodrug. These interpretations were based on structural information collected in the solid 

(single crystal, NMR, DSC) and liquid state (NMR), including a precise characterization of ion 

pairing (NMR, ESI-MS), solubility patterns (acid-base titration experiments), dissolution and 

precipitation kinetics at the supersaturated and equilibrium phase, respectively. Counterion toxicity 

was tested in three cell lines of hepatic and renal origin and in macrophages [11]. Data sets from 

the physical-chemical characterization were correlated to transport kinetics through relevant jejunal 

in vitro model system. 

Results 

Structure and physical characteristics 

The structural formula of N-[7-isopropyl-6-(2-methyl-2H-pyrazol-3-yl)-2,4-dioxo-1,4-dihydro-2H-

quinazolin-3-yl]-methanesulfonamide (referred to as ‘free acid’) and its prodrug (acetylated at the 

methylenesulfonamido group; referred to as ‘prodrug’) are provided (Figure 1A; formula of the 

counterion tetrabutylphosphonium is not shown). The free acid crystallized in an orthorhombic 

space group (Pbca) and  molecules were arranged in layers (Figure 1B; Supplementary Figure 

1A). Within each layer, one molecule was connected to four neighboring molecules via hydrogen  
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Figure 1: (A) Structural formula of the free acid and the prodrug. Crystal structure of the (B) free acid and 

(C) the potassium salt of the free acid (a monohydrate) and as determined by single crystal diffractometry. 

Crystal water is highlighted by arrowheads and the interaction of the potassium cation with the acid is 

illustrated by dashed rods. (D) Solid state 
15

N NMR spectra displaying the high field shift of the N-1´ signal 

of the ionic liquid and the potassium salt in comparison to the free acid. (E) Glass transition temperature 

(ionic liquid) and melting points of the prodrug and the free acid, respectively, and as determined by dynamic 

scanning calorimetry. (F) Distribution of species as a function of pH as determined potentiometrically. 

bonds. In particular, the unsubstituated nitrogen atom of the pyrazole ring interacted with the 

hydrogen atom in the sulfonamide group and the hydrogen atom at the unsubstituated nitrogen 

atom in the 2,4-quinazolindione ring (Figure 1B; Supplementary Figure 1A; Table 1).The 

potassium salt crystallized as a monohydrate in the monoclinic space group P21/c (Figure 1C, 

Table 1). In this crystal structure, potassium ions (K
+
-ions) formed layers in the crystallographic  
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 Free acid (C16H19N5O4S) 

Mr = 377.43 

K
+
 salt (C16H20N5O5SKCl) 

Mr = 433.53 

Crystal system orthorhombic monoclinic  

Space group Pbca P21/c  

a [Å] 15.0318 (10)  22.8265 (6)  

b [Å] 12.0212 (8)  5.8993 (2)  

c [Å] 19.5095 (13)  15.3597 (4)  

α [°] 90  90.00  

β [°] 90  104.2530 (10)  

γ [°] 90  90.00  

Volume [Å
3
] 3525.4(4)  2004.67 (10)  

Z value 8  4  

Dcalc [g/cm
3
] 1.4221  1.436  

Table 1: Single crystal X-ray data of the free acid and the potassium salt, respectively. 

bc-plane with the acid anions placed atop and below the K
+
 ions (Supplementary Figure 1B). The 

atomic distances between K
+
-ions and nitrogen and oxygen atoms (Supplementary Figure 1B, 

Table 1) suggested ionic interactions between the K
+
-ion and four partners, (i) the oxygen atoms 

and the (ii) nitrogen atom of the sulfonamide group as well as to (iii) one oxygen atom of the 

quinazolindione ring and to (iv) one crystal water molecule, respectively (Figure 1C, 

Supplementary Figure 1B). In contrast to the crystal structure of the free acid, no direct hydrogen 

bonds were observed between the organic molecules (Figure 1C, Supplementary Figure 1B). The 

free acid, its potassium salt and the prodrug were crystalline whereas the IL was amorphous as 

determined by XRPD (Supplementary Figure 2A) and no birefringence was observed by 

polarized light microscopy (data not shown). Solid state 
15

N NMR spectra were recorded for all 

three forms, the IL, the free acid and the potassium salt (see Figure 1D). The nitrogen signals were 

assigned by long-range 
1
H-

15
N HMBC, HSQC and INEPT experiments in solution at room 

temperature and -70 °C (data not shown) with the N-1´ to δ at -87.2 ppm and N-2´ to δ at -172.1 

ppm, respectively. Interestingly, the N-1´ signal was shifted to δ= -64.1 ppm in the spectrum of the 

IL and to δ= -64.8 ppm in the potassium salt. In the IR spectrum of the free acid, characteristic 

stretching vibrations were observed at 3146 cm
-1

 for the N-H (1’’), and for the sulfonamide group 

at 1343 cm
-1

 and 1150 cm
-1

, respectively. For the potassium salt no stretching vibration of N-H 

(1’’) at 3146 cm
-1

 was detected and the absorption band was shifted to 1247 cm
-1

 and 1107 cm
-1

 

indicating the deprotonation of the API. In analogy to the observations for the potassium salt, the 

IL produced no signal of N-H (1’’) at 3146 cm
-1

 and the stretching vibration for the sulfonamide 

group was shifted to 1243 cm
-1

 and 1104 cm
-1

 (Supplementary Figure 2C). The melting point for 

the prodrug and the free acid were read from endothermic peak 244 °C and 290 °C, respectively, 

and the glass transition temperature of the IL was observed at about 57 °C (Figure 1E). A broad 
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endothermic peak with an onset at 150 °C and a concomitant mass loss of about 4% was observed 

for the potassium salt (monohydrate), indicating the loss of hydrate water at that temperature 

(corresponding TGA data Supplementary Figure 2B). No melting was detected before 

degradation onset at about 275 °C. Two pKa values were found for the free acid at 6.7 and 10.8 

(Figure 1F) linked to the N-1´´ (6.7; as a result of a high-field shift of the methyl group of the 

methylenesulfonamide group in the 
1
H NMR spectrum observed at pH 7.6) and to the nitrogen in 

position 1 of the quinazolinedione ring (10.8; as a result of the high-field signal shift of the 

aromatic hydrogen H-8 and to a lesser extent of H-5 observed at pH 11.75) (Supplementary 

Figure 3A, Supplementary Figure 3C). After storage of the IL for 18 month in vacuo no 

crystallinity was detected by XRPD (date not shown). Furthermore, no changes in 
1
H NMR 

spectrum were observed and the glass transition temperature was unaltered (data not shown) as 

compared to baseline. 

Dissolution rate, duration of supersaturation, solubility, precipitation rate and formation of 

supramolecular aggregates 

Drug substance dissolution rate in PBS buffer pH 6.8 was more than 700 fold higher for the IL, as 

compared to the free acid and twice as high as compared to the potassium salt (Figure 2). 

 

Figure 2: Dissolution rate of the bulk qualities of the free acid, ionic liquid, potassium salt and an equimolar 

blend of the free acid and the counterion in dissolution medium. 

The dissolution rate of the free acid was not different as compared to the blend of the free acid with 

tetrabutylphosphonium added to the dissolution medium. The duration of supersaturation, 

calculated from the concentration versus time profiles determined by potentiometric titration [12], 

was for the free acid (10 ± 2 minutes) < potassium salt (12 ± 1 minute) < blend of the free acid and 

the counterion (22 ± 6 minutes) < IL (35 ± 15 minutes) (Figure 3A, B). The duration observed for 
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the IL and the blend (free acid and counterion) was significantly longer as compared to the free 

acid and its potassium salt (p < 0.05). The duration of supersaturation was further measured by 

real-time precipitation experiments, complementing these accelerated potentiometric titrations 

(Figure 3C, D). In these, the IL did not demonstrate a pH shift with the solution remaining clear 

throughout 12 hours (end of experiment). In contrast, a significant pH shift and precipitation was 

observed after about 12 minutes (± 1 minute) for the potassium salt (Figure 3C, D). The 

dissolution rates for the IL or the free acid were comparable in acetate buffer (data not shown). 

 

Figure 3: API concentration [mM] – time [minutes] profile for the (A) free acid, ionic liquid, (B) potassium 

salt and an equimolar blend of the free acid and the counterion, respectively. Change in pH due to 

precipitation – time [h] profile of (C) potassium salt and (D) ionic liquid. 

The peak concentration during the supersaturation phase (kinetic solubility), determined by 

potentiometric titration, was typically higher for the free acid or its potassium salt in comparison to 
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the IL or the blend of the free acid and the counterion (Figure 3A, 3B, 4A). The kinetic solubility 

recorded for the potassium salt was significantly higher as compared to all other groups (p < 0.05), 

followed by the free acid, which had a higher kinetic solubility as compared to the IL and the blend 

(free acid and counterion; p < 0.05) the latter two groups of which demonstrating equal kinetic 

solubility (Figure 4A). The intrinsic solubility (equilibrium solubility) was generally an order of 

magnitude lower as compared to the kinetic solubility for all groups (Figure 4B). The ratio of the 

dissolution rate and the precipitation rate measured from the precipitates at supersaturation, was 

significantly higher for the IL in comparison to the free acid and the potassium salt (p < 0.05) and 

equal for the free acid and the potassium salt, respectively (Figure 4C). In contrast, no differences 

among groups were observed in the rates observed at equilibrium (Figure 4C). 

The IL was further characterized for the presence of soluble supramolecular aggregates when 

dissolved in water. At a concentration of 1 mM, the electrospray ionization mass spectrum (ESI-

MS) in the positive ion mode revealed peaks corresponding to an aggregate formation following 

the general pattern of [An]
-
 (with signals for n from 1 to 5) and [AnK]

-
 (with signals for n from 1 to 

7; Supplementary Figure 3B) [13]. Lower API concentrations did not show these aggregates (data 

not shown). Analogous studies following dissolution of the free acid in 30% or 70% acetonitrile in 

water, respectively, exhibited an increasingly complex association pattern for the free acid as 

compared to pure water, following [AnKo]
-
, with the index n being an integer between 1 – 6 and o 

between 1 to 4 for the 70% acetonitrile in water solution (data not shown). The supramolecular 

association of the API in solution was further analyzed by a 
1
H NMR based aggregation assay [14]

 
. 

The superimposition of the 
1
H NMR spectra collected in the supersaturated and the equilibrium 

phase exhibited a clear high field shift of all signals in the supersaturated phase with the overall 

number of signals remaining constant (Figure 4D). The signal intensity of the API was 

substantially reduced when comparing the supersaturated and the equilibrium phase and in 

comparison to those of the counterion, which was concluded by comparing the H-5’ signal of the 

pyrazole moiety and the terminal methyl group signal of the counterion, respectively (Figure 4D). 

This suggested the precipitation of the IL as the free acid with the counterion remaining in solution. 

The duration of supersaturation was exponentially related to supersaturation ratio, following a 

general trend as approximated by duration of supersaturation = 206 ∗ 𝑒−0,16∗S (r² = 0.62), with S 

being the supersaturation ratio as calculated by dividing the kinetic by the equilibrium solubility, 

respectively (Figure 4E). The duration of supersaturation was linearly correlated to the ratio of the 

counterion and the free acid by duration of supersaturation = 10 + 10 ∗ ratio (r² = 0.98), with the 

ratio being the molar amount of the counterion divided by the amount of free acid (Figure 4F). 
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Figure 4: (A) Kinetic solubility [mM] and (B) intrinsic solubility [mM] of the APIs and blend of free acid 

and counterion. (C) Ratio of the dissolution rate over the precipitation rate of the precipitate in the 

supersaturated phase (S) and at equilibrium (E) for the free acid, ionic liquid and the potassium salt, 

respectively. Asterisks indicate statistically significant differences among groups (p < 0.05). (D) 

Superimposition of expansions from NMR spectra of the supersaturated phase (S) and in the equilibrium 

phase (E). The signals of the terminal methyl group of the counterion (tetrabutylphosphonium) at δ ~ 0.85 

ppm and H-5’ of the pyrazole ring at δ ~ 6.3 – 6.4 ppm are displayed. (E) Overview of the duration of the 

supersaturation phase [minutes] as a function of the ratio of kinetic solubility over equilibrium solubility 

(supersaturation ratio) for the free acid, the ionic liquid and different blends of the free acid and the 

counterion. (F) Duration of supersaturation [minutes] as a function of different blends of the free acid and the 

counterion. 
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Characterization of precipitates in supersaturated and equilibrium state 

Time lapsed diffractometric studies on precipitates collected from the supersaturated phase and the 

equilibrium phase analyzed under gradual drying, revealed different crystallization kinetics for the 

free acid and the IL (Figure 5). The precipitate of the free acid was amorphous in the 

supersaturated phase and this state was maintained for up to 14 minutes throughout the continuous 

diffractometric monitoring (Figure 5A). However, after 21 minutes the reflection of the potassium 

chloride – as present from the solubility experiments which were conducted in presence of 

potassium chloride and from which the precipitates were collected – was observed at about 28° 

(Figure 5A) along with reflections of the free acid (Supplementary Figure 2A). Similar to the 

free acid, the precipitate collected from the supersaturated phase of the IL displayed an amorphous 

structure at the beginning of the time-lapsed measurements (Figure 5B). After 14 minutes, the 

potassium chloride reflection was observed at about 28°, with the IL still being in amorphous form 

– a state, which was maintained up to 42 minutes after which the experiment was stopped. In 

contrast, precipitates collected from the free acid and the IL collected in the equilibrium phase had 

identical reflections. 

Furthermore, the precipitates were analyzed by 
1
H NMR measurements. The precipitate of the IL 

collected from the supersaturated phase (dissolved in DMSO-d6) was measured and the hydrogens 

attached to the N-1 and N-1
’’
 showed one broad signal (δ = 10 – 12.5 ppm; Figure 5C) indicating a 

single deprotonation (assignment of deprotonation to N-1 and N-1
’’ 

was verified by EXSY 

experiments at room temperature and -70 
°
C due to rapid proton exchange among groups). In 

contrast, two resonances were seen in the precipitate harvested from the equilibrium phase 

indicating that both groups, the N-1
’’
 and the N-1 were protonated and supporting that precipitation 

occurred as the free acid (Figure 5C) as both signals were also observed for the free acid in 

equilibrium state (Figure 5C). The counterion was present in the precipitates collected from the 

supersaturated phase (Figure 5C, arrows; δ = 0.5 – 4 ppm), with an estimated ratio of the API to 

the counterion of about 6 : 1 as calculated from the integrals of the 
1
H NMR signals. In contrast, 

the precipitates harvested from the equilibrium phase showed only traces of the counterion and 

yielded almost identical spectra as obtained for the free acid (Figure 5C).
 1

H NMR measurements 

of the precipitate of the free acid collected from the supersaturated state displayed the same broad 

signal as observed for the IL (data not shown), however no tetrabutylphosphonium signals were 

detected. After equilibrium state was reached precipitates displayed the same 
1
H NMR spectra as 

the bulk substance. 
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Figure 5: Time lapsed powder 

diffractograms. Numbers within charts 

indicate the time [minutes] after the set of 

experiments commenced. Suspensions 

gradually dried under ambient conditions 

within the diffractometer and during 

measurement. Representative diffractograms 

of precipitates collected from the 

supersaturation phase of the (A) ionic liquid 

and the free acid. (B) Representative 

diffractograms of precipitates collected from 

the equilibrium phase of the ionic liquid and 

the free acid. A simulated diffractogram as 

calculated from the single crystal data of the 

free acid is provided. (C) 1H NMR of the 

precipitates collected in the supersaturated 

phase (S) and in the equilibrium phase (E) 

for the free acid and the ionic liquid, 

respectively (precipitates were re-dissolved 

in DMSO after collection and right before 

measurement). Spectra of the bulk free acid 

are given for comparison (bulk). The upper 

set of three spectra shows the signal of the 

hydrogen bound to the 

methylenesulfonamide group (H-1’’). The 

lower set of three spectra shows the region 

within which signals by the counterion are 

detected and as highlighted by the 

arrowheads. 
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In vitro permeability through the Caco-2 cell monolayer model 

Caco-2 cell monolayers were characterized before use. All monolayers had TEER values of at least 

600 Ω*cm
2
 and paracellular permeability and monolayer tightness was demonstrated by sodium 

fluorescein transport with mean Papp values < 10
-7

 cm/s (apical to basolateral; data not shown) [15]. 

Furthermore, the monolayers were morphologically characterized for the location and distribution 

of cell nuclei through DAPI stain (blue) and tight junctions were labeled by e-cadherin staining 

(Figure 6A). In a first experiment, API were applied as solutions to the apical compartment, 

resulting in comparable normalized molar amounts found basolaterally over time for the IL and the 

free acid while the amount of transported prodrug was significantly higher (p < 0.05; Figure 6B). 

In a second experiment, a suspension of the API was used in the apical compartment instead of the 

API solution applied in the previous set-up (Figure 6C, D). The concentration in the apical 

chamber of the free acid was approximately three times higher than the concentration observed for 

the prodrug (p < 0.05) and four times lower than the concentration of the IL (p < 0.05; Figure 6C). 

The molar API amounts analyzed within the basolateral compartment over time were significantly 

and typically 5 times higher for the IL as compared to the free acid or the prodrug (Figure 6D). 

Counterion cytotoxicity 

Cytotoxicity of tetrabutylphosphonium chloride was analyzed in vitro in three cell lines with an 

AlmarBlue based assay. IC50 values were 712 ± 14 µM for HepG2 cells, 248  ± 48 µM in HEK 

293T cells and >1000 µM for J774.1 cells. 

Discussion 

We defined the IL based on the observed glass transition below 100 °C (Figure 1E) and the ionic 

nature determined by solid state 
15

N NMR (Figure 1D) and IR spectroscopy (Supplementary 

Figure 2C). For both the IL and the potassium salt, the N-1´ signal of the pyrazole nitrogen was 

shifted almost identically in contrast to the high field shift of this signal for the free acid (Figure 

1D). Crystal structure data detailed these findings to the deprotonation of the 

methylenesulfonamide group of the potassium salt (Figure 1C). While the proton of the 

methylenesulfonamide group of the acid is part of a hydrogen bond to the pyrazole nitrogen N-1´, 

no such interaction is possible for the deprotonated potassium salt, resulting in a shifted N-1´ signal 

to higher field. In the IR spectra an identical shift of the methylenesulfonamide group after 

deprotonation for both the potassium salt and IL was observed (Supplementary Figure 2C). 

Therefore, the solid state 
15

N NMR and IR spectroscopy data confirmed the ionic nature of the IL 

in solid state. Stored in vacuo the IL was stable for 18 month, with no recrystallization and no shift 

in glass transition temperatures occurring throughout the storage period, an important yet  
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Figure 6: Transport studies through an in vitro Caco-2 cell culture model of the human small intestinal 

mucosa and grown on a cell culture insert filter. (A) Representative confocal microscopy image after 

immunohistological staining of cell-cell contacts (e-cadherin, green) and cell nuclei (DAPI, blue). Bar length 

= 20 µm. (B) Amount of API [nmol] as measured from samples taken from the basolateral chamber at 

different time points [minutes]. Solutions of the free acid, the ionic liquid and the prodrug were administered 

to the apical chamber, respectively. (C) Amounts of dissolved API when applied as suspension to the apical 

chamber for the free acid, the ionic liquid and the prodrug, respectively. (D) Amount of API [nmol] as 

measured from samples taken from the basolateral chamber at different time points [minutes]. Suspensions of 

the free acid, the ionic liquid and the prodrug were administered to the apical chamber, respectively. 

Asterisks indicate statistically significant differences among groups (p < 0.05). 
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preliminary finding regarding drug substance stability. Further studies including stress tests are 

required to detail the stability under real life or accelerated conditions. 

The drug substance dissolution rate of the IL exceeded the potassium salt and even more the free 

acid (Figure 2). The faster dissolution of the IL and the potassium salt in comparison to the free 

acid is likely a result of the ionization whereas the differences of the (amorphous) IL in comparison 

to the (crystalline) potassium salt are attributed to the different lattice forces. 

A prolonged supersaturation was observed for the IL (Figure 3A). The observation for the IL 

matched the classical nucleation theory [16, 17], linking the rate of crystal formation J 

exponentially to the supersaturation ratio and given by 𝐽 = 𝐴𝑒
(−

𝐵

𝑙𝑛2𝑆
)
. A and B are typically 

regarded as constants with 
𝐵

𝑙𝑛2𝑆
= 𝑊/𝑘𝑇 representing a dimensionless energy barrier for the 

formation of nuclei and S being the supersaturation ratio [16]. The pre-exponential term A 

represents the molecular kinetics of the formation of nuclei. According to the Szilard-Farkas 

model, the formation of nuclei is a stochastic process of consecutive attachment and detachment 

events of single molecules, yielding clusters of different sizes in the supersaturated solution [18]. 

The frequency of attachment of unit blocks to a nucleus (𝑓∗) is assumed to be the rate limiting step 

of nucleus formation [19]. The precise assessment of 𝑓∗ is challenging [16], yet our data provided 

evidence, that the ratio of the attachment and detachment kinetics of precipitates, obtained from 

previously dissolved API through pH adaptation in the supersaturated phase was significantly 

higher for the IL as compared to the other groups tested (Figure 4C). This suggested that the 

extended duration of supersaturation is at least in part driven by the counterion’s impact on nucleus 

formation. This interpretation is supported by the linear dependency observed for the duration of 

supersaturation and the ratio of the counterion and the API (Figure 4F). These solubility profiles 

obtained by potentiometric titration are determined using an accelerated method of measuring the 

duration of supersaturation and, therefore, real-time precipitation experiments were additionally 

performed (Figure 3C, D). In these real-time experiments, the potassium salt recrystallized within 

12 minutes counteracting the positive effect of increased dissolution and questioning a sensible use 

in vivo. In contrast, the IL was stable in solution throughout 12 hours (end of experiment), 

providing a more promising profile for further development. Nevertheless, more details are 

required to elucidate the broader impact of the IL, e.g. building off previous elegant studies 

detailing crystal growth dynamics of Theophylline by using crystal seeds [20]. In analogy, the 

impact of crystal growth on seeds prepared from the free acid can be profiled in solutions of the IL 

or the free acid. 

Time lapsed diffractometric studies of the free acid and the IL detailed the crystalline status of 

precipitates formed in the supersaturated and the equilibrium phase generated from initially 
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dissolved API by pH adaptation (Figure 5A, B). A faster collapse of the supersaturated phase was 

found for the free acid as compared to the IL, with precipitates from both groups being amorphous 

in the supersaturated phase and deprotonated at the sulfonamide group (Figure 5C). The term 

amorphous is used in a sense that crystallinity was not detected based on interpretation of the 

diffractograms. However, we cannot exclude that other mesophases were present, which were not 

detected by XRPD [21]. Interestingly, the IL precipitated in the supersaturated phase together with 

the counterion (Figure 5C), whereas the precipitate collected at equilibrium was composed of the 

free acid (Figure 5B) indicating a different molecular association of the counterion and the API at 

supersaturated and equilibrium state, respectively. To elucidate the underlying mechanism, the API 

was further characterized in solution. The stable number and the chemical shifts of the signals 

measured by 
1
H NMR at concentrations spanning from 0.125 mM to 4 mM (Supplementary 

Figure 4) and at 8 mM (Figure 4D) suggested a concentration dependent formation of soluble 

associates, and the concentration effect on association was corroborated by mass spectrometry 

(data not shown). By 
1
H NMR a striking change in peak intensity (and a signal shift) was observed 

at the supersaturated and equilibrium phase, respectively (Figure 4D) as a result of precipitation 

and supported by the solubility measurements (Figure 3A, B). In contrast, this intensity change 

observed for the API was not observed for the counterion. In conclusion, these experiments 

demonstrated that the counterion prolonged supersaturation by stabilizing the deprotonated state of 

the API. The moment the counterion fails in doing so, the API is precipitating as the free acid. This 

is further supported by the decrease of the API concentration with a stable concentration of the 

counterion in solution at equilibrium. Therefore, the mechanism is characterized by a constant 

increase of the counterion to API ratio in the supersaturated state as a result of the advancing 

precipitation of the API while the counterion does not precipitate (API precipitates as free acid; 

counterion remains in solution). This increase of the counterion to free acid ratio correlated to 

prolonged supersaturation (Figure 4F) and, thereby, a self-stabilizing loop is closed leading to 

long-lasting supersaturation of the API. Furthermore, the IL may be formulated into a gastro-

protective to prevent rapid collapse of the free acid in the gastric environment with high proton 

concentrations. 

Solubility and / or permeability challenges are typically addressed by the synthesis of prodrugs, 

rapidly metabolizing entities leading to the parent drug already during or shortly after uptake. The 

acetylation of the sulfonamide group yielded a prodrug with a 5 times enhanced permeability 

through Caco-2 monolayers (Figure 6B) but 4 times reduced solubility (Figure 6C) as compared 

to the free acid. In contrast, the increased solubility of the IL, translated into an increased amount 

of absorbed substance as compared to the free acid or the prodrug. In vivo studies are needed to 

substantiate this first evidence for better bioavailability of the IL. 
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We conclude that the formation of an IL positively impacted the permeability through Caco-2 cell 

layers in terms of dissolution rate and time of supersaturation potentially widening the window for 

API uptake within the GIT. 

Previous studies link the counterion to a skin irritation potential, however, the study was conducted 

with an irrelevant setup for the administration as profiled here within [22]. We performed initial 

cell viability studies of the counterion on kidney and liver cells as well as on macrophages and cell 

viability was affected in the upper µM or lower mM range, indicating a rather benign safety profile 

which must be substantiated by rigorous pre-clinical toxicology studies. 

Conclusion 

We detailed the mechanism of the favorable solubility profile of the IL as compared to the free 

acid, its potassium salt and the prodrug. The counterion of the IL had different effect on the API in 

the solid versus the liquid state. From the solid state, the dissolution was 700 fold faster in 

comparison to the free acid as a result of reduced lattice energy. Advantages in the liquid state of 

the IL resulted from increased solubility as well as from a constant increase of the counterion to 

API ratio with time (counterion remained in solution, API precipitated in part), a mechanism which 

was demonstrated to increase supersaturation. Ultimately, both mechanisms resulted in an 

increased transepithelial transport in vitro. However, future in vivo studies are required to 

demonstrate whether these promising features of the IL translate into biopharmaceutical 

advantages.  

Materials and Methods 

Materials 

Dulbecco´s MEM powder and Trypsin powder substance were purchased from Biochrome AG 

(Berlin, Germany) and Fetal Bovine Serum and RPMI medium from Gibco (Darmstadt, Germany). 

Caco-2 cells were purchased from DSMZ (Braunschweig, Germany). 4’, 6-diamino-2-phenylindole 

(DAPI) was purchased from Invitrogen (Carlsbad, CA) and Human E-Cadherin MAb (clone 

180215) from R&D systems (Minneapolis, MN). Acetonitrile HPLC grade and potassium chloride 

(KCl) were purchased from VWR (Radnor, PA). Penicillin and streptomycin solution (Pen/Strep), 

non-essential amino acids (NEA), Hank’s Balanced salts powder (without phenol red and sodium 

hydrogen carbonate), tetrabutylphosphonium hydroxide solution (40% in water v / v; referred to as 

‘counterion’ within this manuscript), trifluoracetic acid (TFA), fluorescein sodium salt, 

hydrochloric acid 0.5 M, HEPES, glucose and acetic acid (≥ 99.7%) were purchased from Sigma 

Aldrich (St. Louis, MO). N-[7-Isopropyl-6-(2-methyl-2H-pyrazol-3-yl)-2,4-dioxo-1,4-dihydro-2H-
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quinazolin-3-yl]-methanesulfonamide (referred to as ‘free acid’ within this manuscript) and N-[7-

isopropyl-6-(2-methyl-2H-pyrazol-3-yl)-2,4-dioxo-1,4-dihydro-2H-quinazolin-3-yl] N-

methylsulfonyl-acetamide (referred to as ‘prodrug’ within this manuscript) were synthesized by 

Novartis AG (Basel, Switzerland)[7-9]. Sodium chloride, sodium hydrogen carbonate, sodium 

dihydrogen phosphate, disodium hydrogen phosphate, formaldehyde, ethanol and methanol were of 

analytical grade. Deuterated water (D2O, 99.9% D) was purchased from Deutero GmbH 

(Kastellaun, Germany), deuterated water (D2O, 99.9% D) containing 0.05% 3-

(trimethylsilyl)propionic-2,2,3,3-d4 acid-Na (TSP-d4) from Sigma-Aldrich (Schnelldorf, Germany), 

hexadeuteriodimethyl sulfoxide (DMSO-d6, 99.8% D) from Euriso-top (Saarbrücken, Germany), 

anhydrous dibasic sodium phosphate (99%) from Acros Organics (Geel, Belgium) and AVS 

Titrinorm 0.1 M hydrochloric acid and 0.1 M sodium hydroxide solution from VWR (Darmstadt, 

Germany). Standard 5 mm NMR tubes (ST 500) were purchased from Norell (Landisville, PA) and 

coaxial insert tubes from Wilmad-LabGlass (Vineland, NY). J774.1 cells, HepG2 cells and HEK 

293T cells were purchased from ATTC (Manassas, VA). 

Methods 

Ionic liquid and potassium salt preparation  

The ionic liquid (IL) was prepared in analogy to previous reports[23]. Briefly, 1g free acid was 

suspended in 40 mL acetone, an equimolar amount of the counterion (tetrabutylphosphonium 

hydroxide) was added and mixed until a clear solution was obtained. Solvents were evaporated at 

40 °C, 150 – 300 mbar until approximately 2 ml were left. The liquid was transferred onto a watch 

crystal and dried at 50 °C in vacuo for one day. For the preparation of the potassium salt, 0.5 g acid 

was suspended in 5 ml ethanol in a round-bottomed flask. The resulting mixture was heated to 40 

°C and a solution of 0.083 g of potassium hydroxide in 0.5 ml of water was added continuously 

over 3 minutes. The solution was cooled to 20-25 °C under stirring. Crystals were collected after 1 

hour by filtration with a filter crucible (pore size 4, Winzer, Wertheim, Germany). The filter cake 

was washed 2 times with 1 ml of ethanol and was dried at 50 °C for 2 hours in vacuo to yield 0.45 

g salt. 

High performance liquid chromatography 

Free acid, IL and prodrug samples were analyzed using a HPLC La Chrome Ultra equipped with a 

diode array detector L2455U, autosampler L-2200U and column oven L-2300 (Hitachi, 

Schaumburg, IL) on a Zorbax SB-C18 RRHT column (4.6x50mm, 1.8 µm; Agilent, Waldbronn, 

Germany) at a column temperature of 40 °C. Mobile phase A was 0.1% TFA in water and mobile 

phase B was 0.1% TFA in acetonitrile with the gradient profile set as follows for mobile phase B: 0 
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- 3.5 min 15-65%; 3.5-3.7 min 65-15% and 3.7-5 min 15%. The flow rate was set at 1.2 mL/min 

and detection at λ = 254 nm. 

Time lapsed, potentiometrically and photometrically recorded titration experiments 

for determination solubility, duration of supersaturation, precipitation rate, pka an d 

dissolution rate 

Intrinsic and kinetic solubility and the duration of the supersaturation were measured on a Sirius T3 

instrument (Sirius Analytical, Forest Row, UK) by potentiometric titration as described before[24, 

25]. In brief, typically 10 mg of API were dissolved in 1.5 ml of 0.15 M KCl solution at pH 12 

(adjusted with 0.5 M potassium hydroxide). After complete dissolution, the solution was back-

titrated by addition of 0.5 M hydrochloric acid until first precipitation occurred and as continuously 

monitored photometrically (λ = 500 nm). Subsequently, the pH was changed incrementally by 

repeated addition of minute amounts of acid and base throughout the experiment. After each titrant 

addition the delayed pH gradient of the API due to precipitation or dissolution was measured and 

used to extrapolate the equilibrium phase where the pH gradient is zero. The duration of 

supersaturation is the time interval from the first precipitation (kinetic solubility) to the time when 

the concentration dropped below the kinetic solubility. Data from analysis with acidity errors larger 

than 1 mM were excluded. Precipitation and dissolution rates were recorded for the supersaturated 

and equilibrium phases, respectively. The precipitation rate was calculated as the change in molar 

concentration over time (𝑑𝑐/𝑑𝑡) after titration of minute amounts of hydrochloride acid 

(precipitation rate) or potassium hydroxide (dissolution rate), respectively. Concentration changes 

due to different titrant volume additions were corrected. pKa was determined on the Sirius T3 in 

potentiometric mode and according to the manufacturer’s instruction. Besides by potentiometric 

titration, duration of supersaturation was determined by real time precipitation experiments with 

the Sirius T3 instrument. 8µmol potassium salt and IL, respectively, were completely dissolved in 

1.5 ml PBS pH 6.8 and pH was monitored over 1 hour for potassium salt and 12 hours for the IL. 

The change in pH due to precipitation was detected. 

Dissolution rates were determined as described earlier[26]. Tablets with defined surface were 

prepared by compression of 5-10 mg substance in a tablet disc under a weight of 0.18 tonnes for 6 

minutes with a manual hydraulic tablet press (Paul Weber Maschienen- und Apparatebau, 

Stuttgart-Uhlbach, Germany). Tableting is to render the dissolution rate independent of the surface, 

which was kept constant at 7.07 mm
2
 throughout the experiment. Tablets were used for the 

experiment if these had a smooth surface. Visible cracks or other defects were not observed and 

solid particles did not detach from the tablet surface during the experiment. Dissolution rates were 

determined photometrically at room temperature in phosphate buffered saline (PBS) pH 6.8. 
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X-ray powder diffractometry 

Precipitates were collected from the solubility experiments after the first precipitation occurred and 

subject to X-ray powder diffractometry (XRPD) analysis. These suspensions were filtered through 

a paper filter (Macherey-Nagel MN 615, 7cm diameter) using a filter crucible in vacuo. Precipitates 

as observed in the equilibrium phase were collected after stable intrinsic solubility concentration 

was recorded typically for 10 minutes. Powder diffractometric studies were done with a Bruker 

Discover D8 powder diffractometer (Karlsruhe, Germany) using Cu-Kα radiation (unsplit Kα1+Kα2 

doublet, mean wavelength λ = 154.19 pm) at a power of 40 kV and 40 mA, a focusing Goebel 

mirror and a 1.0 mm microfocus alignment (1.0 mm pinhole with 1.0 mm snout). Samples were 

prepared on a flat aluminum surface. Detection of the scattered X-ray beam went through a 

receiving slit with 7.5 mm opening, a 0.0125 mm nickel foil and a 2.5° axial Soller slit. Detection 

was done with a LynxEye-1D-Detector (Bruker AXS) using the full detector range of 192 

channels. Measurements were done in reflection geometry in coupled two theta/theta mode with a 

step size of 0.025° in 2θand 0.25 s measurement time per step in the range of 8 – 40° (2θ). Data 

collection and processing was done with the software packages DIFFRAC.Suite (V2 2.2.690, 

Bruker AXS 2009-2011, Karlsruhe, Germany) and DIFFRAC.EVA (Version 2.1, Bruker AXS 

2012-2012, Karlsruhe, Germany). Simulation of the theoretic pattern of the free acid was done 

from the cif-file obtained from single crystal analysis with the program Mercury (Mercury 3.1 

Development – Build RC5, CCDC 2001-2012, Cambridge, UK). 

Differential scanning calorimetry and thermogravimetry  

Differential Scanning Calorimetry (DSC) was performed on a DSC 8000 instrument (Perkin Elmer, 

Waltham, MA) using a scanning rate of 20 K/min. Sample size was 2.10 mg, 5.52 mg, 0.85 mg and 

1.67 mg for the free acid, the IL, the potassium salt and the prodrug, respectively. For the IL, the 

second heating cycle was analyzed to allow removal of residual water during the first heating cycle. 

Crucibles were weighed before and after measurements. A Q5000 TGA (TA instruments, New 

Castle, DE) was used for thermo gravimetric analysis. The platinum crucible was tarred first and 

then loaded with substance. The scan rate was 10 °C / min from 30 °C to 300 °C. 

Nuclear magnetic resonance measurement  

NMR measurements
 
were performed on a Bruker Avance 400 MHz spectrometer (Karlsruhe, 

Germany) operating at 400.13 MHz with a BBO BB-H 5mm probe head, and data processing with 

the TopSpin 3.0 software.  The temperature was adjusted with a BCU-05 (Bruker) temperature 

control unit. Solid-state 
15

N VACP/MAS NMR spectra were recorded at 22 °C on a Bruker DSX-

400 NMR spectrometer with bottom-layer rotors of ZrO2 (diameter 7 mm) containing 
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approximately 200 mg of sample. A resonance frequency of 
15

N 40.6 MHz, referenced to external 

standard glycine (
15

N, δ=  -342.0) was set with a spinning rate of 6.8-7 kHz, contact time 3 

milliseconds, 90° transmitter pulse length of 3.6 microseconds and a repetition time of 4 seconds. 

2120 scans were collected for the potassium salt and the free acid and 20,000 scans were collected 

for the IL. For pKa assignment and characterization of the precipitates by
 1

H NMR measurements 

the following acquisition parameters were applied: 16 scans, at a temperature of 300 K, flip angle 

of 30°, spectral width of 20.55 ppm, and transmitter offset of 6.175 ppm. The acquisition time was 

set to 3.985 seconds followed by a relaxation delay of 1.0 seconds with collection of 64 K data 

points at a sample spinning frequency of 20 Hz. Processing parameters were set to an exponential 

line broadening window function of 0.3 Hz, an automatic baseline correction and manual phasing. 

For the aggregation assay based on concentration dependent 
1
H NMR signal shift measurements, 

256 scans were collected at a temperature of 300 K using otherwise identical parameters as 

described above. The spectra were referenced to the external standard of 0.05% sodium 

trimethylsilylpropionate in D2O (TSP-d4) filled in a coaxial insert tube. For sample preparation of 

the pKa assignment experiment, four samples of 9 mg free acid each were suspended in 10 ml 

Millipore water. The pH was adapted to 3.57, 5.57, 7.61, and 11.75, respectively, using either 0.1 

M aqueous hydrochloric acid or 0.1 M aqueous potassium hydroxide. The samples were 

lyophilized for 24 h (Christ Lyophilisator Alpha 1-4 LD plus; Osterode, Germany) and dried 

samples were dissolved in 700 µl DMSO-d6 before measurement. The sample preparation for the 

concentration range / aggregation assay was as described before with modification[14]. Briefly, 

7.64 mg IL were weighted into a 2 mL Eppendorf tube and dissolved in 1500 µL buffer (8 mM 

sample; 200 mM dibasic sodium phosphate buffer in D2O pH 7.4 (pD 7.8). 500 µL of this stock 

solution was immediately transferred into a 1.5 mL Eppendorf tube and another 500 µL buffer 

were added yielding a 4 mM solution, and vigorously shaken for two minutes. This dilution step 

was repeated in order to establish a dilution series of 0.125, 0.25, 0.5, 1, 2, 4, and 8 mM. The 8 mM 

sample was measured from supernatants collected from the supersaturation and in the equilibrium 

phase, respectively. 

Infrared spectroscopy 

The measurements were conducted on Jasco FT/IR-6100 spectrometer from Jasco (Gross-Umstadt, 

Germany) with diamond attenuated total reflection unit. 

Single crystal diffraction 

Single crystals of the free acid were obtained by re-crystallization of the product in methanol with 

access to benzene. The recrystallization of the potassium salt was performed by dissolving 2 mg in 

1 mL acetontrile with 2 drops of methanol and evaporating the solvent. Suitable single crystals 
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were mixed with high viscosity perfluorinated polyalkylether (99.9%, ABCR, 1800 cSt). Selected 

crystals were mounted and fixed on a plastic quill and instantly cooled in a gas stream of dry, 

evaporating liquid nitrogen. Data collection for the free acid was performed on a X-ray single 

crystal diffractometer based on a BRUKER D8 3-axis goniometer with a CCD SMART APEX I 

detector system (Bruker AXS Inc., Madison, WI) with standard graphite monochromator using 

sealed tube Mo-Kα radiation (unsplit Kα1 λ = 70.93 pm Å + Kα2 λ = 71.35 pm doublet, mean 

λ = 71.073 pm) at a power of 40 kV and 40 mA at a temperature of 168 K (3) K. Operation 

software was the SMART Suite Software package (v 5.0 Bruker AXS Inc.). Frame acquisition 

strategy consisted of 2124 frames (512 x 512 pixels, acquisition time 20 s) in 6 runs with ω (0°, 

60°, 120°, 180°, 240°, 300°) and a range of 180° ϕ (0.5° steps) for each run. Data collection for the 

potassium salt was performed on a X-ray single crystal diffractometer based on a BRUKER FR591 

κ-goniometer with a CCD APEX II detector system (Bruker AXS Inc.) with Helios multilayer 

mirror monochromator using rotating anode Mo-Kα radiation (unsplit Kα1  λ = 70.93 pm Å + Kα2 

λ = 71.35 pm doublet, mean λ = 71.073 pm) at a power of 50 kV and 40 mA at 100(2) K. Operation 

software is the Apex II Suite Software package (v 2012.4-3, Bruker AXS Inc.). Frame acquisition 

strategy consisted of 1320 frames (512 x 512 pixels, acquisition time 30 s) in 9 runs covering the 

complete Laue sphere. Both datasets were processed with the Apex II Suite Software package (v 

2012.4-3, Bruker AXS Inc.) including the SAINT+ Integration Engine (v 8.18C, Bruker AXS Inc.) 

for data integration, the SADABS software (v 2008/1, Bruker AXS, Inc.) for absorption correction, 

XPREP v 2008/2, Bruker AXS Inc.) for the preparation of instruction files and reflection lists. 

Structure solution via direct methods and structure refinement was made with SHELXS[27] and 

SHELXL[27] from the software package SHELXTL (v 6.14 8/06/00 Bruker AXS Inc.). Integrity of 

symmetry was checked with PLATON (v 1.16)[28]). GUIs used for refinement and extraction of 

crystallographic data are X-SEED (v 2.05)[29] and OLEX 2 (v 1.2)[30]. For all species, all non-

hydrogen atoms were refined anisotropically and all hydrogen atoms were refined isotropically on 

their specified atomic positions by least square methods. 

Mass spectrometry 

The experiments were conducted as described before with modification[13]. Three solutions of the 

IL were prepared in Nanopure water:acetonitrile mixtures at a volume ratio of 7:3 and 3:7, 

respectively, yielding a final concentration of the IL of 1
 
mmol/L. Samples were directly injected 

into the an Agilent (Palo Alto, CA) 1100 Series LC/MSD Trap system via ESI-interface with a 

syringe pump Model 100 (KD scientific, Holliston, MA) at a flow rate of 1 ml/h. The liquid stream 

was nebulized with nitrogen gas at a flow of 5 L/min and a nebulizer pressure of 15.0 psi. The 

analysis was done by means of the LC/MSD Trap version 5.3 software (Agilent, Waldbronn, 

Germany). An ESI ionization method in a negative mode and a scan range from 200 to 4000 m/z 
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was used. The drying gas temperature was set to 110 °C so that associated molecules of the IL 

could be transferred into the gas phase. The overall goal was to conserve intermolecular interaction 

throughout analysis as described before[31]. 

In vitro permeability through the Caco-2 cell monolayer model  

Cells were grown in Dulbecco’s modified Eagle’s medium high glucose (DMEM) with penicillin 

and streptomycin (Pen/Strep) as described before[32, 33]. In brief, 500 mL medium were prepared 

with Dulbecco’s modified eagle medium (DMEM) powder containing 4.5 g glucose, 50 mL Fetal 

Bovine Serum, 5 mL 100x nonessential amino acids (NEA) and 5mL Pen/Strep (penicillin 10,000 

U/mL and streptomycin 10 mg mL
-1

 solution 100x). Caco-2 cells were cultured at 37 °C and 5% 

CO2 in cell culture medium. 2.7 x 10
5
 cells / cm

2
 (counted with Neubauer improved 

hemocytometer; LO-Laboroptik, Friedrichsdorf, Germany) were seeded on polycarbonate filter 

inserts (diameter 12 mm; 0.4 µm membrane pore size) on 12 well plates (Corning life science, 

Amsterdam, The Netherlands). Cells typically had 54 -56 passages. The monolayer integrity was 

monitored by measuring the transepithelial electrical resistance (TEER) and fluorescein added to 

the apical compartment as a leakage marker. TEER measurements were performed for each cell-

seeded filter using a chopstick electrode EVOM2 STX3 electrode and EVOM2 epithelial 

voltammeter (World Precision Instruments, Sarasota, FL). Specifications for cell-seeded filters 

required TEER values exceeding 600 (Ω*cm
2
)[15, 32, 34]. Sodium fluorescein was applied to two 

filters of each 12 well plate, following previously published protocols[15, 34]. In brief, 20 µM 

sodium fluorescein Hank's Buffered Salt Solution (HBSS) buffer solution were applied apically. 

Samples for reading the fluorescence were taken at all-time points when samples were collected for 

the API transport study and analyzed on 96 well plates (96F nontreated white microwell SH; Nunc, 

Penfield, NY) with a LS50B fluorescence spectrometer (Perkin Elmer, Waltham, MA). The 

apparent permeability coefficients (Papp; cm/sec) were calculated as follows: 

𝑃𝑎𝑝𝑝 = (𝑑𝑄 𝑑𝑡⁄ )(1 𝐴 ∗ 𝑐0⁄ ) and 𝑑𝑄 𝑑𝑡⁄  being the steady-state flux [µmol/sec], 𝐴 being the 

insert/filter surface area [cm
2
] and 𝑐0 being the starting concentration in the apical (donor) chamber 

[µM]. Transport studies were performed as described before and typically commencing 21-23 days 

after seeding of the cells on the inserts[33, 35]. For that, HBSS buffer (pH 7.4) was used for sample 

preparation and as the basolateral (receiving) medium. The APIs were applied apically either as a 

solution with a concentration of 0.26 mM for the free acid, 0.26 mM for the IL or 0.056 mM for the 

prodrug (maximal prodrug concentrations after 3 h in solution (0.13 mM at pH 7.4) were lower as 

those for the IL (2.74 mM at pH 7.4) and the free acid (0.68 mM at pH 7.4) due to solubility 

limitation). Basolateral API amounts from acid and IL solution experiments were normalized in 

order to compensate for the higher apical concentrations of acid and IL in comparison to prodrug. 

Another transport study explored the APIs applied as suspensions to the apical (donor) 
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compartment. For that, suspensions were prepared in 400µl of HBSS buffer for each filter insert, 

holding amounts of 1.47 ± 0.08 µmol for the free acid, 1.55 ± 0.05 µmol for the IL or 1.33 ± 0.05 

µmol for the prodrug (n ≥ 5 filter inserts per group). Samples were typically collected from the 

basolateral (uptake) compartment after 30 minutes. Sodium fluorescein samples were analyzed by 

fluorescence spectroscopy. The monolayers were further characterized after completion of the 

transport studies by cell nuclei stain and in representative filters for e-cadherine (cell contacts) 

labeling. For that, cells on the filters were exposed to 4% formaldehyde in PBS pH 7.4 for 20 

minutes and filters were treated with 0.1% Triton X in PBS pH 7.4 for 10 minutes and exposed to 

5% BSA in PBS pH 7.4 buffer for 60 minutes, thereafter. Mouse antibody against human e-

cadherin was diluted 1:100 in PBS pH 7.4 and applied for 2 hours at room temperature after which 

a secondary antimouse Alexa Fluor 488 antibody (Life Technologies, Darmstadt, Germany; diluted 

1:200 in blocking solution) was applied and subjected to the confocal microscopy, thereafter. Cell 

nuclei were labeled with 4′,6-diamidine-2-phenylindol (DAPI) and diluted 1:1000 in PBS pH 7.4 

according to the manufacturer’s protocol and subjected to the confocal microscopy (Leica TCS-

SP2, Wetzlar, Germany; lens 63/1.4 oil), thereafter. 

Cytotoxicity of counterion 

Tetrabutylphosphonium chloride was dissolved and serially diluted in DMSO. For the experiments 

J774.1 and HepG2 cells were suspended at a concentration 1x10
5
 cells/ml in RPMI medium with 

10% FCS and without phenol red. HEK 293T cells were diluted to 2x10
4 

cells/ml in DMEM high 

glucose medium with 10% FCS and without phenol red. 200 µl of cell suspensions were transferred 

into 96-well cell culture plates and the API dilutions were added. The final concentration of DMSO 

was 1%. After 24 h of incubation at 37 °C and 5% CO2, 10% of AlamarBlue solution were 

admixed. J774.1 and HepG2 cells were incubated for further 48 hours and HEK 293T cells for 24 

hours. The IC50 values were calculated, with respect to controls without APIs, from the absorbance 

values measured at 550 nm, using 630 nm as reference wavelength. 
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Supplementary Information 

Supplementary Figures: 

 

Supplementary Figure 1: (A) The crystal structure of the free acid and of the (B) potassium salt viewed 

down the b axis and simplified, respectively. Intermolecular hydrogen bonds are marked as red dotted lines. 

The thermal ellipsoids depict 50% of the probability levels of the atoms. 
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Supplementary Figure 2: (A) Powder diffractogram of the free acid and the ionic liquid. (B) Heat Flow 

[mW] and Weight [mg] vs. Time profile from DSC and TGA experiments of potassium salt. (C) IR spectra of 

Ionic liquid, potassium salt and free acid. 
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Supplementary Figure 3: (A) Assignment of functional groups to pKa values based on signal shifts as 

highlighted in red at pH 3.6, 7.6 and 11.75, respectively (Supplementary figure 3C for details on NMR). 

(B) Electrospray ionization mass spectrum of the ionic liquid dissolved in water. (C) 
1
H NMR spectra of the 

free acid in DMSO at a pH of 3.57, 5.75, 7.61, and 11.75, respectively. Arrows indicate signal shifts in the 

signals of the 3’’ hydrogens at the methylenesulfone group observed by comparison of the spectra obtained at 

pH of 5.75 and 7.61, respectively and by the hydrogen in position 8 of the aromatic ring observed in spectra 

obtained at pH of 7.61 and 11.75, respectively. 
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Supplementary Figure 4: 
1
H NMR spectra obtained from concentration studies of the ionic liquid at 4, 2, 1, 

0.5, and 0.125 mM in buffered deuterated water pH 7.4. The arrow highlights the loss in attraction among the 

free acid molecules with an increase in concentration or the increase of dissociation as a result of dilution. 
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Introduction 

Over the last two decades combinatorial chemistry and high throughput screening in drug 

discovery resulted in an increasing number of poorly water soluble drug candidates, for these 

methods tend to identify compounds with large molecular weight and high lipophilicity [1-3]. 

Potential active pharmaceutical ingredients (API) with low solubility account for about 70% of new 

drug candidates today [1]. Formulation development for these substances may be challenging as 

dissolution in biological fluids is low, easily leading to fluctuating pharmacokinetic (PK) 

parameters within and among patients, respectively. Typical formulation strategies for poorly water 

soluble drugs (PWSD) comprise the development of prodrugs (for which API structure is changed), 

or complex formulations including solid dispersions, micellar systems, nanosuspensions, 

complexation and crystal engineering [2-5]. However, these approaches can be rather time-

consuming, cost-intensive or limited by complex manufacturing requirements. One of the most 

established concepts to overcome low water solubility of weak acids and bases is salt formation [6, 

7]. More than 50% of the APIs are marketed as salts [8]. Besides water solubility and dissolution 

rate, further pharmaceutically relevant physico-chemical properties like hygroscopicity, stability 

and processability are affected by the preparation of salts [2, 7]. Therefore, these API features can 

be tuned by proper counterion choice [2]. Solid crystalline salts often display the disadvantage of 

high lattice forces and the risk of polymorphism [8, 9]. Other API salts are quickly converted back 

into the unionized form and recrystallization occurs in spite of a rapid dissolution rate [10, 11]. 

These challenges can be effectively addressed by creation of an ionic liquid (IL) [8, 11-15], with 

ILs being defined as organic salts composed entirely of ions with a melting point below 100 °C. 

These special salt forms are instrumental in avoiding polymorphism, increasing the solubility or 

setting a controlled release profile [8, 16]. Exemplarily, in previous studies we demonstrated for an 

acidic model compound the metathesis of an amorphous IL leading to a faster, pH-independent 

dissolution rate, higher solubility and a prolonged duration of supersaturation [11]. However, the 

study was performed with a single counterion, tetrabutylphosphonium (TBP). Based on these 

results this study addresses the impact of a suite of rationally designed counterions on the 

dissolution rate, the supersaturation pattern, the resulting release profile, hygroscopicity and 

cytotoxicity when forming a salt with the API. The results indicated that all these pharmaceutically 

important parameters can be tuned within relevant ranges and relevant predictive models were built 

for a suite of counterions for pharmaceutical parameters effectively demonstrating the powerful 

possibility to tune APIs through tailor-made counterion design – thereby, avoiding the need to 

change the API structure. 
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Results 

Synthesis and physico-chemical characterization of the solid state of the LLESs 

36 low lattice enthalpy salts (LLESs) were synthesized and classified into six series of salts with 

structural similar counterions, the alkyl, benzyl, butyl di- and trications, propyl, hydroxyl and 

ammonium series, respectively (Figure 1). For the alkyl series one butyl chain of TBP (a 

counterion which will be regarded as a reference in this manuscript, as well as its corresponding 

LLES P4444, representing the API salt with tetrabutylphosphonium) was exchanged by alkyl chains 

of different length. The benzyl series included TBP derivatives at which one butyl chain was 

replaced by a differently substituted benzyl group. The butyl di- and trications series contained 

dications with three butyl chains at one phosphonium center and different alkyl chains between the 

two phosphonium centers as well as a phosphonium trication with nine butyl substituents. The 

propyl series was similar to the butyl di- and trications series except the butyl chains were replaced 

by propyl chains. Counterions of the hydroxyl series contained a hydroxyl moiety at different sites 

of the counterion. The ammonium series combined counterions of the first four groups with the 

phosphonium being exchanged by an ammonium ion. All synthesized LLESs were white to slightly 

yellow and solid substances (data not shown). For all LLESs the purity was more than 95%, apart 

from P4444OH (78%), P4443isoOH and N444Θ (91%), respectively, as determined by high performance 

liquid chromatography with a charged aerosol detector (HPLC-CAD). The deprotonation of the 

sulfonamide moiety of the APIs was complete, as assessed by infrared spectroscopy (IR) (data not 

shown). A 1:1 ratio of counterion to API was confirmed for monovalent cations, a 1:2 ratio for 

dications and 1:3 ratio for trications by nuclear magnetic resonance spectroscopy (NMR). The 

BGG free acid was crystalline, while all LLES were amorphous, as assessed by X-ray powder 

diffraction (XRPD) (Supplementary Figure 1). For the free acid one sharp endothermic peak, 

indicating melting at 290 °C was determined by differential scanning calorimetry (DSC), whereas 

all LLESs had a glass transition but no melting point (Supplementary Figure 2). The glass 

transition temperatures (TG) of LLESs of counterions with one charge ranged from 40 °C to 97 °C, 

for dications from 81 °C to 124 °C and for trications from 124 °C to 148 °C. For ammonium 

derivatives TG temperatures were within the same range as phosphonium derivatives or slightly 

higher. 

Dissolution rate 

Linear drug release versus time profiles were obtained for all LLESs and the dissolution rate was 

calculated from the resulting slope (Figure 2). Within the alkyl series a sigmoidal drop of the 

dissolution rate was observed for increasing length of one alkyl chain of the P4444 derivatives  

(Figure 2A). The dissolution rate of the tributyl-hexyl phosphonium LLES P4446 was within the  
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Figure1: Chemical structure of the acidic API and of the counterions. The abbreviations below the 

counterions refer to the salts being prepared by combination of API and counterion. 
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Figure 2: (A-F) Dissolution rate J in mmol/(min*cm
2

) of the different LLESs of the distinct series (G) 

Dissolution rates of the ammonium and the corresponding phosphonium analogues (H) Dissolution rate of 

the phosphonium LLESs versus the corresponding ammonium analogues. 
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same order of magnitude as the tributyl-benzyl phosphonium LLES P444Ø. While the dissolution  

rate of the benzyl derivative P444Ø was about 10 times smaller than for P4444 (with P4444 being the 

TBP salt serving as reference; see above), fluoro-, chloro-, iodo-, or trifluoromethyl substituents at 

the benzyl group of the counterion further reduced the dissolution rate to less than 1.3% of what 

was observed for the P4444 (Figure 2B). All LLES from the Butyl di-and trications series had 

significantly lower dissolution rates than P4444 (Figure 2C). If there were less than three carbon 

atoms between the two phosphonium atoms of dications dissolution rate was only 5.6% of P4444. If 

there were more than three carbon atoms, the dissolution rate ranged between 25% and 45% of the 

rate of P4444. The LLES from the propyl series had no significantly different dissolution rate 

compared to P4444 (Figure 2D). There appeared to be no effect of the chain length between the 

phosphonium ions of the dications on the dissolution pattern. The additional fluorobenzyl 

substituent of P333ØF did not significantly lower the dissolution rate as compared to P4444 (although a 

trend may be postulated) but was about 50 times higher than for the corresponding butyl counterion 

P444ØF (Figure 2D, E). An introduction of a hydroxyl group into the alkyl based counterions did not 

significantly impact the dissolution rates as compared to P4444, apart from P4442OH for which the 

dissolution rate was significantly reduced (Figure 2E). Structural modification of the counterion 

within the hydroxyl series did not correlate with determined the dissolution rates. The results for 

the ammonium series (Figure 2F) were compared to those from the corresponding phosphonium 

derivatives (Figure 2G). Dissolution rates of ammonium derivatives were significantly higher for 

all ammonium LLESs, apart from N4444 and N333-4-N333 displaying no significant differences, and 

the trication triN333, which was the only ammonium LLES dissolving significantly slower than the 

phosphonium analogue. A linear correlation was observed (slope of approximately 1) when 

plotting the results from the ammonium based counterions to their respective phosphonium 

analogues (Figure 2H). 

Duration of Supersaturation 

The use of the different counterions allowed for tuning of the durations of supersaturation for the 

LLESs (Figure 3). Within the alkyl series an increasing chain length of one alkyl chain resulted in 

significantly prolonged supersaturation (Figure 3A), e.g. for the hexyl LLES P4446 and benzyl 

LLES P444Ø, as compared to P4444. For shorter side chains no significant difference was observed. 

For the unsubstituted benzyl LLES P444Ø the supersaturation was about 8 times (and significantly) 

longer than for P4444. Further fluoro-, chloro-, iodo- and trifluoromethyl substituents of the benzyl 

group resulted in a 16 times longer (and significant) supersaturation, compared to P4444 (Figure 

3B). No general tendency was observed for the effect of the counterion on the duration of 

supersaturation within the butyl di- and trications series (Figure 3C). The trication triP444 displayed  
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Figure 3: (A-F) Duration of supersaturation in minutes of the different LLESs of the distinct series (G) 

Duration of supersaturation of the ammonium and the corresponding phosphonium analogues (H) Duration 

of supersaturation of the phosphonium LLESs versus the corresponding ammonium analogues. 
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the most lasting supersaturation. The counterions with only two to four CH2- units between the 

phosphonium ions had a significantly longer supersaturation duration in comparison to P4444, 

whereas the counterions with longer alkyl chains in between the phosphonium ions had no 

significant impact. All counterions of the propyl di- and trications series exhibited a supersaturation 

pattern comparable to P4444 (with the exception of P333-4-P333 (Figure 3D). For the hydroxyl series 

no simple correlation between structure and duration of supersaturation was observed (Figure 3E). 

However, if the hydroxyl moiety was not terminal as for P4443isoOH, the duration of supersaturation 

dropped drastically. For the ammonium series only for five of nine LLESs the supersaturation was 

determined. No supersaturation profile could be detected for ammonium counterions with benzyl 

substituents, for assay was aborted due to low reaction towards acid and base addition, though 

detection was possible for the corresponding phosphonium derivatives (Figure 3F). While for the 

ammonium counterion N4444 the supersaturation was insignificantly different to P4444, for all 

ammonium di- and trications no drop of concentration to equilibrium state was detected after 80 

extrapolations (Figure 3F). Ammonium counterions had a potential yet in some combinations 

insignificant trend to longer supersaturation in contrast to their phosphonium derivatives. No 

correlation between ammonium and phosphonium LLES could be developed (Figure 3H). 

Higher concentrations during the supersaturated state correlated with shorter durations of 

supersaturation, as observed in the concentration versus time profiles of different LLESs (Figure 

4A). A negative linear correlation with a negative slope was obtained by plotting the 

supersaturation ratio S/S0 against the logarithm of the duration of supersaturation (Figure 4B). A 

linear correlation of the logarithm of the duration of supersaturation was also observed for the pH 

when first precipitation occurred (Figure 4C). 

Shake flask experiments 

Shake flak experiments were performed for a subseries of 16 LLESs, including P4441, P4442, P4444 

and P4445 from the alkyl series and P444Ø, P444ØCl and P444ØCF3 from the benzyl series were selected. 

P444-4-P444, P444-5-P444 and triP444 were chosen from the Butyl di- and trications series and P333-4-P333 

and P333-5-P333 from the propyl series. P4443OH and P4444OH represented the hydroxyl series. N4444 and 

N444-4-N444 were investigated as being part of the ammonium series. Different counterions resulted 

in distinct release profiles of the LLESs and for four LLESs release profiles are depicted (Figure 

5A). In some cases as for P4444 a fast dissolution within 15 minutes was determined but 

precipitation was observed after 4 hours and concentration dropped. In other cases a fast 

dissolution was followed by a stable supersaturation for more than 24 hours, as determined for P333-

4-P333. Besides that, various counterions, like P444ØCF3 and triP444, resulted in a prolonged release of 

API from the LLESs. Duration of supersaturation was defined as time until precipitation was 

observed and concentration started to drop. Supersaturation determined with shake flask  
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Figure 4: (A) Concentration in mM versus Time in minutes of three different LLESs (B) Duration of 

supersaturation in minutes versus the Supersaturation ratio (S/S0) (C) Duration of supersaturation versus the 

pH value at which supersaturation occurred. 

experiments was plotted against the results determined with an autotitrator (Figure 5B). In general 

the duration of supersaturation determined with an autotitrator exceeded 30 minutes for LLESs, for 

which no precipitation was observed within 24 hours during the powder dissolution experiment. 

Plotting data with a logarithmic scale for the powder dissolution results, for which precipitation 

occurred within 24 hours, a linear correlation was observed between the values obtained by shake 

flask and the autotitrator experiments. The only exception was P444Ø. Supersaturation determined 

with an autotitrator was 2 hours, while precipitation in shake flask experiments was observed after 

6.25 hours. 



3 Chapter 3: Tuning solubility, supersaturation and hygroscopicity by counterion design 

 

78 

 

 

Figure 5: (A) 24 hours release profiles of four selected LLESs (B) Duration of supersaturation in hours 

determined by powder dissolution experiments versus Duration of supersaturation in hours determined by 

using an autotitrator. 

Dynamic vapor sorption 

The hygroscopicity of 36 LLES was assessed from change in mass at different relative humidities 

(RH) and depicted for 90% RH (Figure 6, Supplementary Figure 3-5). Generally at 80% RH 

values ranged between 5% and 18% change in mass (data not shown) and at 90%RH values 

between 7% and 32% change in mass were determined. For P4441 recrystallization during the 

experiment was detected, starting at 50% RH and the result was excluded from further analysis. For 

the alkyl series decreasing water sorption was detected with increasing length of one alkyl chain of 

the butyl phosphonium counterion (Figure 6A). Within the benzyl series, independent of further  
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Figure 6: Change in mass in % due to water sorption at 90% RH of the different LLESs of the distinct series 

(G) Change in mass due to water sorption of the ammonium and the corresponding phosphonium analogues 

(H) Change in mass due to water sorption of the phosphonium LLESs versus the corresponding ammonium 

analogues. 
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halide substituents at the benzyl group, water sorption of about 10% was determined, accounting 

for about half of the value of P4444 (Figure 6B). For butyl di-and trications a slightly enhanced  

water sorption was observed with increasing number of CH2-units between the phosphonium atoms 

of the dication, with the exception of P444-4-P444, which displayed a higher water sorption than the 

trication (Figure 6C). As water sorption experiments were conducted without repetition, we are 

unable to assess the significance of these results. For propyl dications no correlation between 

structure and water sorption could be developed within the series, but values were higher than for 

butyl analogues (Figure 6D). While the butyl trication displayed higher water sorption than butyl 

dications, the value for the propyl trication was lower than for propyl dications. Water sorption of 

hydroxyl LLESs was comparable to P4444 and no general trend was observed within the group 

(Figure 6E). The ammonium LLES displayed generally higher water sorption values than the 

phosphonium analogues (Figure 6F and 6G), apart from triN333. For ammonium LLESs a similar 

correlation of water sorption and structure was observed as for phosphonium counterions (Figure 

6H). 

Cytotoxicity of the counterions 

The cell viability of the counterions was determined in vitro in human cell lines of hepatic (HepG2) 

and renal (HEK 293T) origin as well as in murine macrophages (J774.1). For all LLES HEK 293T 

was the most sensitive cell line. Generally increasing the length of one alkyl chain of the 

counterions of the alkyl series resulted in a decrease in cell viability, with the exception of P4444 

counterion in J774.1 cells (Figure 7A). IC50 values of counterions of the benzyl series are lower 

than 200 µM for all cell lines apart from P444ØF, for which IC50 values in the different cell lines 

range from 200 µM to 400 µM (Figure 7B). Butyl di- and trications and counterions of the propyl 

and hydroxyl series display higher IC50 values than 1000 µM in all cell lines (Figure 7C, 7D and 

7E). For all ammonium counterions IC50 values in hepatic cells (HepG2) were higher than 1000 

µM. In kidney cells IC50 values for the single charged butyl dications were below 600 µM, while 

they were higher than 800 mM for single charged ammonium counterions (Figure 7A and 7F). 

Ammonium di-and trications display higher values than 1000 µM. In macrophages for all 

counterions IC50 values were higher than 1000 µM apart from the counterions of N444Ø, N444ØF and 

N333-4-N333 (Figure 7F). For the N333-4-N333 counterion concentrations higher than 200 µM were not 

applied on J774.1 cells for limited solubility of the counterion in the stock solution and result was 

therefore excluded from further analysis. 

Calculation of models using molecular descriptors 

Results for the supersaturation (S), water sorption (WS) and cell viability (V) in HEK 293T cells - 

the most sensitive of the three cell lines tested - were plotted against the dissolution rate (J)  
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Figure 7: (A-F) Cell viability of the different counterions of the LLESs of the distinct series expressed by 

half maximal inhibitory concentration (IC50) in µM for the cell lines HepG2, HEK 293T and J774.1. 
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(Supplementary Figure 6). Correlation of supersaturation and dissolution rate data of hydroxyl 

series and ammonium counterions did not match the correlation for the four other counterion series. 

For the alkyl, benzyl, butyl di-and trications and the propyl series a logarithmic correlation between 

duration of supersaturation and dissolution rate was observed (Supplementary Figure 6A). With 

increasing dissolution rate (J), the duration of supersaturation (S) drops exponentially according to 

the equation S = 32.8 ln (J) -63.8 (R
2
=0.66). P333-4-P333 differed strongly from that correlation and 

displayed an unusual long duration of supersaturation for the high dissolution rate, which was 

determined for that LLES. A linear correlation was obtained for water sorption (WS) and 

dissolution rate (J), which can be described by the equation WS = 187.6 J +10.2 (R
2
 = 0.74) 

(Supplementary Figure 6B). Cell viability (V) in HEK 293T cells for dications and trications 

were higher than 1000 µM independent of the dissolution rate. For single charged counterion a 

rough correlation for the dissolution rate (J) and the cell viability (V) was determined with V = 

7922 J + 104 (R
2
= 0.47). 

Results for the dissolution rate, duration of supersaturation, water sorption and cell viability were 

calculated using molecular descriptors number of hydrophobic atoms (a_hyd), the graph theoretical 

diameter (diameter), number of charges (FCharge), number of oxygen atoms (a_nO) and the 

number of nitrogen atoms (a_nN). Descriptors were calculated only for the counterion of the 

LLESs and as we confined these studies to one API only, API descriptors could not be developed 

based on these studies. The dissolution rate (J) of all 36 LLESs can be described by a_hyd, 

diameter and FCharge according to the equation J = 0.0667 FCharge -0.0054 a_hyd - 0.0054 

diameter +0.1134 (R
2
= 0.67) and correlation of calculated and measured values is depicted (Figure 

8A). For the subset of phosphonium counterions without the hydroxyl series and the ammonium 

counterions it is assumed that the duration of supersaturation (S) can be calculated from dissolution 

rate (J) according to the logarithmic equation S = -63.8-32.8 log J (R2=0.66) but not by molecular 

descriptors. Calculated results of supersaturation (S) are plotted against measured values (Figure 

8B). The Water sorption (WS) results of the 36 LLESs were correlated with the molecular 

descriptors FCharge and a_hyd. The model WS = 15.1 FCharge-1.3 a_hyd +22.8 (R
2
=0.55) was 

developed (Figure 8C). Cell viability (V) in HEK 293T cells was correlated for all 36 counterions 

with the descriptors FCharge, a_nO and a_hyd according to the equation V = 785 FCharge + 484 

a_nO – 38 a_hyd +302 (R
2
=0.61). For a subset of single charged counterions without hydroxyl 

moieties the following equation for cell viability in HEK 293T cells was developed: V = 323 a_nN-

78 a_hyd +1678 (R
2
=0.49) (Figure 8D). The results for the dissolution rate, duration of 

supersaturation, water sorption and cell viability are summarized one diagram (Figure 9). 
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Figure 8: (A) Experimentally determined dissolution rate J in mmol/(min*cm
2

) versus the dissolution rate 

calculated by using the molecular descriptors number of hydrophobic atoms (a_hyd), the graph-theoretical 

diameter (diameter) and the number of charges of the counterion (FCharge) J
calc

 and the corresponding 

correlation (B) Experimentally determined duration of supersaturation in minutes versus the duration of 

supersaturation calculated as a function of the dissolution rate and the corresponding correlation. 
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Figure 8: (C) Experimentally determined water sorption expressed as change in mass in % at 90% RH versus 

the water sorption calculated. by using the molecular descriptors number of hydrophobic atoms (a_hyd) and 

the number of charges of the counterion (FCharge) (90% Watersorption calc.) and the corresponding 

correlation. (D) Experimental results for Cell viability of the different counterions of the LLESs expressed by 

half maximal inhibitory concentration (IC50) in µM for the cell line HEK 293T (HEK) versus the calculated 

values (HEK calc.), using the molecular a_hyd, the number of oxygen atoms (a_nO) and FCharge and the 

corresponding correlation 
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Figure 9: Radar plot, summarizing the results for the dissolution rate, water sorption, cell viability in HEK 

293T cell line and the duration of supersaturation. 
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Discussion 

36 LLESs were synthesized with high purity as determined by HPLC-CAD and NMR. The term 

LLES was chosen, for API and counterions are completely ionized, as determined by NMR and IR, 

and therefore salts. Moreover, all salts were amorphous and displayed glass transition temperatures 

from 40 to 148 °C. The amorphous state was accomplished by the choice of bulky counterions with 

flexible and voluminous side chains and diffused charges [8, 16-18]. This is a typical approach to 

create ionic liquids (IL). ILs are defined as organic salts with melting points below 100 °C. For the 

created salts no melting points were observed, but as in some cases TG temperatures were higher 

than 100 °C (Supplementary Figure 1), the definition IL did not match for all of the synthesized 

salts. Besides the low lattice force, which can be derived from the glass transition temperature, 

dissolution rate was increased, indicating that molecules can be easily separated against outer 

pressure. Therefore, the term low lattice enthalpy salt (LLES) was used. 

The dissolution rate was modified through counterion choice within a range of 1.3% to 100%, as 

set for the counterion leading to the fastest dissolving LLES (P4441). According to Yalkowsky 

solubility primarily depends on the lipophilicity of a substance and the lattice forces [19]. As 

solubility is correlated with the dissolution rate, the equation is also applicable here [20]. 

Consequently for improvement of solubility and dissolution these two properties are addressed. As 

all LLESs were amorphous and displayed similar TG temperatures, lattice forces may be assumed 

to be negligible for explaining the differences between the LLESs. Lipophilicity is mainly affected 

by molecular size and hydrogen bonding potential [21]. For a small group of 4 Ampicillin ILs with 

different counterions an indirect correlation between solubility and lipophilicity had been 

determined before [22]. Polarity, hydrogen bonding capacity and charge accessibility of the 

counterion were reported to be the decisive factors, having an impact on solubility [22]. 

Correlations between solubility and counterion lipophilicity were described before as well for 

imidazolium-, pyridinium-, pyrrolidinium-, and piperidinium-based ILs [23]. Besides, the 

mentioned study revealed that the solubility of ILs depends on the ability of cation or anion to 

develop strong interactions with solvents. The larger the side chains and the higher the molar 

volume of the counterions were, the lower was the solubility. Similarly within the alkyl and benzyl 

series it was observed that the more bulky (hence more lipophilic) the substituents of the 

counterion, the slower was the dissolution rate (Figure 2A and 2B). For all LLESs of the butyl di- 

and trications series, despite for those possessing two charges, dissolution rates were slower than 

for P4444 (Figure 2C). Interestingly, if there were only two or three CH2-units between the 

phosphonium atoms of the dications, the dissolution rate was slower than for the larger dications 

for which the phosphonium atoms were separated by longer alkyl chains. This might be explained 

by the fact, that the charge is less exposed as it is more sterically hindered for shorter chain lengths 
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between the charged centers. Thus the molecule appears less polar and interaction with water is 

reduced as has been suggested before [22]. Accordingly, the highly branched trication displayed a 

low dissolution rate. Less sterically hindered dications with propyl instead of butyl substituents 

displayed dissolution rates similar to P4444 (Figure 2D). The strongly lipophilic fluoro-benzyl 

substituent of P333ØF resulted in a reduced dissolution rate. Additional polar and H-bond forming 

groups like hydroxyl moieties did not result in an increased dissolution rate (Figure 2E). Plotting 

the outcome from the phosphonium and against the analogous ammonium LLESs, respectively, a 

slope close to 1 was observed, indicating that the impact of the different counterions on the 

dissolution rate was independent of the fact, whether ammonium or phosphonium was selected as 

the center atom (Figure 2H). For better comparability of the different groups of counterions, 

molecular descriptors were identified, providing a possibility to calculate and predict the 

dissolution rate from structural features of the counterion (Figure 8A). An R
2
 of 0.67 was obtained 

for the descriptors charge of the counterion (FCharge), number of hydrophobic atoms (a_hyd) and 

the graph theoretic diameter (diameter). Thus those properties of the counterion were assumed to 

be the major factors affecting the dissolution performance of the LLES, with these descriptors 

mainly describing the lipophilicity as discussed above. Therefore these results nicely build off the 

discussions by Jain and Yalkowsky for API solubility patterns [19] extending their concept to the 

use of counterions of APIs. We provided sufficient evidence that by exchanging the counterion, 

one can modify dissolution pattern of an API without changes in the structure of the compound. 

This is particularly interesting as the modification of the API structure sometimes leads to an 

inevitable loss in activity or is accompanied by rather high costs due to additional studies and 

clinical trials. 

Besides the dissolution rate of an API it is also crucial that the dissolved substance remains in 

solution and does not recrystallize to solid state, preventing absorption of the API. By creation of a 

TBP-IL of the acidic model compound we already demonstrated a prolonged supersaturation in 

comparison to the potassium salt [11]. The effect of the modification of the counterion and the 

impact on the duration of supersaturation was further investigated. Within the alkyl and benzyl 

series it was observed that with increasing size of one substituent of the counterion the duration of 

supersaturation was significantly prolonged in comparison to P4444 when substituent consisted of 

more than six carbon atoms (Figure 3A and 3B). Thus duration of supersaturation of API in 

solution appeared to correlate with the lipophilicity of the counterion. For dications the more 

sterically hindered counterions with four or less CH2-units between the phosphonium ions 

displayed a longer duration of supersaturation as compared to the larger dications with five and six 

CH2-units between the phosphonium ions (Figure 3C). For the smaller and less sterically hindered 

propyl di- and trications duration of supersaturation was comparable to P4444, with one exception 

(Figure 3D). P333-4-P333 supersaturated similarly to its butyl analog P444-4-P444, which cannot be 
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explained by the structural correlations, developed before. For hydroxyl LLES with terminal 

hydroxyl moieties a significantly longer supersaturation was determined indicating that the polar 

group stabilizes the supersaturated state (Figure 3E). For a non-terminal hydroxyl moiety no 

prolonged supersaturation was detected, leading to the hypothesis that hydrogen bonding capacity 

increases duration of supersaturation, possibly for improved interaction with API and the aqueous 

medium. Only for five ammonium derivatives it was possible to determine supersaturation with an 

autotitrator and, therefore, the number of data points was insufficient to build a good estimation of 

a correlation between structure and supersaturation pattern (Figure 3H). Nevertheless, for all 

which were successfully assessed, the duration of supersaturation was longer for the ammonium as 

compared to the phosphonium analogues, respectively. Future studies must aim for designing 

further ammonium counterions to provide broader hence more robust data sets. Similarly to the 

aforementioned model for the dissolution rate, we aimed for appropriate descriptors suitable for the 

prediction of the supersaturation pattern from the counterion structure. Especially from the alkyl 

and benzyl group a correlation of supersaturation and lipophilicity was suggested, as with 

increasing dissolution rates, which was determined to correlate with the lipophilicity of the 

counterion, the duration of supersaturation decreased (Supplementary Figure 6A). Thus the same 

molecular descriptors as for the dissolution rate were chosen. However, for all LLESs no good 

correlation was received. For both the LLESs from the ammonium series and the hydroxyl series 

the supersaturation did not seem to depend on the descriptors used before, further indicating that 

counterion lipophilicity did not serve as a good approximate for supersaturation duration of all 

series or that the design space in terms of structural heterogeneity of the counterion is by far 

smaller as compared to the dissolution rate. In fact, if only the data of the alkyl, benzyl, butyl-di 

and trications and propyl series were used, a R
2
 of 0.66 was received for the correlation between 

duration of supersaturation and the logarithm of the dissolution rate, which is a measure for the 

hydrophilicity at the same time (Figure 8B). A possible explanation might be that API and 

counterion form aggregates in solution during the supersaturated state. By interaction of the 

counterion and the API upon dissolution, hence incomplete dissociation, the API is stabilized in its 

ionized form and this is driving the lengths of the supersaturation. Mechanistically, the accessibility 

for protons to the API might be hindered by the presence of the counterion, reducing the API 

propensity for protonation, hence neutralization, hence aggregation and ultimately 

precipitation/crystallization. The existence of these aggregates during supersaturation has been 

confirmed for P4444 [11]. Arguably, from a mechanistic perspective, one may conclude that as long 

as the dissociation of the API and the counterion are less favored, the protonation of the API is 

delayed, hence as long as the dissociation constant (Kd) is lowered one will obtain a longer 

supersaturation. Likely, the Kd is at least in part driven by the entropy gain of the dissociated 

counterion with surrounding water molecules (assuming one works in the pharmaceutically 
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relevant aqueous environment). Therefore, an increasing counterion lipophilicity will hamper the 

counterions ability to disturb the water clusters, leading to an increase in the standard Gibbs energy 

(ΔG°) and the natural logarithm of the equilibrium constant (lnK) for counterions with increasing 

lipophilicity, respectively (assuming pressure and temperature remain constant). This mechanistic 

explanation was used before for imidazolium-, pyridinium-, pyrrolidinium- and piperidinium-based 

ILs for which their solubility was linked to the capacity of the anion or cation to interact with the 

solvent, which was associated with small hydrophilic counterions [23]. In essence, the tendency of 

the API-counterion salt for dissociation is reduced with increasing lipophilicity of the counterion. 

Therefore, more lipophilic counterions form more stable aggregates and supersaturate for a longer 

period of time. For the counterions with terminal hydroxyl group an interaction with the API 

molecule, possibly by an H-bond, was assumed that stabilizes aggregates of API and counterion in 

aqueous solution and therefore prolongs the supersaturation. For LLES with non-terminal hydroxyl 

moiety the interaction is not possible and therefore no prolonged supersaturation is observed. For 

ammonium series too few data was available for developing a theory. 

Besides the effect of the structure of the counterions on the supersaturation also the impact of the 

supersaturation ratio and the pH during supersaturation were analyzed. For P4444 an exponential 

correlation was reported between the duration of supersaturation and the ratio of kinetic to 

equilibrium solubility [11]. The concentration versus time profiles of LLESs (Figure 4A) 

suggested a similar correlation. The duration of supersaturation was logarithmically plotted against 

the ratio of supersaturation S/S0 (Figure 4B). A linear correlation was obtained indicating that the 

lower the concentration during the supersaturation process is, with reference to its equilibrium 

solubility, the longer the duration of supersaturation. This correlation was observed before for the 

API with different ratios of supersaturation being accomplished by different ratios of counterion to 

API [11]. The observation was linked to the classical nucleation theory with the ratio of 

supersaturation (S/S0) correlation exponentially with the rate of crystal formation (j) which is 

assumed to be the rate limiting step for the recrystallization [24, 25]. 

The pH, when first precipitation occurred, was also plotted against the logarithmic duration of 

supersaturation (Figure 4C). As before, a linear correlation was obtained. A possible interpretation 

is that the lower the pH and the more protons are available and the faster the API is protonated 

initiating the collapse of the supersaturated state. Combining all results for supersaturation it can be 

concluded that the more lipophilic the counterion, the longer is the duration of supersaturation. 

The experiments with the autotitrator are designed to obtain rapid insight into the dissolution rate 

and solubility profiles of new compounds. The system is analyzing and extrapolating from a non-

equilibrium state to an equilibrium state, saving time while, allowing useful pharmaceutical 

interpretation and valid prediction of equilibrium conditions. Nevertheless, corroboration of these 

results with real time experiments is advantageous. Therefore, real time experiments in shake flasks 
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were conducted. A good correlation between the autotitrator and shake flask experiments was 

obtained for supersaturation (Figure 5B), such that a supersaturation duration of more than 30 min 

in as observed in the autotitrator corresponded to a supersaturation of more than 24 hours in the 

shake flask experiment. Only exception was P444Ø, which displayed precipitation after 6.25 hours. 

This exception may be linked to the different setup of the autotitrator versus the shake flask 

experiments. The autotitrator first completely dissolves the API and counterion by appropriate pH 

setting followed by carefully titrating the solution into a pH range within which the autotitrator 

detects first precipitation. This initial precipitate is back-and forward titrated with the addition of 

tiny amounts of bases and acids as appropriate and from this state the algorithm extrapolates to 

solubility. In contrast, the shake flask experiments start with a slurry of the API/counterion. The 

quite substantial difference is that the autotitrator results are obtained after the substance was 

completely dissolved, whereas for the shake flask setup the experiments started with the 

undissolved substance. One may speculate that as P444Ø was only partly dissolved in shake flak 

experiment when first precipitation was observed, the counterion concentration was lower than 

during the autotitrator experiments. From earlier results it is known that a linear correlation existed 

between the concentration of one counterion in solution and the duration of supersaturation and 

potentially, this may have happened here [11]. However, further experiments are required to 

substantiate this hypothesis. 

The shake flask experiments demonstrated that by proper choice of the counterions, immediate and 

prolonged release profiles were obtained, correlating also well with the results for dissolution rate, 

as for LLESs with low dissolution rates a slow release was observed and for high dissolution rates 

a fast release, respectively (Figure 5A). This proves that only by choice of counterion the drug 

release of a compound can be modified in a significant way without any structural changes of the 

API, which is accompanied by additional costs as discussed before. 

Water sorption affects many physico-chemical properties of solids, like chemical stability, powder 

flow, compactibility, lubricity and dissolution rate [26, 27]. Especially for the preparation of 

pharmaceutical solid dosage forms these properties are decisive and need to be controlled to assure 

a constant quality. For amorphous substances water uptake results in reduction of glass transition 

temperatures according to the Kelley-Büche equation. 

𝑇𝐺𝑚𝑖𝑥 = [(𝑤1 ∗ 𝑇𝐺1) + (𝐾 ∗ 𝑤2 ∗ 𝑇𝐺2)]/[𝑤1 + (𝐾 ∗ 𝑤2)] with 𝐾 = (𝜌1 ∗ ∆𝛼2)/(𝜌2 ∗ ∆𝛼1) 

TG is the glass transition temperature, w the weight fraction, Δα the change in thermal expansivity 

and ρ is the true density [28, 29]. With a TG of <136 K [30] water is an efficient plasticizer and 

substantially increases molecular mobility, which can result in undesired liquefaction and 

recrystallization for substances with low glass transition temperatures. In amorphous forms the 

solid state is disordered and water can permeate into the solid, such that the effective surfaces for 
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water adsorption is much higher as compared to crystalline states [27]. Consequently, most 

amorphous or liquid APIs and, therefore, most ILs are reported to be hygroscopic [31-33]. It is 

known that the more polar a substance is, the higher is the water sorption [26, 34]. Polarity as 

determined by Nile Red assay was reported to correlate with the initial water sorption rate for 9 ILs 

[34]. For ILs the interaction with water is enhanced with increasing counterion charge, while it is 

reduced with increasing delocalization of the charge and size of the counterion, e.g. by larger alkyl 

chains [23, 31-33, 35]. The percentage change in mass at 90% RH was determined as a measure for 

hygroscopicity. Within the alkyl series with increasing length of one alkyl chain of counterion the 

water sorption was reduced from about 25% to 9%, which we link to the increasing lipophilicity of 

counterion with larger size of the apolar moiety (vide supra, Figure 6A). Counterions of the benzyl 

series displayed similarly low hygroscopicity as tributylhexyl phosphonium but, differently to 

dissolution rate and supersaturation, further halide moieties at the benzyl group had no additional 

effect (Figure 6B). Counterions of the butyl di- and trication series were less hygroscopic as the 

more polar propyl analogues (Figure 6C and 6D). Hydroxyl moieties, though increasing polarity, 

did not result in a substantial change in hygroscopicity (Figure 6E). Ammonium analogues were 

more hygroscopic than phosphonium counterions which might be explained by the larger size of 

the phosphonium ion and therefore more diffused charge in comparison to the ammonium ion 

(Figure 6F). Generally for all LLESs at 80% RH values ranged between 5% and 18% change in 

mass was determined. According to the hygroscopicity classification scheme by the European 

Pharmacopeia all LLESs have to be regarded as moderately to very hygroscopic [36]. This 

drawback of increased hygroscopicity is a consequence of increased hydrophilicity of the LLESs 

which at the same time leads to an increased dissolution rate (Supplementary Figured 3B). 

Formulation strategies to address this challenge have been described before [37]. As for both water 

sorption and dissolution rate the interaction of water with the substance is decisive, correlation 

between hygroscopicity and dissolution rate was determined and a high coefficient of 

determination of 0.74 was obtained (Supplementary Figure 6B). As it was possible to calculate 

the dissolution rate of the LLESs by molecular descriptors of the counterions, the approach was 

used for the water sorption data, as well. A good correlation with R
2
 of 0.55 for measured and 

calculated water sorption was obtained, using the molecular descriptors charge (FCharge) and 

number of hydrophobic atoms (a_hyd) (Figure 8C). The diameter was no significant factor in the 

equation. With the prefactor of the charge being about 10 times higher than for the number of 

hydrophobic atoms the importance of the charges of the counterion for the hygroscopicity is 

revealed. The developed correlation can be used to estimate the hygroscopicity of the LLESs by 

calculable descriptors of the counterion. 

During development of ionic liquids and LLESs for pharmaceutical use, the assessment of toxicity 

is a crucial step. For an IL with the counterion TBP low cytotoxicity in 60 cell lines was already 
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reported and by comparison to a tributyldodecyl phosphonium (P444 12) IL it was assumed that one 

longer alkyl chain leads to an increased cytotoxicity [38]. Similarly, for ILs with guanidinium 

cations and choline phosphate ILs it was reported that cytotoxicity enhanced, with longer and/or 

branched alkyl chains and increasing anion mass size [39, 40]. The higher lipophilicity due to side 

chains or formation of neutral ion-pairs is supposed to result in a reduced interaction with the 

aqueous medium and an improved proclivity to intercalate with cell membranes [40]. Therefore, 

the correlation of cytotoxicity and structure was studied. Generally data of the alkyl series 

corroborate the theory that prolonged alkyl chains result in higher cytotoxicities (Figure 7A). More 

apolar and larger benzyl substituents of the tributyl cations result in comparable cytotoxicities as 

for P4446 (Figure 7B). On the other hand more polar propyl benzyl cation P333Ø is less toxic (Figure 

7D). More polar dications and trications, independent of phosphonium or ammonium as center 

atom, and hydroxyl counterions resulted in cell viabilities higher than the maximum value that was 

determined (Figure 7C-7F). Comparison of ammonium counterions with the phosphonium 

analogues was only possible for four counterions which do not display maximum IC50 values. 

Ammonium counterions appear to be slightly less cytotoxic than phosphonium counterions, 

however, the data set is limited to only four observations (Figure 7F). The results seem to be in 

good accordance with the theory linking larger and more lipophilic species interaction with cell 

membranes and cytoplasmic uptake is enhanced, leading to a higher cytotoxicity [39-41]. From the 

calculation of the cytotoxicity for HEK 293T cell line a good correlation was obtained with the 

molecular descriptors charge of counterion (FCharge), number of oxygen groups (a_nO) and the 

number of hydrophobic atoms (a_hyd). These descriptors were chosen as for the investigated 

counterions the number oxygen atoms equals the number of hydroxyl moieties and therefore the 

hydrogen bonding capacity. The number of hydrophobic atoms is a parameter for molecular size 

and lipophilicity, while the charge is a parameter for hydrophilicity. From the prefactors of charge 

and number of oxygen atoms it can be concluded that the positive impact of them on cell viability 

is about ten times higher than the negative effect of hydrophobic atoms. For no higher 

concentrations than 1000 µM were tested – and as this threshold suggested absence of cytotoxicity 

- it was not possible to seize a distinction between all di- and trications as well as the hydroxyl set 

counterions. Therefore, even better coefficient of determination might be obtained for experiments 

exceeding the 1000 µM threshold (Figure 8D). 

By summarizing the results for the dissolution rate, the duration of supersaturation, the water 

sorption and the cell viability in one diagram an overview of the correlations mentioned above is 

obtained (Figure 9). Starting at the top of the radar plot in clockwise direction the counterion 

lipophilicity increases from P4441 to P444ØCF3 being associated with a decrease in dissolution rate, 

water sorption and cell viability as well as an increase in duration of supersaturation. With 

decreasing counterion lipophilicity by introduction of hydroxyl moieties and more charges per 
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counterion higher dissolution rates, water sorption, cell viability and lower supersaturation 

durations are observed, though some values differed from the general trend. With propyl instead of 

butyl chains even less lipophilic counterions were obtained, resulting in dissolution rates 

comparable to P4441. Besides the similarities between the phosphonium LLES and their 

corresponding ammonium analogues are illustrated. Impressively, this overview elucidates the 

large variety of physico-chemical and biological properties which can be achieved for the very 

same API, simply by choice of one counterion of the developed library. Future studies are needed 

to assess the effect of the API structure on the properties of the LLES, combining a large variety of 

acidic APIs with a large number of counterions. Besides, by determination of descriptors for 

calculation of the LLESs properties predictions may be envisioned, allowing for the selection of a 

counterion for a specific API, in order to obtain the desired release profile of the API. 

Conclusion 

36 LLESs were synthesized of a poorly water soluble drug. By choice of counterion it was possible 

to deliberately tune the dissolution rate, duration of supersaturation and hygroscopicity. For the 

dissolution rate, hygroscopicity and cytotoxicities, correlations were determined for measured 

results and values calculated by simple molecular descriptors. Thereby, the calculations allow a 

prediction of the properties of a LLES or counterion to a certain extent even before synthesis and 

characterization. Besides, for hydroxyl free phosphonium LLESs a correlation between duration of 

supersaturation and dissolution rate was determined, revealing the impact of counterion 

lipophilicity on the supersaturation of an API. In summary, a counterion library was synthesized, 

offering the possibility to deliberately change the release profile of an API from immediate to 

prolonged release over 12 hours. This study illustrated the huge impact of counterions on 

pharmaceutically relevant features of an API salt, proving preparation of LLESs with API 

optimized counterions a beneficial concept to overcome formulation challenges. 

Materials and methods 

Materials 

N-[7-Isopropyl-6-(2-methyl-2H-pyrazol-3-yl)-2,4-dioxo-1,4-dihydro-2H-quinazolin-3-yl]-

methanesulfonamide (referred to as ‘acid’ or ‘free acid’ within this manuscript) was synthesized by 

Novartis AG (Basel, Switzerland) [42-44]). Tetrabutylphosphonium hydroxide solution (40% in 

water v / v; referred to as TBP within this manuscript), hydrochloric acid 0.5 M and potassium 

hydroxide concentrate for preparation of 0.5M potassium hydroxide solution, tripropylphosphine 

97% and tributylphosphine ≥93.5% were purchased from Sigma Aldrich (Schnelldorf, Germany). 

Sodium chloride, potassium chloride, sodium hydrogen carbonate, sodium dihydrogen phosphate, 
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disodium hydrogen phosphate were of analytical grade. HPLC grade acetonitrile and methanol and 

ammonium acetate HiPerSolv Chromanorm were purchased from VWR (Darmstadt, Germany), 

hexadeuteriodimethyl sulfoxide (DMSO-d6, 99.8% D) from Euriso-top (Saarbrücken, Germany). 

HPLC grade water was obtained by in-house Millipore system from Merck (Darmstadt, Germany). 

The further chemicals and solvents for synthesis were purchased from Alfa-Aesar (Karlsruhe, 

Germany), Fisher Scientific (Schwerte, Germany), Fluka (Buchs, Switzerland), Merck (Darmstadt, 

Germany), Sigma-Aldrich (Schnelldorf, Germany) and VWR International (Darmstadt, Germany). 

J774.1 cells, HepG2 cells and HEK 293T cells were purchased from ATTC (Manassas, VA). All 

LLESs were synthesized and confirmed by NMR and IR by Johannes Wiest. 

Methods 

Synthesis of counterions and LLES 

Synthesis of the counterions and LLES followed a general way of preparation. Briefly, the 

counterions were synthesized by a reaction of tertiary phosphines and amines with alkyl halides 

and dihalides to phosphonium and ammonium halides, respectively. After purification, the halides 

were exchanged by hydroxide quantitatively with anion exchange resin [45, 46]. The 

concentrations of the phosphonium or ammonium hydroxide solutions were determined by 

quantitative NMR spectroscopy. For LLES synthesis equivalent amount of counterion hydroxide 

solution was added to the free form of the acidic API, dissolved in methanol. The ratio of 

monocation to API was 1:1, dication 1:2 and trication 1:3. After removal of solvents in vacuo, the 

LLES were dried for 48 h at 55 °C in vacuo. 

Nuclear Magnetic Resonance measurement (NMR) 

NMR measurements were performed using a Bruker Avance III 400 MHz spectrometer (Bruker 

BioSpin, Karlsruhe, Germany) and the data were processed with the TopSpin 3.0 software from 

Bruker. The samples were dissolved in deuterated DMSO-d6, filled in standard 5 mm NMR tubes 

(ST 500) purchased from Norell (Landisville, USA) and the spectra were referenced to the residual 

solvent signal of DMSO (2.5 ppm/39.52 ppm). 

Infrared Spectroscopy (IR) 

The IR spectra were measured using a Jasco FT/IR-6100 spectrometer from Jasco (Gross-Umstadt, 

Germany) with diamond attenuated total reflection unit. 

High performance liquid chromatography with charged aerosol detector (HPLC -

CAD) 
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Analytical HPLC analyses were performed using an Agilent Technologies 1100 series systems 

(Waldbronn, Germany) consisting of a binary pump, a degasser, an autosampler, a column 

thermostat, a diode-array UV detector and a Corona® charged aerosol (CAD) detector from 

Dionex Corporation (Sunnyvale, USA). An Acclaim Trinity P1 column (3.0 x 50 mm, 3µm) from 

Dionex Corporation (Sunnyvale, USA) was used. For each sample 0.5 mg compound was weighted 

by a micro scales in a 10 ml volumetric flask and 1.5 ml was centrifuged with 13.000 rpm ten 

minutes by an EBA 12 centrifuge of Hettich (Tuttlingen, Germany) in an Eppendorf cap. The 

supernatant was transferred into a HPLC vial from Phenomenex (Aschaffenburg, Germany). The 

separation was carried out using a Acclaim Trinity P1 column and a gradient of A: 10 mM 

ammonium acetate buffer pH 5.0 and acetonitrile (80:20/V:V) (A) and B: 200 mM ammonium 

acetate buffer pH 5.0 and acetonitrile (50:50/V:V) with a flow of 0.5 ml/min. The elution started 

with 100% A going up to 100% B in 15 min, then hold 5 min 100% B, going back to 100% A in 

0.1 min and then conditioned for 5 min with 100% A. For determination of the purity of the ionic 

Liquids and counterions the normalization method described in the European Pharmacopeia was 

applied using the area under signals detected by charged aerosol detector. 

X-ray powder diffractometry (XRPD) 

Dry substances were applied on silicon single crystal zero background specimen holder and 

analyzed with a Bruker Discover D8 powder diffractometer (Karlsruhe, Germany) using Cu-Kα 

radiation (unsplit Kα1+Kα2 doublet, mean wavelength λ = 154.19 pm) at a power of 40 kV and 40 

mA, a focusing Goebel mirror and a 1.0 mm microfocus alignment (1.0 mm pinhole with 1.0 mm 

snout). Scattered X-ray beam went through a receiving slit with 7.5 mm opening, a 0.0125 mm 

nickel foil and a 2.5° axial Soller slit. Detection was done with a LynxEye-1D-Detector (Bruker 

AXS) using the full detector range of 192 channels. Measurements were performed in reflection 

geometry in coupled two theta/theta mode with a step size of 0.025° in 2θ and 0.25 s measurement 

time per step in the range of 8 – 40° (2θ). Data collection and processing was done with the 

software packages DIFFRAC.Suite (V2 2.2.690, Bruker AXS 2009-2011, Karlsruhe, Germany) 

and DIFFRAC.EVA (Version 2.1, Bruker AXS 2012-2012, Karlsruhe, Germany). 

Differential scanning Calorimetry (DSC)  

Substances were weighed out into aluminium pans with a pinhole in the lid, enabling residual 

solvents to evaporate. 2-7 mg of samples were analyzed with DSC 8000 (Perkin Elmer, Waltham, 

MA) at a scanning rate of 20K/min from -50 °C to 200 °C. 

Determination of dissolution rate  
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Dissolution rates were determined as described earlier using a Sirius T3 intrument (Sirius 

Analytical, Forest Row, UK) [47]. Tablets with surface area of 0.07 cm
2
 were prepared in a tablet 

disc by compression of 5-10 mg substance under a weight of 0.18 tonnes for 6 minutes with a 

manual hydraulic tablet press (Paul Weber Maschienen- und Apparatebau, Stuttgart-Uhlbach, 

Germany). Dissolution rates were determined photometrically at room temperature in phosphate 

buffered saline pH 6.8 following manufacturer’s instructions. Each LLES was measured three 

times. 

Determination of duration of supersaturation with autotitrator  

Intrinsic solubility during supersaturated and equilibrium state as well as the duration of the 

supersaturation were measured with a Sirius T3 (Sirius Analytical, Forest Row, UK) as described 

before [48, 49]. 13-16 µmol of the compounds were dissolved in 1.5 ml of 0.15 M KCl solution at 

pH 12 (adjusted with 0.5 M potassium hydroxide). After complete dissolution, the solution was 

back-titrated by addition of 0.5 M hydrochloric acid until first precipitation occurred and was 

detected photometrically (λ = 500 nm). Subsequently, the pH was changed incrementally by 

repeated addition of minute amounts of acid and base. The delayed pH gradient of the compounds, 

due to precipitation or dissolution, was used to extrapolate the equilibrium phase where the pH 

gradient was zero. Solubility was calculated from pH of this extrapolated point. A maximum 

number of 80 extrapolations were performed during one experiment. The duration of 

supersaturation was calculated from the time interval from the first precipitation (kinetic solubility) 

to the time when the concentration dropped below the kinetic solubility. Data from analysis with 

acidity errors larger than 1 mM were excluded. For each LLES three assays were performed. 

Supersaturation ratio S/S0 was calculated by dividing the concentration during supersaturation by 

the concentration during the equilibrium state. 

Shake flask experiments 

For powder dissolution shake flask experiments 4.74 µmol ± 0,14 µmol dry substance was weighed 

into an 1.5 ml tube. From each substance three samples were prepared: To the dry substance 1 ml 

PBS buffer pH 6.8 was added and samples were incubated at 37 °C at 400rpm. Samples of 50 µl 

were drawn after certain time intervals (15 min, 45 min 2 h, 4 h, 6 h, 8 h, 12 h, 24 h), transferred 

into Eppendorf tubes and centrifuged 5 minutes at 13000 rpm. 10 µl of supernatant were diluted 

with 990µl PBS buffer 6.8 and concentrations were determined photometrically at 254 nm. 

Dynamic vapor sorption (DVS) 

For detection of moisture sorption isotherms at 25 °C of different substances a DVS HT instrument 

(Surface Measurement Systems Ltd., London, UK) was used. Measurements were performed after 
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initial drying at 10% RH. Equilibrium state was assumed to be reached, when change in mass was 

less than 0.02 mg per minute. In steps of 10% RH relative humidity was increased after equilibrium 

state was reached. Moisture sorption isotherms were measured from 10% to 90% RH. 

Cytotoxicity of counterion 

Cytotoxicity was tested in human embryonic kidney 293 cells (HEK 293T), human hepatoma 

HepG2 cell (HepG2) and murine macrophage cell line J774.1 (J774.1) as described before[11]. 

Serial dilutions of the counterion salts in DMSO were prepared. All salts were bromide salts apart 

from 6 exceptions. The counterions of P4441 and P4442 were iodide salts; the counterions of P4444, 

N4444, P4443OH and P4443isoOH were chloride salts. For the experiments J774.1 and HepG2 cells were 

suspended in RPMI medium with 10% FCS and without phenol red at a concentration 1x105 

cells/ml. For HEK 293T cells a concentration of 2x104 cells/ml in DMEM high glucose medium 

with 10% FCS and without phenol red was applied. 200 µl of cell suspensions were transferred into 

96-well cell culture plates and the compound dilutions were admixed. The final DMSO 

concentration was 1%. After 24 h of incubation at 37 °C and 5%CO2, 10% of AlamarBlue solution 

were added. J774.1 and HepG2 cells were incubated for further 48 hours and HEK 293T cells for 

24 hours. The IC50 values were calculated, using controls without compound. The absorbance was 

measured at 550 nm, using 630 nm as reference wavelength. 

Calculation of models using molecular descriptors  

All counter ion structures were de-salted and protonated using the Wash plugin of MOE (Molecular 

Operating Environment MOE), 2012.10; Chemical Computing Group Inc., 1010 Sherbooke St. 

West, Suite 910, Montreal, QC, Canada, H3A 2R7, 2012), followed by a short energy minimization 

in the MMFF94x force field using default settings. Subsequently, MOE was employed to calculate 

the used molecular descriptors. All statistical analyses were carried out with the statistical 

framework R (R Core Team, 2013, R Foundation for Statistical Computing, Vienna, Austria). 

Statistics 

All results were analyzed using Minitab Statistical Software (Minitab Inc., PA, USA). The results 

of the dissolution rate and duration of supersaturation for the LLES series were analyzed with one-

way ANOVA, considering p-values of 0.05 as significant. For the comparison of a phosphonium 

LLES with its ammonium analogue two-sample t-Test was applied, considering p-values of 0.05 as 

significant. 
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Supplementary Figures 

 

Supplementary Figure 1: Results of XRPD analysis of the different LLESs 
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Supplementary Figure 2: (A-F) Glass transition (TG) temperatures of the different LLES of the distinct 

series (G) TG temperatures of the ammonium LLESs and the corresponding phosphonium LLESs. 
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Supplementary Figure 3: Dynamic vapor sorption data (part 1) 
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Supplementary Figure 4: Dynamic vapor sorption data (part 2) 
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Supplementary Figure 5: Dynamic vapor sorption data (part 3) 
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Supplementary Figure 6: (A) Duration of supersaturation in minutes of all LLESs versus the dissolution 

rate J in mmol/(min*cm
2
) (B) Water sorption expressed as change in mass in % at 90% RH versus the 

dissolution rate J in mmol/(min*cm
2
) (C) Cell viability results of the single charged counterions expressed by 

half maximal inhibitory concentration (IC50) in µM for the cell lines HEK 293T versus the dissolution rate J 

in mmol/(min*cm
2
). 
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Introduction 

Oral dosage forms of active pharmaceutical ingredients (API) are a preferred image for drug 

administration. Oral delivery typically requires (nearly) complete dissolution of the API at its 

absorption site and prevention of precipitation during gastrointestinal transit until complete 

absorption, a process typically lasting about four hours [1]. This poses specific challenges, 

especially for poorly water soluble drugs with low solubility (with solubility being defined as the 

molar concentration of API in ionized and unionized form in equilibrium state or not) driving poor 

bioavailability and often unacceptable pharmacokinetic variability [1]. Pharmaceutical strategies 

addressing these challenges without modification of the chemical structure of the API include 

particle size reduction, cocrystal formation, polymorph selection, complexation, salt formation, 

solubilization or presentation in amorphous form, e.g. as molecular dispersions in polymer carriers 

thereby reducing the interaction between the API molecules [2]. These dosage forms may result in 

improved dissolution rates but are typically challenged by solution stability with potential 

precipitation before the API is adequately absorbed. A simple concept combining salt formation 

and a reduction of the interaction between the API molecules is the preparation of an ionic liquid 

(IL). The approach has been demonstrated to stabilize dissolved APIs in supersaturated states for 

several hours following dissolution from an amorphous, solid state [3]. 

ILs are defined as organic salts with melting points below 100 °C [4]. Those ILs which are liquid at 

ambient temperature and pressure are referred to as room temperature ILs (RT-ILs) [5]. During the 

last years the application of ILs was extended from solvents in (‘green’) chemistry and catalysts for 

synthesis to pharmaceutical application with the ultimate goal to improve API dissolution, 

solubility and bioavailability and to prevent polymorphism [4],[6-14].  

Tetrabutylphosphonium (TBP) has already been used for the preparation of an IL with Salicylic 

acid and Ibuprofen [11, 13]. However no detailed solubility data were provided. Another study 

reported a TBP IL of an anti-migraine drug and determined a faster dissolution and supersaturation 

in solution leading to improved transport kinetics in vitro in comparison to the free acid and the 

API’s potassium salt [3]. 

In this study we detailed the potential of transforming 7 commonly used acidic APIs into TBP salts 

and compared them to their respective sodium salts. These TBP salts were characterized with 
1
H 

Nuclear magnetic resonance (NMR) and Infrared spectroscopy (IR), X-ray powder diffraction 

(XRPD) and Differential scanning calorimetry (DSC). Hygroscopicity was assessed by dynamic 

vapor sorption (DVS). Dissolution rate, saturation concentrations and 24 hours solubility profiles 

were determined photometrically. 
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Results 

Salt metathesis and physico-chemical characteristics of TBP salts 

TBP salts of drugs with one carboxylic acid group, in the case of Diclofenac, Ibuprofen, 

Ketoprofen, and Naproxen, and with one sulfonamide group, as in Sulfadiazine, Sulfamethoxazole, 

and Tolbutamide, were prepared from the corresponding free acids (Figure 1). TPB salts of 

Ibuprofen, Ketoprofen, Naproxen and Sulfamethoxazole were clear, slightly yellow viscous liquids 

at room temperature and RT-ILs, whereas TBP salts of Diclofenac, Sulfadiazine and Tolbutamide 

were slightly yellow solids. 

 

Figure 1: Structures of the counterion tetrabutylphosphonium (TBP+) and the ionized APIs Diclofenac, 

Ibuprofen, Ketoprofen, Naproxen, Sulfadiazine, Sulfamethoxazole and Tolbutamide. 
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Moisture content of TBP salts was determined by Karl Fischer Coulometer directly following 

production and found to be 0.5% for Ibuprofen (RT-IL), 0.2% for Ketoprofen (RT-IL) and 

Naproxen (RT-IL), and less than 0.2% for all other TBP salts (data not shown). 

The free acids and their corresponding TBP salts were analyzed by 
1
H-NMR, 

13
C-NMR and IR 

spectroscopy (Supplementary Figure 1). Since the salt formation is characterized by a loss of the 

acidic proton, the corresponding 
1
H NMR signal at 10 - 12.5 ppm disappears upon IL formation (all 

NMR spectra are provided as Supplementary Information 1). The proton signals for TBP were 

recorded at 0.9 - 2.3 ppm and included a signal for the 12 protons of its terminal methyl groups at  

= 0.92 ppm (t, 
3
J = 7.1), 16 protons recorded for its intermediate ethylene groups at  = 1.55 - 1.30 

ppm and 8 for the methylene groups next to the phosphonium  = 2.30 – 2.10 ppm. The integration 

of these signals for TBP and comparison with the integrals of the signals recorded for the 

respective APIs confirmed a 1:1 stoichiometry for all ILs tested. Apart from signals from the acid 

and the counterion no further signals were observed for any of the TBP salts, indicating the good 

stability of the API during salt formation. 

Signals for Diclofenac differed slightly from the generally observed pattern recorded for the other 

APIs: Diclofenac signals at  = 12.7 ppm and 7.2 ppm represented the proton of the free acid and 

of the amine proton, respectively (Supplementary Information 1). Whereas the signal of the 

carboxylic proton disappeared upon TBP salt formation as expected, the amine signal shifted to 

10.9 ppm in the TBP salt, suggesting the formation of an intramolecular H-bond between the amine 

proton and the (deprotonated) carboxyl moiety. 

The ionic nature of the TBP salts was further supported by IR spectroscopy (Supplementary 

Figure 1). For APIs with a carboxylic function the typical O-H and C=O stretching vibrations were 

observed at 2885 cm
-1

 and 1690 cm
-1

 (Diclofenac), 2954 cm
-1

 and 1709 cm
-1

 (Ibuprofen), 2938 cm
-1

 

and 1694 cm
-1

 (Ketoprofen), and 3162 cm
-1 

and 1726 cm
-1

 (Naproxen)[15]. Following 

deprotonation, symmetric and anti-symmetric stretching vibration for carboxylic anions were 

observed at 1575 cm
-1

 and 1346 cm
-1

 (Diclofenac TBP), 1580 cm
-1

 and 1376 cm
-1

 (Ibuprofen TBP), 

1592 cm
-1

 and 1372 cm
-1

 (Ketoprofen TBP), and 1588 cm
-1

 and 1369 cm
-1

 (Naproxen TBP) along 

with missing O-H stretching vibration[15]. The broad bands between 3330 cm
-1

 and 3290 cm
-1

 for 

Ibuprofen TBP, Naproxen TBP, Ketoprofen TBP were assigned to residual water[15]. For the 

sulfonamide groups of Sulfadiazine, Sulfamethoxazole and Tolbutamide, deprotonation was 

detected by a shift of the two typical sulfuric bands from 1324 cm
-1 

and 1149 cm
-1 

to 1235 cm
-1 

and 

1122 cm
-1

 (Sulfadiazine), from 1303 cm
-1 

and 1142 cm
-1 

to 1232 cm
-1 

and 1123 cm
-1 

(Sulfamethoxazole) from 1316 cm
-1 

and 1177 cm
-1 

to 1243 cm
-1 

and 1124 cm
-1

, respectively 
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(Tolbutamide; Supplementary Figure 1). From NMR and IR data it can be stated that all APIs 

were ionized and formed TBP salts. 

Sodium salts of the APIs were selected for comparison with the TBP salts. Sodium salts of 

Ketoprofen, Sulfamethoxazole and Tolbutamide were prepared in house and quality of the resulting 

white crystalline powders was confirmed by elementary analysis. Sodium salts of Diclofenac, 

Ibuprofen, Naproxen and Sulfadiazine were purchased. For all sodium salts deprotonation was 

assessed by 
1
H NMR and IR. Based on the elementary analysis, NMR and IR data sodium salt 

formation could be confirmed. 

Melting points and glass transition temperatures were determined by DSC (Figure 2). For all TBP 

salts the melting point and glass transition temperature, respectively, were lower than the melting 

point of the corresponding free acid and sodium salt. All liquid TBP salts (Ibuprofen RT-IL, 

Ketoprofen RT-IL, Naproxen RT-IL and Sulfamethoxazole RT-IL) had glass transition 

temperatures below 0 °C. The melting point of the solid and crystalline (vide infra) Tolbutamide 

TBP salt was 56 °C. TBP salts of Diclofenac and Sulfadiazine TBP salts were crystalline (vide 

infra) with melting points exceeding 100 °C; hence, they did not fulfill the definition of an ionic 

liquid. All melting points of all sodium salts were exceeding 100 °C and exceeded those of the 

corresponding free acids, with one exception only: for Tolbutamide the melting points of the free 

acid and the sodium salt were almost identical (Figure 2). 

 

Figure 2: Melting points (MP) and glass transition temperatures (TG) of free acids, TBP salts and sodium 

salts. 
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The diffraction pattern of the free acids and 

the solid TBP salts (Diclofenac, Sulfadiazine, 

Tolbutamide) was collected by XRPD. All 

solid substances were crystalline. Different 

diffraction patterns were observed for the TBP 

salts as compared to the corresponding free 

acids, reflecting changes in crystal structure as 

a result of salt formation (Figure 3). 

The free acids, the corresponding sodium salts 

and TBP salts were exposed to different 

relative humidities (r.H.) in order to check the 

extent of hygroscopicity (Supplementary 

Figure 2, 3). The mass changes are reported 

for 80% r.H. (Table 1). The free acids of 

Sulfamethoxazole (2.5%), Naproxen (0.9%) 

and Diclofenac (0.8%) had the highest 

changes in mass, whereas all others had 

changes less than 0.05%. The water sorption 

was higher for all TBP salts as compared to 

their corresponding free acids, with Ibuprofen 

RT-IL, Ketoprofen RT-IL and Naproxen RT-

IL having water sorptions ranging from 17.3% 

to 27.4%, Diclofenac TBP salt, 

Sulfamethoxazole RT-IL and Tolbutamide 

TBP salt ranging from 10.4% to 14.5%, and 

Sulfadiazine TBP salt having 2.7%. For 

sodium salts of the carboxylic acids 

Diclofenac, Ibuprofen, Ketoprofen and 

Naproxen water sorption ranged from 15.9% 

to 28.4% while for sodium salts of 

sulfonamides Sulfadiazine, Sulfamethoxazole 

and Tolbutamide water sorption was below 

1.7%. Surface activity of TBPOH in water 

was determined and no micelle formation was 

detected (data not shown). 

Figure 3: XRPD diffraction patterns of 

Diclofenac, Sulfadiazine, Tolbutamide and 

corresponding crystalline TBP salts. 
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Water sorption at 80% r.H. [%] 

API Free acids TBP salts Sodium salts 

Diclofenac 0.84 14.48 26.27 

Ibuprofen 0.02 17.33 15.89 

Ketoprofen 0.04 18.42 35.32 

Naproxen 0.91 27.39 28.39 

Sulfadiazine 0.03 2.74 0.85 

Sulfamethoxazole 2.48 10.50 0.31 

Tolbutamide 0.05 10.42 1.69 

Table 1: Change in mass in % due to water sorption at 80% r.H. of the acidic APIs and the corresponding 

TBP and sodium salts. 

Dissolution rate and 24 hour solubility 

The dissolution rate was determined for all free acids, their corresponding TBP salts and the 

sodium salts. All TBP salts had significantly faster dissolution rates than their corresponding free 

acids (Figure 4). Faster kinetics were particularly observed for the liquid TBP salts, all having 

dissolution rates > 0.2 mmol/(min*cm
2
). Ibuprofen RT-IL had a 900-fold, Ketoprofen RT-IL a 250-

fold, Naproxen RT-IL a 1000-fold, and Sulfamethoxazole RT-IL 20-fold increased dissolution rate 

as compared to their free acid. The dissolution rates of the solid TBP salts (Diclofenac, 

Sulfadiazine, Tolbutamide) were lower as compared to liquid TBP salts with values less than 0.12 

mmol/(min*cm
2
). The dissolution rates of the solid TBP salts increased for Diclofenac 80-fold, 

Sulfadiazine 200-fold, and Tolbutamide 40-fold as compared to their free acids, respectively 

(Figure 4). Interestingly, the differences in dissolution kinetics were generally less pronounced 

when comparing the TBP salts with the respective sodium salts. The dissolution rate of the TBP 

salt of Diclofenac was 4-fold, Ibuprofen 14-fold, Ketoprofen 6-fold, and Naproxen 3-fold faster in 

comparison with the sodium salt. For sulfonamides a reverse pattern was observed, with the sodium 

salts having faster dissolution kinetics as compared to the TBP salts. Sulfadiazine sodium had a 

dissolution rate being 4-fold faster, Sulfamethoxazole sodium 2-fold faster, and Tolbutamide 

sodium 6-fold faster as than the TBP salt (Figure 4). 

24 hour solubility profiles were recorded for comparison of the free acids (Figure 5A, B) and the 

TBP salts (Figure 5 C, D). For these experiments, conditions were set such that each salt could 

have yielded a theoretical concentration of up to 5 mM when completely dissolved (Figure 5 A – 

D). Plateau concentrations were achieved within 2 -10 hours for all carboxylic acids (Figure 5A) 

and all TBP salts of the carboxylic acids rapidly plateaued within 2 hours (Figure 5C). More 

heterogeneous results were obtained for the sulfonamide acids. In analogy to the carboxylic acids, 

several hours were required for Tolbutamide to reach its solubility plateau while both Sulfadiazine 

and Sulfamethoxazole leveled off within 2 hours (Figure 5B). On the contrary, the dissolution  
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Figure 4: Dissolution rate in mmol/(min*cm
2
) of acidic API, corresponding TBP and sodium salts. 
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Figure 5: Concentration in mM versus time in hours profiles of acidic APIs and corresponding TBP salts 

over 24 hours and saturation concentration in mM for acidic APIs, corresponding TBP and sodium salts after 

24 hours. 
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kinetics were much faster for all TBP salts of the sulfonamides, plateauing in less than 2 hours 

(Figure 5D). No recrystallization or decrease in concentration was observed for the TBP salts 

within 24 hours. For all salts for which a solubility exceeding 5 mM was observed, a second 

experiment was run. For this, conditions were set such that these salts could have yielded a 

theoretical concentration of up to 200 mM when completely dissolved (Figure 5E). In this second 

experiment, significantly higher maximum concentrations (Figure 5E) were reached within 24 

hours for all TBP salts as compared to their free acids, with Ibuprofen (≥ 80-fold), Ketoprofen (≥ 

60-fold), Naproxen (≥ 70-fold;), Sulfadiazine (130-fold), Sulfamethoxazole (≥ 50 time), 

Tolbutamide (30-fold) and Diclofenac (20-fold). Some salts displayed a solubility exceeding 200 

mM and were reported as ‘≥’ in the brackets for the fact that these were completely dissolved at the 

maximal possible concentration of 200 mM. The salts being completely dissolved included the 

TBP and sodium salts of Ibuprofen, Ketoprofen, Naproxen and Sulfamethoxazole as well as the 

sodium salt of Tolbutamide. Experiments aiming for higher theoretical concentrations than 200 

mM were jeopardized by experimental constraints, as aspiration of solid and suspended salt could 

not be avoided. The TBP and sodium salts of Sulfadiazine were incompletely dissolved and the 

saturation concentrations were not significantly different. For the Diclofenac sodium salt the 

saturation concentration was 3-fold higher than for the TBP salt and the undissolved substance 

observed for Diclofenac sodium was crystalline whereas the TBP salt formed two liquid phases. 

Besides for the TBP salt of Diclofenac, a phase separation into two liquid phases was observed for 

the TBP salt of Tolbutamide. For both salts an emulsion was readily formed with gentle shaking. 

Discussion 

Biopharmaceutically acceptable absorption of orally administered APIs require both, sufficient 

aqueous solubility and permeability through gastrointestinal mucosa [1]. BCS Class II (BCS 2) 

compounds are defined by a low solubility and high permeability. Therefore, formulation strategies 

for compounds of this class target a solubility improvement in an effort to optimize their 

biopharmaceutical profiles [1, 16, 17]. Consequently, we selected the BCS 2 APIs Diclofenac, 

Ibuprofen, Ketoprofen, Naproxen, Sulfadiazine, Sulfamethoxazole and Tolbutamide for this study 

[18-22]. Frequently, solubility improvement of ionizable APIs is subject to salt screening, with 

sodium being the most commonly used counterion for acidic APIs [1] and therefore, sodium salts 

were used as a control group. TBP was chosen as a counterion, as in previous studies IL formation 

with APIs was reported [3, 11, 13] and a quite benign cytotoxicity profile as assessed in three cell 

lines with IC50 values ranging from 250 to 1000 µM [3]. 

Previous studies detailed the manufacturing constraints for TBP salts, which are limited to APIs 

with a stability at pH 7-9 for at least one hour [3]. Salt formation is particularly effective for free 
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acid–counterion pairs with pKa differences of at least 3 units, in order to assure a complete proton 

transfer [23]. Therefore, TBPOH- a strong base - is a particularly suitable counterion for salt 

formation of a broad range of APIs. For the tested APIs, the process of TBP salt formation did not 

result in API degradation or of the counterion (as detected by 
1
H-NMR). The ionic state of the 

resulting salts / liquid salts was confirmed by 
1
H-NMR and IR spectroscopy (Supplementary 

Figure 1). The diffractograms of the TBP salts were different from the corresponding free acids 

(Figure 3) as were melting points and glass transition temperatures, respectively (Figure 2). TBP 

salts of Ibuprofen, Ketoprofen, Naproxen and Sulfamethoxazole were room temperature ILs (RT-

ILs) whereas the melting points of the TBP salts of Diclofenac and Sulfadiazine exceeded 100 °C 

(hence no ILs), indicating that the ability to form RT-IL is as dependent on the API as it is on the 

counterion. The TBP salt of Tolbutamide was an ionic liquid (no RT-IL; melting point > 25 °C) 

even though crystalline. 

One of the reported advantages of RT-ILs is to circumvent polymorphism challenges, including 

dynamic changes of solubility, stability and hygroscopicity during storage [14, 24], as previously 

reported for the Ibuprofen sodium salt [25] and for the Naproxen sodium salt (pseudo-

polymorphism) [26]. None of the RT-ILs precipitated throughout 9 months (data not shown). 

However, more research is required regarding bulk stability with regard to precipitation and to the 

feasibility for processing these RT-ILs challenged by their viscosity, compressibility, or thermal 

stability or hygroscopicity.  

According to the criteria of the European Pharmacopoeia (EP), substances are classified ‘slightly 

hygroscopic’ if water sorption after 24 hours at 80% r.H. and 25 °C ranges between 0.2% and 2%, 

‘hygroscopic’ for 2-15% and ‘very hygroscopic’ if exceeding 15% [27]. Transforming the APIs 

into TBP salts generally increased their hygroscopicity as indicated for Diclofenac (slightly 

hygroscopic → hygroscopic), Naproxen (slightly hygroscopic → hygroscopic), Ibuprofen (not 

hygroscopic → hygroscopic), Ketoprofen (not hygroscopic → hygroscopic), Sulfadiazine (not 

hygroscopic → hygroscopic) and Tolbutamide (not hygroscopic → hygroscopic; exception 

Sulfamethoxazole; hygroscopic → hygroscopic)). RT-ILs of Ibuprofen, Ketoprofen and Naproxen 

were very hygroscopic. This pattern followed the general trend that amorphous solids or liquids 

adsorb water within their bulk and their surfaces, in contrast to crystalline forms in which water 

adsorption is restricted to the crystal surfaces [28]. However, crystalline sodium salts of carboxylic 

acids displayed high values of water sorption, particularly for Diclofenac and Ketoprofen sodium 

salts which were even more hygroscopic than the TBP salts and transformed into tetrahydrates and 

Ibuprofen sodium into a dihydrate as reported before [29-31]. Sulfonamide sodium salts were only 

slightly hygroscopic and did not form hydrates. These hydrates or pseudopolymorphs require 
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particular attentions, as these may display quite different physico-chemical properties as compared 

to the anhydrous forms. 

Water sorption may be a concern limiting dosing accuracy, the chemical stability, powder flow, 

compatibility and general processability [32]. Therefore, the benefit of the improved dissolution 

rate for the sodium salts and RT-ILs is at least in part at the expense of increased water sorption 

and high viscosity, challenging straightforward manufacturing. Current studies aim at tailoring the 

hygroscopicity of the counterion and thereby the hygroscopicity of the counterion / API salt. These 

studies need to provide a library of homologous counterions as well as new counterion structures to 

balance low hygroscopicity and long stability against high dissolution rates. 

One main motivation of salification (including IL formation) is increasing the dissolution rate, 

which is in most cases sufficiently described by a simple diffusion layer model following Fick’s 

laws, consisting of the solid API surface, an adjacent so called aqueous boundary layer (ABL) and 

the bulk solution [33]. It is hard to predict to which extent the choice of the counterion will impact 

the dissolution rate (i.e. if a small, hydrophilic or large, lipophilic is more effective in boosting 

dissolution). The dissolution rate depends on the diffusion rate of the molecules from the thin ABL 

into the bulk of the dissolution medium in all cases in which the diffusion rate is slower than the 

dissolution rate from the solid phase. Based on Fick’s laws, the dissolution rate is directly 

proportional to the concentration gradient between the thin layer at the API surface and the 

concentration in the bulk (sink conditions may be assumed in most relevant conditions) [1, 34], 

thereby linking the concentration at the solid API / ABL interface to the dissolution rate. Within 

this layer the process of dissolution involves (i) breaking of the interactions of molecules from the 

salt, (ii) breaking the interaction of the solute molecules, (iii) the separation of the solvent 

molecules (cavitation), and (iv) the formation of interactions between the solvent and the solute 

molecules. The interaction among the solute molecules in solid state correlates with the 

crystallinity of the solid substance. For all tested APIs, the bulky TBP counterion with its 

voluminous alkyl side chains reduced the melting points as compared to the free acids and the 

sodium salts, suggesting a reduced packing efficiency and lattice enthalpy, respectively [9, 35]. In 

addition to these basic qualitative and thermodynamic considerations, the frequency of API 

detachment from the solid state has been correlated to the activation energy for detachment, which 

can be indirectly derived from relating the activation energy for attachment of dissolved API to the 

solid form and the work required for the formation of the drug-drug cluster under isobaric and 

isothermal conditions. Thereby, the frequency of API detachment (a kinetic parameter) is linked to 

a thermodynamic criterion, the work for cluster formation [36]. The work for cluster formation is 

linked to the free enthalpy of the solid, which in return may be (crudely) assessed in many cases by 

the melting point. Consequently, these qualitative considerations link the reduced melting point of 
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the TBP salts as compared to the free acids to the increased rate of detachment, hence increased 

dissolution rate. As pointed out before, another driving force is the interaction of solute and solvent 

molecules within the ABL, as described in aqueous solutions by the hydration enthalpy and 

entropy. The presentation of the APIs in ionized form as TBP and sodium salts, respectively, builds 

off the increased potential for hydrogen bonding and hydration (Supplementary Figure 1), 

potentially driving higher dissolution rates than for the free acids (Figure 4). For imidazolium ILs, 

increasing anion-cation interaction correlated with increased interaction with water. Furthermore it 

was found, that the interaction with water was reduced with increasing delocalization of the charge 

and size of the counterion, e.g. by larger alkyl chains [37]. In analogy to these studies one may 

assume that the TBP with its lipophilic alky chains and its more diffuse charge as compared to the 

sodium ion might result in a reduced interaction with water for TBP as compared to the sodium 

cation. These considerations provide a qualitative insight why the prediction of the dissolution rate 

is challenging. On the one hand, the depression of the melting point by increasing the counterion 

size favors dissolution while on the other hand the reduced interaction of such counterions with 

water due to the increased lipophilicity lower the dissolution rate and as it has been found before 

[38]. Experiments conducted as outlined in this manuscript are essential to assess to which extent 

the use of a small counterion (such as the sodium cation particularly driving the dissolution rate by 

effective interaction with water molecules) or a larger lipophilic one (such as the TBP, driving the 

dissolution rate through a reduction of the interactions within the solid state) favors the dissolution 

rate for a given API. The difficulty to predict the outcome from these studies is readily 

demonstrated by the faster dissolution rates of the TBP salts as compared to the sodium salts of the 

carboxylic acids Diclofenac, Ibuprofen, Ketoprofen and Naproxen in contrast to the sulfonamides 

Sulfadiazine, Sulfamethoxazole and Tolbutamide for which the opposite was qualitatively observed 

(Figure 4) and in contrast to another sulfonamide [3]. This data indicated that the increase of the 

dissolution rate is not necessarily a function of the respective acidic functional group (carboxylic 

acid versus sulfonamide). TBP did not form micelles and, therefore, it is unlikely that the 

dissolution rate was a result of a solubilization effect by TBP. Therefore the explanation for the 

observed difference in dissolution rate of sodium and TBP salts is the difference of melting points 

and the lipophilicity of the counterion. The data provided here along with previous results 

suggested that the extent to which the two factors impact the dissolution rate is mainly driven by 

the API and cannot be limited to a functional group which is deprotonated. Therefore, each API 

requires a precisely tailored counterion to optimize the dissolution rate. 

The differences in the dissolution rates measured with rapid stirring (Figure 4) translated into 

substantially different release profiles (Figure 5) under shake flask conditions. However, the 

solubility for some TBP and sodium salts was in fact exceeding 200 mM, which was the maximum 

theoretical concentration possible for this experimental setting as any higher amount resulted in 
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inevitable aspiration of solid and suspended salt as we conducted the experiments. For these, the 

solubility is reported as ≥ 200 mM. However, the actual solubility may even exceed these values 

(Figure 5E).For the Diclofenac and Tolbutamide TBP salts a liquid-liquid phase separation (LLPS) 

was observed during the solubility determination. LLPS in the case of these TBP salts is likely 

linked to supersaturated aqueous API solutions in which crystal nucleation kinetics are rate limiting 

in comparison with the LLPS and as reported before [39-41]. Previous studies suggested that the 

solute rich phase may be applicable as a drug reservoir [42]. 

The approaches outlined here within for acidic APIs require enteric coated formulations for 

administration. This is as the solubility of a weakly acidic API depends on the degree of ionization 

and, therefore, on the pKa of the API and the pH of the surrounding medium. The API salts are 

considerably protonated at pH values < pka favoring the conversion into the free acid, hence 

recrystallization. Thus for an oral application both sodium and TBP salts should be presented in 

appropriate formulations avoiding exposure to the acidic gastric fluids after dissolution, resulting in 

recrystallization. 

Conclusion 

TBP salts were successfully prepared for several acidic APIs resulting in lower melting points and 

glass transition temperatures, respectively, with four liquids and three crystalline solid salts. The 

dissolution rates and solubilities were effectively impacted by forming ionic liquids, particularly 

when room temperature ionic liquids (RT-IL) were obtained. However, presenting the APIs as RT-

ILs was at the price of increased hygroscopicity and future studies aim at controlling these features 

by alternative counterions. 

The data reported here supported the fascinating potential of extended salt screening programs, 

including the synthesis of tailor-made counterions for optimal pharmaceutical outcome.  

Materials and Methods 

Materials 

Potassium chloride (KCl) was purchased from VWR (Radnor, PA). Tetrabutylphosphonium 

hydroxide solution (40% in water v / v), hydrochloric acid 0.5 M, Sulfadiazine (minimum 99%), 

Naproxen (USP specification), Ibuprofen sodium salt, Naproxen sodium salt, Sulfadiazine sodium 

salt, Sulfamethoxazole were purchased from Sigma Aldrich (St. Louis, MO). Sodium chloride, 

sodium hydroxide, sodium hydrogen carbonate, sodium dihydrogen phosphate, disodium hydrogen 

phosphate, methanol, ethanol, Diclofenac, Ibuprofen, Ketoprofen, Tolbutamide and Diclofenac 

sodium salt, were of analytical grade. Quality of the free forms of the APIs was assured by 
1
H 
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NMR. Hexadeuteriodimethyl sulfoxide (DMSO-d6, 99.8% D) from Euriso-top (Saarbrücken, 

Germany) was used. Standard 5 mm NMR tubes (ST 500) were purchased from Norell 

(Landisville, PA). 

Methods 

Preparation of ionic liquids and low melting salts 

Ionic liquids (IL) and crystalline TBP salts were prepared in analogy to previous reports [13]. 

Briefly, 100 mg free acid was suspended in 5 mL methanol, an equimolar amount of the counterion 

(tetrabutylphosphonium hydroxide) was added and mixed until a clear solution was obtained. 

Solvents were evaporated at 40 °C, 150 – 300 mbar until approximately 2 ml were left. The liquid 

was transferred onto a watch glass and dried at 55 °C in vacuo for two days. Substances were 

stored in a desiccator. Moisture content was determined with Mettler Toledo DL37 KF 

Coulometer. 

Sodium salt preparation 

Ketoprofen sodium salt was prepared according to the method described by Hildebrand and 

Müller-Goymann [43]. In short, Ketoprofen free acid was dissolved in methanol p.a.. Dried sodium 

hydroxide was dissolved in water and an equimolar amount of sodium hydroxide solution was 

added to the free acid. Solvent was evaporated at 50 °C in vacuo and dried for one day. The 

resulting salt was dissolved in ethanol at 50 °C and solvent was evaporated in vacuo at room 

temperature until precipitation of salt occurred. After 1 day suspension was filtered and salt was 

dried for 1 day in vacuo at 50 °C. Sulfamethoxazole and Tolbutamide sodium salts were prepared 

in a similar way. For Tolbutamide seed crystals were needed for crystallization which were 

prepared by gradual ethanol evaporation under ambient conditions. 

Nuclear magnetic resonance measurement  

NMR measurements
 
were performed on a Bruker Avance 400 MHz spectrometer (Karlsruhe, 

Germany) operating at 400.13 MHz with a BBO BB-H 5mm probe head, and data processing with 

the TopSpin 3.0 software. The temperature was adjusted with a BCU-05 (Bruker) temperature 

control unit. 

Infrared spectroscopy 

The measurements were conducted on Jasco FT/IR-6100 spectrometer from Jasco (Gross-Umstadt, 

Germany) with diamond attenuated total reflection unit. 

X-ray powder diffractometry 
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Free acids and solid TBP salts were transferred onto a silicon single crystal zero background 

specimen holder, covering an area with a diameter of approximately 5 mm. Powder diffractometric 

studies were done with a Bruker Discover D8 powder diffractometer (Karlsruhe, Germany) using 

Cu-K radiation (unsplit K1+K2 doublet, mean wavelength  = 154.19 pm) at a power of 40 kV 

and 40 mA, a focusing Goebel mirror and a 1.0 mm microfocus alignment (1.0 mm pinhole with 

1.0 mm snout). Detection of the scattered X-ray beam went through a receiving slit with 7.5 mm 

opening, a 0.0125 mm nickel foil and a 2.5° axial Soller slit. Detection was done with a LynxEye-

1D-Detector (Bruker AXS) using the full detector range of 192 channels. Measurements were done 

in reflection geometry in coupled two theta/theta mode with a step size of 0.025° in 2and 0.33 s 

measurement time per step in the range of 5 – 45° (2). Data collection and processing was done 

with the software packages DIFFRAC.Suite (V2 2.2.690, Bruker AXS 2009-2011, Karlsruhe, 

Germany) and DIFFRAC.EVA (Version 2.1, Bruker AXS 2012-2012, Karlsruhe, Germany). 

Conversion of measurement data into universally readable ASCII format was done with the Bruker 

AXS File Exchange software (2.2.40.1, Bruker AXS 2009-2012, Karlsruhe, Germany). 

Differential scanning calorimetry 

Differential Scanning Calorimetry (DSC) was performed on a DSC 8000 instrument (Perkin Elmer, 

Waltham, MA) using a scanning rate of 20 K/min. Sample size was 2.5 mg to 6.7 mg. For free 

acids melting point was determined from one heating cycle. For the ILs and LLESs three heating 

and cooling cycles were performed and the second and third heating cycles were analyzed to allow 

removal of residual water during the first heating cycle. 

Dynamic vapor sorption 

Moisture sorption isotherms of different substances were measured at 25 °C using a DVS 

Advantage 1 instrument (Surface Measurement Systems Ltd., London, UK). Initially, samples were 

dried at 10% r.H. until the change in mass was less than 0.02 mg per minute and equilibrium state 

was supposed to be reached. Thereafter, the relative humidity was increased by steps of 10% r.H. 

when equilibrium state was reached and the next step was only initiated when the mass change was 

less than 0.02 mg per minute. Moisture sorption was measured from 10% to 90% r.H. 

Surface tension 

Tensiometer K12 (Krüss GmbH, Hamburg, Germany) was used with a Wilhelmy plate (platinum) 

for surface tension determination. Temperature of 80 ml of Millipore water was adjusted to 25 °C. 

Small volumes of TBPOH 40% in water were added manually with an Eppendorf pipette. After 

addition of TPBOH solution is stirred for 3 minutes. Consequently, solution was left untouched for 
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another minute for micelle formation. For each data point 10 measurements were made within 40 

seconds. 

Photometrical determination of dissolut ion rate 

Dissolution rates were measured with a Sirius T3 instrument (Sirius Analytical, Forest Row, UK) 

as described earlier [44]. Tablets with defined surfaces were prepared by compression of 5-10 mg 

substance in a tablet disc (diameter of the tablet disk was 0.07 cm
2
 and is provided by the 

manufacturer of the machine) under a weight of 0.18 tonnes for 6 minutes with a manual hydraulic 

tablet press (Paul Weber, Stuttgart, Germany), and as described before [44]. Ibuprofen RT-IL, 

Ketoprofen RT-IL, Naproxen RT-IL and Sulfamethoxazole RT-IL – all of which being viscous 

liquids at room temperature - were filled into the identical tablet disk and obviously did not require 

compression as these were liquids. The release of drug substance from these tablet disc allows data 

collection with a standardized surface area (0.07 cm
2
), which is required to fit the data for 

calculation of the dissolution rate [44]. Dissolution rates were determined photometrically at room 

temperature in phosphate buffered saline (PBS) pH 6.8 at a stirring speed of 4800 rpm following 

manufacturer’s instructions. The linear part of the release profile was used for calculation of the 

dissolution rate (dissolved substance per time and surface area). 

24-hours solubility profiles 

4.8 µmol (sdv <0.25) dry substance was transferred into an 1.5 ml tube, 1ml PBS buffer pH 6.8 

were added and tubes was incubated at 37 °C while being shaken at 400 rpm. For all substances 

triplicates were performed. After 15 min, 45 min, 2 hours, 4 hours, 6 hours, 10 hours and 24 hours 

50 µl samples of solutions were transferred into a separate tube and centrifuged for 5 min at 13000 

rpm. Concentration of compound in supernatant was determined photometrically at 270 nm. For 

those TBP salts and sodium salts which were completely dissolved at 5 mM a second experiment 

was run using higher amounts of salt such that a theoretical maximum concentration of 200 mM 

could be achieved if all salt is dissolved after 24 hours. For those salts even exceeding the solubility 

of 200 mM, no further experiments were conducted as retrieving supernatant from these 

suspensions was impossible without aspirating solid and suspended salt. For all experiments (5 mM 

or 200 mM) the pH was controlled after 24 hours and was 6.8 ± < 0.2. 
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Supplementary Information 

Supplementary Figures: 

 

Supplementary Figure 1: IR spectra of acidic APIs and corresponding TBP salts. 
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Supplementary Figure 2: Dynamic vapor sorption data of free acids, TBP salts and sodium salts of 

Diclofenac, Ibuprofen, Ketoprofen and Naproxen. 
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Supplementary Figure 3: Dynamic vapor sorption data of free acids, TBP salts and sodium salts of 

Sulfadiazine, Sulfamethoxazole and Tolbutamide. 

Supplementary Information: IR and NMR data. 

Diclofenac-TBP: 

IR (ATR) 𝜈 [cm
-1

]:  3033, 2956, 2929, 2871, 1575, 1551, 1504, 1465, 1453, 1346, 1096, 743, 

714. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 10.95 (s, 1H), 7.42 (d, 2H, J = 8), 7.03 (t, 1H, J = 8.0), 6.98 

(dd, 1H, J = 7.4, J = 1.4), 6.88 (dt, 1H, J = 7.6, J = 1.6), 6.69 (dt, 1H, J = 7.3, J = 1.2), 6.20 (dd, 

1H, J = 7.9, J = 0.9), 3.29 (s, 2H), 2.28 – 2.06 (m, 8H), 1.59 (m, 16H), 0.91 (t, 12H, J = 7.2). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 173.2, 143.6, 138.4, 129.8, 129.1, 129.0, 128.9. 125.2, 

123.4, 119.3, 115.2, 45.8, 23.3 (d, 4C, 
3
JC,P = 15.6), 22.6 (d, 4C, 

2
JC,P = 4.5), 17.3 (d, 4C, 

1
JC,P = 

47.7), 13.2 (s, 4C). 
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Diclofenac-sodium: 

IR (ATR) 𝜈 [cm
-1

]: 3385, 3258, 1574, 1498, 1452, 1398, 745.   

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 10.36 (s, 1H), 7.43 (d, 2H, J = 8), 7.04 (t, 1H, J = 8.0), 7.03 

(dd, 1H, J = 7.4, J = 1.4), 6.91 (dt, 1H, J = 7.6, J = 1.5), 6.72 (dt, 1H, J = 7.4, J = 1.1), 6.22 (dd, 

1H, J = 7.9, J = 0.9), 3.35 (s, 2H). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 174.7, 143.4, 138.3, 130.1, 129.1, 129.0, 128.7. 125.6, 

123.8, 119.7, 115.4, 44.9. 

Diclofenac: 

IR (ATR) 𝜈 [cm
-1

]:  3322, 2885, 1690, 1506, 1452, 937, 741. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 12.68 (s, 1H), 7.52 (d, 2H, J = 8.1), 7.23 (s, 1H), 7.21 (dd, 

1H, J = 7.5, J = 1.4), 7.19 (t, 1H, J = 8.3), 7.06 (dt, 1H, J = 7.8, J = 1.4), 6.86 (dt, 1H, J = 7.4, J = 

1.2), 6.29 (dd, 1H, J = 8.1, J = 0.9)  3.70 (s, 2H). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 173.3, 142.7, 137.1, 130.9, 130.0, 129.2, 127.5, 125.6, 

123.9, 120.8, 116.0, 37.7. 

Ibuprofen-TBP: 

IR (ATR) 𝜈 [cm
-1

]:  2956, 2930, 2870, 1580, 1464, 1376, 1347, 1096, 723. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 7.13 (m, 2H), 6.94 (m, 2H), 3.15 (q, 1H, J = 7.1), 2.36 (d, 

2H, J = 7.1), 2.29 – 2.10 (m, 8H), 1.78 (nonet, 1H, J = 6.7), 1.55 – 1.31 (m, 16H), 1.17 (d, 3H, J = 

7.1), 0.91 (t, 12H, J = 7.2), 0.85 (d, 6H, J = 6.6). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 174.8, 144.1, 136.9, 127.8, 127.1, 49.3, 44.4, 29.7, 23.3 (d, 

4C, 
3
JC,P = 15.6), 22.6 (d, 4C, 

2
JC,P = 4.4), 22.2, 20.4, 17.3 (d, 4C, 

1
JC,P = 47.7), 13.2 (s, 4C). 

Ibuprofen-sodium: 

IR (ATR) 𝜈 [cm
-1

]:  2961, 1546, 1406, 1363, 1293, 1058, 786. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 7.17 (m, 2H), 6.96 (m, 2H), 3.22 (q, 1H, J = 7.1), 2.37 (d, 

2H, J = 7.1), 1.78 (nonet, 1H, J = 6.7), 1.22 (d, 3H, J = 7.1), 0.85 (d, 6H, J = 6.6). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 177.7, 143.8, 137.9, 128.5, 127.7, 49.0, 44.8, 30.2, 22.7, 

20.7. 

Ibuprofen: 

IR (ATR) 𝜈 [cm
-1

]:  2953, 1709, 1418, 1229, 1183, 779. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 12.22 (s, 1H), 7.19 (m, 2H), 7.10 (m, 2H), 3.62 (q, 1H, J = 

7.1), 2.41 (d, 2H, J = 7.1), 1.81 (nonet, 1H, J = 6.8), 1.34 (d, 3H, J = 7.2), 0.85 (d, 6H, J = 6.6). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 175.4, 139.5, 138.5, 128.9, 127.1, 44.3, 44.2, 29.6, 22.2, 

18.5. 
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Ketoprofen-TBP: 

IR (ATR) 𝜈 [cm
-1

]:  2957, 2930, 2872, 1652, 1592, 1447, 1372, 1281, 1097, 721, 704. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 7.88 – 7.27 (m, 9H), 3.24 (q, 1H, J = 7.1), 2.29 – 2.07 (m, 

8H), 1.55 – 1.32 (m, 16H), 1.23 (d, 3H, J = 7.1), 0.91 (t, 12H, J = 7.1). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 196.2, 174.0, 147.3, 137.5, 136.1, 132.3, 132.0, 129.5, 

128.8, 128.4, 127.4, 126.2, 49.6, 23.3 (d, 4C, 
3
JC,P = 15.6), 22.6 (d, 4C, 

2
JC,P = 4.4), 20.2, 17.3 (d, 

4C, 
1
JC,P = 47.7), 13.2 (s, 4C). 

Ketoprofen Sodium: 

IR (ATR) 𝜈 [cm
-1

]:  1659, 1579, 1571, 1398, 1321, 1277, 720, 689. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 7.88 – 7.27 (m, 9H), 3.35 (q, 1H, J = 7.1), 1.28 (d, 3H, J = 

7.1). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 196.1, 176.7, 146.3, 137.4, 136.3, 132.4, 132.1, 129.5, 

128.8, 128.5, 127.7, 126.7, 48.7, 20.0 

Ketoprofen: 

IR (ATR) 𝜈 [cm
-1

]:  2938, 1694, 1654, 1283, 1228, 715, 690. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 12.45 (s, 1H), 7.80 – 7.40 (m, 9 H), 3.82 (q, 1H, J = 7.1), 

1.40 (d, 3H, J = 7.2). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 195.6, 175.1, 141.8, 137.1, 137.0, 132.7, 131.9, 129.6, 

128.7, 128.6, 128.5, 128.3, 44.4, 18.5. 

Naproxen-TBP: 

IR (ATR) 𝜈 [cm
-1

]:  2957, 2930, 2872, 1588, 1463, 1369, 1334, 1264, 1228, 1211, 1031, 809. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 7.68 (d, 1H, J = 7.7), 7.61 (d, 1H, J = 8.5), 7.6 (m, 1H), 

7.46 (dd, 1H, J = 8.5, J = 1.7), 7.21 (d, 1H, J = 2.5), 7.06 (dd, 1H, J = 8.9, J = 2.6), 3.84 (s, 3H), 

3.29 (q, 1H, J = 7.1), 2.30 – 2.08 (m, 8H), 1.56 – 1.32 (m, 16H), 1.28 (d, 3H, J = 7.1), 0.91 (t, 12H, 

J = 7.1). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 174.7, 156.2, 142.2, 132.3, 128.7, 128.5, 127.8, 125.3, 

124.5, 117.7, 105.6, 55.0, 49.6, 23.3 (d, 4C, 
3
JC,P = 15.6), 22.6 (d, 4C, 

2
JC,P = 4.4), 20.3, 17.3 (d, 4C, 

1
JC,P = 47.7), 13.2 (s, 4C). 

Naproxen-sodium: 

IR (ATR) 𝜈 [cm
-1

]:  1584, 1390, 1364, 1251, 1210, 1161, 1029. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 7.70 (d, 1H, J = 9.0), 7.63 (d, 1H, J = 8.6), 7.61 (m, 1H), 

7.47 (dd, 1H, J = 8.4, J = 1.7), 7.21 (d, 1H, J = 2.6), 7.07 (dd, 1H, J = 8.9, J = 2.6), 3.84 (s, 3H), 

3.39 (q, 1H, J = 7.1), 1.32 (d, 3H, J = 7.1). 
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13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 176.9, 156.3, 141.3, 132.4, 128.8, 128.5, 127.7, 125.6, 

124.7, 117.9, 105.6, 55.0, 48.9, 20.2. 

Naproxen: 

IR (ATR) 𝜈 [cm
-1

]:  3162, 1726, 1393, 1175, 1157, 819. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 12.30 (s, 1H), 7.78 (t, 2H, J = 9.4), 7.71 (d, 1H, J = 0.9), 

7.40 (dd, 1H, J = 8.4, J = 1.8), 7.29 (d, 1H, J = 2.5), 7.15 (dd, 1H, J = 8.7, J = 2.6), 3.86 (s, 3H), 

3.80 (q, 1H, J = 7.1), 1.44 (d, 3H, J = 7.1). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 175.4, 157.1, 136.3, 133.2, 129.1, 128.4, 126.8, 126.4, 

125.5, 118.7, 105.7, 55.1, 44.6, 18.4. 

Sulfadiazine-TBP: 

IR (ATR) 𝜈 [cm
-1

]:  2957, 2930, 2871, 1578, 1499, 1418, 1235, 1122, 1086, 675. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 8.04 (d, 2H, J = 4.6), 7.60 – 7.20 (m, 2H), 6.56 – 6.34 (m, 

2H), 6.29 (t, 1H, J = 4.6), 5.25 (s, 2H), 2.32 – 2.03 (m, 8H), 1.66 – 1.28 (m, 16H), 0.91 (t, 12H, J = 

7.1). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 164.5, 156.8, 149.4, 134.3, 128.2, 111.7, 108.6, 23.3 (d, 

4C, 
3
JC,P = 15.6), 22.6 (d, 4C, 

2
JC,P = 4.4), 17.3 (d, 4C, 

1
JC,P = 47.7), 13.2 (s, 4C). 

Sulfadiazine-sodium: 

IR (ATR) 𝜈 [cm
-1

]:  1599, 1582, 1542, 1416, 1239, 1125, 1079, 800, 676. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 8.10 (d, 2H, J = 4.7), 7.60 – 7.40 (m, 2H), 6.50 – 6.42 (m, 

2H), 6.37 (t, 1H, J = 4.7), 5.33 (s, 2H). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 164.5, 157.2, 149.9, 133.4, 128.2, 111.9, 109.0. 

Sulfadiazine: 

IR (ATR) 𝜈 [cm
-1

]:  1577, 1488, 1324, 1149, 938, 680. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 11.24 (s, 1H), 8.55 – 8.39 (m, 2H), 7.67 – 7.52 (m, 2H), 

6.99 (t, 1H, J = 4.9), 6.62 – 6.50 (m, 2H), 5.99 (s, 2H). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 158.2, 157.2, 153.0, 129.8, 124.9, 115.5, 112.1. 

Sulfamethoxazole-TPB: 

IR (ATR) 𝜈 [cm
-1

]:  3431, 3338, 3214, 2957, 2930, 2872, 1618, 1598, 1500, 1459, 1398, 1232, 

1123, 1093, 1002, 934, 827. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 7.40 – 7.20 (m, 2H), 6.58 – 6.27 (m, 2H), 5.71 (d, 1H, 4J = 

0.8 Hz), 5.27 (s, 2H), 2.32 – 2.03 (m, 8H), 2.08 (d, 3H, 4J = 0.8 Hz),  1.66 – 1.28 (m, 16H), 0.91 (t, 

12H, J = 7.1). 
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13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 166.7, 164.8, 149.4, 135.1, 127,2, 112.2, 97.0, 23.3 (d, 4C, 

3
JC,P = 15.6), 22.6 (d, 4C, 

2
JC,P = 4.4), 17.3 (d, 4C, 

1
JC,P = 47.7), 13.2 (s, 4C), 12.2. 

Sulfamethoxazole Sodium: 

IR (ATR) 𝜈 [cm
-1

]:  3485, 3466, 3374, 1619, 1597, 1502, 1469, 1412, 1211, 1166, 1118, 1091, 

798, 753. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 7.40 – 7.20 (m, 2H), 6.58 – 6.27 (m, 2H), 5.73 (d, 1H, J = 

0.8 Hz), 5.32 (s, 2H), 2.09 (d, 3H, J = 0.8 Hz).  

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 165.9, 165.5, 149.9, 133.7, 127,5, 112.2, 97.0, 12.2. 

Sulfamethoxazole: 

IR (ATR) 𝜈 [cm
-1

]:  3466, 3376, 3297, 1617, 1595, 1501, 1363, 1303, 1142, 827. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 10.90 (s, 1H), 7.60 – 7.30 (m, 2H), 6.74 – 6.46 (m, 2H), 

6.09 (d, 1H, J = 0.9), 6.06 (s, 2H), 2.28 (d, 3H, J = 0.8). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 169.8, 157.9, 153.3, 128.8, 124.2, 112.6, 95.3, 12.0. 

Tolbutamide-TBP: 

IR (ATR) 𝜈 [cm
-1

]:  3368, 2956, 2930, 2872, 1606, 1514, 1465, 1267, 1243, 1124, 1083, 813. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 7.69 – 7.48 (m, 2H), 7.22 – 6.99 (m, 2H), 5.61 (s, 1H), 2.96 

– 2.69 (m, 2H), 2.29 (s, 3H), 2.25 – 2.07 (m, 8H), 1.60 – 1.32 (m, 16H), 1.32 – 1.12 (m, 4H), 0.91 

(t, 12H, J = 7.1), 0.82 (t, 3H, J = 7.2). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 160.3, 145.5, 138.1, 127.7, 126.3, 32.3, 23.3 (d, 4C, 

3
JC,P = 

15.6), 22.6 (d, 4C, 
2
JC,P = 4.4), 20.8, 19.7, 17.3 (d, 4C, 

1
JC,P = 47.7), 13.8, 13.2 (s, 4C). 

Tolbutamide-TBP: 

IR (ATR) 𝜈 [cm
-1

]:  3368, 2956, 2930, 2872, 1606, 1514, 1465, 1267, 1243, 1124, 1083, 813. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 7.69 – 7.48 (m, 2H), 7.22 – 6.99 (m, 2H), 5.61 (s, 1H), 2.96 

– 2.69 (m, 2H), 2.29 (s, 3H), 2.25 – 2.07 (m, 8H), 1.60 – 1.32 (m, 16H), 1.32 – 1.12 (m, 4H), 0.91 

(t, 12H, J = 7.1), 0.82 (t, 3H, J = 7.2). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 160.3, 145.5, 138.1, 127.7, 126.3, 32.3, 23.3 (d, 4C, 

3
JC,P = 

15.6), 22.6 (d, 4C, 
2
JC,P = 4.4), 20.8, 19.7, 17.3 (d, 4C, 

1
JC,P = 47.7), 13.8, 13.2 (s, 4C). 

Tolbutamide: 

IR (ATR) 𝜈 [cm
-1

]:  3358, 3262, 3165, 1595, 1519, 1316, 1177. 

1
H-NMR (DMSO-d6, δ [ppm], J [Hz]): 10.44 (s, 1H), 7.91 – 7.67 (m, 2H), 7.46 – 7.32 (m, 2H), 

6.42 (t, 1H, J = 5.4), 2.98 – 2.88 (m, 2H), 2.38 (s, 3H), 1.35 – 1.23 (m, 2H), 1.23 – 1.10 (m, 2H), 

0.81 (t, 3H, J = 7.3). 

13
C-NMR (DMSO-d6, δ [ppm], J [Hz]): 151.3, 143.5, 137.5, 129.4, 127.2, 31.3, 21.0, 19.3, 13.5.   
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Conclusion and outlook 

Ionic liquids (IL) and Low lattice enthalpy salts (LLES) proved a versatile tool for formulation 

scientists to tune the crucial parameters for drug release and bioavailability. ILs were prepared for 

several acidic APIs by combination with bulky voluminous counterions. With the delocalization of 

charges and introduction of side-chains into the counterion, hindering its interaction with the API, 

ILs or at least salts with a low lattice force were effectively designed [1, 2]. The liquid state at 

room temperature is especially interesting as no crystalline structures and hence no polymorphs 

may be formed, respectively, quite regularly imposing hurdles on pharmaceutical development 

programs. Various examples have been presented leading to Room temperature ionic liquids (RT-

ILs), due to their stable liquid state avoiding polymorphism [1, 3-5]. However, studies also 

detailed, that in some cases such RT-ILs may transform into crystalline, hence solid hydrates [6]. 

Within the presented studies the ratio of API and counterion was 1:1 in all cases. As liquefaction of 

ILs was observed for increasing API to counterion ratios, non-stoichiometric salts could be 

interesting to be further investigated [7]. Other options aiming to reduce the formation of a strong 

lattice structure include the combination of one API with two or even more different counterions in 

a 1:1 or other ratio of the API to counterion(s). 

The IL concept is particularly addressing the challenges around solubility or dissolution rate, quite 

frequently observed for poorly water soluble drugs (PWSD). For ILs and LLESs the choice of the 

counterion had a strong impact on the dissolution rate. Due to ionization, the salts and ILs generally 

dissolve faster than the corresponding free acids, as the interaction with the aqueous medium is 

increased. The dissolution rate of the salts and ILs depended on the melting point and the 

lipophilicity of the counterion. ILs and LLESs generally displayed lower melting points than the 

respective sodium or potassium salts; however, this did not generally translate into faster 

dissolution rates. Arguably the desired impact on the dissolution rate by reducing the melting point 

(hence increasing the lattice enthalpy) by larger, sterically demanding counterions was 

counterbalanced by a concomitant increase of these counterions’ lipophilicity which was negatively 

impacting the dissolution rate. These data sets provided evidence, that a strategy solely focusing on 

a reduction of the melting point alone is insufficient in meeting the goal of accelerated dissolution 

rates. This was studied in detail for ILs of one API with similar melting points, revealing that the 

dissolution rate correlated with the lipophilicity of the counterion. These insights will be quite 

instrumental in custom-designed counterions of the future allowing for a precise tuning of the 

dissolution rate and at the same time for tuning the release profiles for poorly water soluble APIs. 

Immediate to prolonged release of an API may be accomplished simply by the choice of 

counterion, complementing of perhaps sometimes challenging the need for complex, polymer 

based formulations to meet these goals. 
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Another aspect which should be taken into consideration when designing counterions for poorly 

water soluble, weak acids with pKa values of 5-7 is that protons present in dissolution media or 

intestinal fluids drive (partial) protonation of the acid, hence charge neutralization resulting in 

recrystallization of the free form. However, IL preparation was observed to stabilize the API in 

solution by aggregate formation, as determined by NMR aggregation assay, thus preventing 

precipitation of the free form as it occurred for the corresponding potassium salt. The relative 

amount of counterion almost linearly prolonged the duration of supersaturation. By determination 

of supersaturation of an API with several counterions an indirect correlation between dissolution 

rate and duration of supersaturation was detected. A hypothesis was developed in that the more 

hydrophilic the counterion, the better it interacts with the aqueous medium and the less aggregates 

are formed protecting the acid API from protonation and consequently recrystallization. To prove 

this hypothesis further experiments are required. Future studies on the aggregation pattern of the 

API with different counterions will elucidate whether larger or more aggregates are formed with 

more lipophilic counterions. Instrumentally, this can be addressed by NMR aggregation assay [8, 

9], viscosity and conductivity measurements (Walden plots) [10] and electrospray ionization mass 

spectrometry (ESI-MS) [11, 12] of ILs with systematically altered counterions e.g. with one alkyl 

chain increasing systematically by one or more methyl unit, resulting in an increased size and 

lipophilicity of the counterion. Besides, the interaction of the ILs or the different counterions with 

the aqueous medium could be further investigated using titration calorimetry and determining the 

heat of dissolution. 

For one IL the transport through Caco-2 cell layers was determined in comparison to the free acid 

and a prodrug, with the acidic group being acetylated, rendering the prodrug more lipophilic than 

the free acid. Applied as suspensions the better permeable prodrug was outperformed by the IL as it 

was much better soluble. Interestingly and in contrast to some observations reported previously for 

other APIs, the ILs prepared in the studies reported here within did not affect the permeability 

through epithelial model membranes of the API [2, 9, 13, 14], in spite of various mechanistic 

explanations linking the formation of neutral ion pairs or larger aggregates to improved permeation 

[15-18]. Our observations based on Caco-2 assay results, clearly linked the advantageous impact of 

the IL as compared to the prodrug and the free acid on its increase in kinetic solubility resulting in 

a higher concentration gradient between the apical and basolateral compartments, respectively. We 

did not collect evidence that this enhanced transepithelial transport rate was at least in part a result 

of enhanced permeability of IL aggregates for the case studied here within. However, for the 

fascinating potential of manipulating pharmaceutical properties to an extent outlined here within, 

the IL approach appears to be an alternative to prodrug formation, with the great advantage that no 

structural changes of the API are required. 
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A concern with ILs as pharmaceutical formulations is the unknown toxicity of the new counterions. 

In the studies presented here the cytotoxicity was assessed in vitro in three cell lines. An increase in 

cytotoxicity correlated with an increase in the counterion lipophilicity, in particular with the 

number of hydrophobic atoms the number of charges per molecule and the number of hydroxyl 

moieties of the counterion, corroborating previous reports linking counterion lipophilicity and 

cytotoxicity. These studies explained the observation by different interaction with lipophilic cell 

membranes and cytoplasmic uptake, inducing unfavorable cellular responses including apoptosis 

[19-22]. Novel counterions will always be exposed to the challenge of potential toxicity. One 

approach to mitigate this risk a priori is to confine ones IL strategy to counterions which have been 

already proven safe including amino or fatty acids [23-26] and ideally listed ‘as generally 

recognized as safe’ substances (GRAS) [4, 27-29]. Alternatively, one may target for counterions 

which are not absorbed when e.g. taken orally and, therefore, may not cause any harm, at least 

systemically. Typically ionized molecules may not be transported through lipid membranes of the 

epithelial barriers, apart from those being small enough to pass ‘aqueous pores’ [30, 31]. Thus 

counterions could be prepared with a low ion-pairing capacity, which are strongly charged but too 

large for a transport through pores, hence not absorbed. 

Besides for toxicological reasons, future in vivo studies are also needed to study the effect of 

different counterions on the pharmacokinetic profiles. In particular for the LLESs presented in the 

third chapter animal trials have already been planned to elucidate to which extent the distinct 

physicochemical properties of the different LLESs may result in relevant changes of the 

biopharmaceutical parameters of an API. For this upcoming first proof of concept both, small 

highly charged hydrophilic counterions and large voluminous lipophilic counterions are 

particularly interesting. For an oral application it has to be considered that ILs of acidic APIs (pka 

> 2) are not stable in gastric fluids as the API will be protonated and the substance will 

recrystallize. One approach to solve this dilemma is by presenting these in enterically coated 

capsules. Possibly, these capsules may be prepared without any excipients for these proof of 

concept studies, but future studies must demonstrate to which extent this is feasible, particularly as 

the dosing accuracy is challenging or potential release challenges may arise from IL being confined 

within incompletely dissolving gelatin nests during disintegration of the (gelatin) hard capsules. 

The beauty of excipient-free filling of the capsules is that co-formulated excipients may impact the 

dissolution and solubility profiles, thereby masking or at least potentially confounding the impact 

of the ILs. However, should powder mixtures be required for successful formulation of such 

capsules, one should pay particular attention to the hygroscopic nature of some of these ILs, and 

associated challenges on the stability of the capsules and water uptake of the powder blend with 

associated chemical stability challenges during storage. Other options include the use of gastro- 

resistant matrixes for IL protection. However, the presence of polymer for matrix formation, within 
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which the ILs are embedded, may however, confound the observations, as pointed out before for 

the powder blends. 

As mentioned above, the mayor drawback of ILs and LLESs for preparation of solid oral dosage 

forms is the rather high hygroscopicity, which is typical for some of these salts and may only partly 

be controlled by lipophilic counterions, with their negative impact on the dissolution rate of 

solubility profiles being the limiting factor. The more lipophilic the counterion was, the lower was 

the hygroscopicity of the IL of LLES, with the number of hydrophobic atoms and the number of 

charges per molecule being identified as the major parameters driving its features. However, even 

ILs of lipophilic counterions were hygroscopic to a certain extend. Some possibilities to face this 

problem have been presented in the first chapter like working under defined relative humidity or 

embedding the ILs and LLESs in lipophilic water soluble matrixes. Similar concepts need to be 

developed for the ILs and LLESs presented in the chapters before. 

Besides the hygroscopicity, formulations need to be optimized to assure long-time stability of ILs 

and LLESs. Regarding the shelf life of ILs and LLES a plentitude of information is available; 

however not from a pharmaceutical point of view. Stability and impurities need to be determined 

according to the guidelines ‘Stability Testing of New Drug Substances and Products’ and 

‘Impurities in New Drug Products’ by the International Conference on Harmonisation of Technical 

Requirements for Registration of Pharmaceutics for human use (ICH) [32, 33]. To detect the low 

amounts of decomposition products, which can significantly impair health, adequate and precise 

analytical methods need to be developed to assure a consistent high quality during storage. Such 

methods could be liquid chromatography - mass spectrometry (LC-MS) or liquid chromatography 

followed by charged aerosol detection (HPLC-CAD). 

In this contribution, the IL concept was confined to acidic APIs. The promising results suggest 

expanding the investigations to bases as APIs for IL preparation. However, the motivation of using 

ILs for basic APIs is slightly different than from what was presented for acidic APIs. Bases are 

ionized in the acidic gastric fluids after oral administration and their dissolution and apparent 

solubility are favored. Therefore, deploying ILs for bases may be motivated in an effort to stabilize 

these against precipitation in cases of higher pH environments or when controlled release profiles 

are sought. 

The focus of the presented studies was an oral application of API-ILs. However, the concept of ILs 

may obviously be extended to other routes of application. In particular for a transdermal 

application promising results were presented before [3], though in most of the presented studies no 

API-ILs were applied but the API was dissolved in an IL, which served as a solvent vehicle in the 

delivery system [28, 34, 35]. Due to the possibility to tune the permeability by proper counterion 
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choice, the drug transport through skin may be favorably adapted when transforming an API into 

an IL and by means of adjustment with lipophilic counterions. Furthermore, controlled API release 

profiles can be targeted by rational counterion design, which may be desirable when the application 

frequency of dosing regimens is to be reduced. Other potential routes include trans-epithelial, nasal 

or trans-corneal, ocular administration, respectively. Highly viscous sticky RT-ILs could offer the 

possibility to apply high concentrations of API topically minimizing the need for excipients in this 

delivery system. For an intramuscular application ILs could offer the possibility to inject highly 

concentrated liquid formulations as well as to provide API release kinetics leading to sustained 

release [36]. Thus ILs might be used as injectable drug delivery systems with a prolonged release. 

In conclusion, ILs were demonstrated to offer a great option for formulation scientist to 

deliberately adjust the parameters for drug release and bioavailability to the therapeutic needs of 

patients. At the same time the full pharmaceutical potential of ILs has not even nearly been 

recognized by the pharmaceutical industry to date. The studies presented here may be regarded as a 

starting point for this novel formulation platform, leading to a better insight of ILs as a formulation 

strategy and promising new IL based drug delivery systems. 
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Abbreviations 

A
-
   Deprotonated acid 

a_nN   Number of nitrogen atoms 

a_nO   Number of oxygen atoms 

ABL   Aqueous boundary layer 

AH   Free acid 

ahyd   Number of hydrophobic atoms 

AMPA   α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

API   Active pharmaceutical ingredient 

B   Free base 

BH
+
   Protonated base 

c   Concentration 

C16M2Im  Hexadecyldimethylimidazolium 

C2MIM   1-ethyl-3-methylimidazoium 

C2OHMIM  1-hydroxy-ethyl-3-methylimidazolium 

CAD   Charged aerosol detector 

CnMIm   1-Alkyl-3-methyl-imidazolium derivative 

CP   Cetylpyridinium 

DAPI   4′,6-diamidine-2-phenylindol 

DMEM   Dulbecco’s modified Eagle’s medium 

DMSO   Dimethyl sulfoxide 

DSC   Differential scanning calorimetry 

DTA   Differential thermal analysis 

DVS   Dynamic vapor sorption 

E   Equilibrium 

ESI-MS  Electrospray ionization mass spectrometry 

FCharge  Number of charges 

FDA   Food and Drug Administration 

ΔG°   Standard Gibbs energy 

GRAS   Generally regarded as safe substance 

HBSS   Hank's Buffered Salt Solution 

HPLC   High performance liquid chromatography 

HTS   High throughput screening 

IC50   Half maximal inhibitory concentration 
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ICH  International Conference on Harmonisation of Technical Requirements for 

Registration of Pharmaceutics for human use 

IL   Ionic liquid 

IR   Infrared spectroscopy 

j   Crystal formation rate 

J   Dissolution rate 

lnK   Natural logarithm of the equilibrium constant 

Ka   Acid dissociation constant 

KCl   Potassium chloride 

Kd   Dissociation constant 

Ksp   Solubility product 

LC-MS   Liquid chromatography - mass spectrometry 

[Lid][Ibu]  Complex of ibuprofen and lidocaine 

LLES   Low lattice enthalpy salt 

LLPS   Liquid-liquid state phase separation 

logP   Logarithm of the octanol/water partition coefficient 

MOE   Molecular Operating Environment 

MP   Melting point 

NEA   Nonessential amino acids 

NMR   Nuclear Magnetic Resonance spectroscopy 

NOE   Nuclear Overhauser Enhancement 

NTH3Sal)  2-amino heptane salicylate 

PAMPA  Parallel artificial membrane permeation assay 

Papp   Apparent permeability coefficients 

PBS   Phosphate buffered saline 

Pen/Strep  Penicillin and streptomycin 

pHmax   pH of maximum solubility 

PK   Pharmacokinetic 

Δ pka   pka difference 

PWSD   Poorly water soluble drug 

QSAR   Quantitative structure–activity relationship 

R
2
   Coefficient of determination 

RT-IL   Room temperature ionic liquid 

S   Supersaturation 

S/S0   Supersaturation ratio 

SDS   Sodium dodecylsulfate 
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T   Temperature 

t   Time 

TAPH   Tetraalkylphosphonium hexanoate 

TAPO   Tetraalkylphosphonium oleate 

TBP   Tetrabutylphosphonium 

TEA   Tetraethylammonium 

TEER   Transepithelial electrical resistance 

TFA   Trifluoracetic acid 

TG   Glass transition temperature 

TGA   Thermal gravimetric analysis 

tmax   Time to maximum plasma concentration 

TSP   3-(trimethylsilyl)propionic acid 

UV   Ultraviolet 

V   Cell viability 

w   weight fraction 

WS   Water sorption 

XRD   X-ray-diffraction 

XRPD   X-ray powder diffractometry 

Δ α   change in thermal expansivity 

λ   Wavelength 

ρ   True density 

𝑓   Frequency of attachment of unit blocks to a nucleus 
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