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ABSTRACT

The global goal of the current thesis is to demonstrate the feasibility of the ionic liquids (ILs)
platform to boost “old” drugs efficiency. With this ground, cholinium- and imidazolium-
based ILs were used to formulate pharmaceutically active ILs (API-ILs) and eutectic systems
with ibuprofen (Ibu) as parent active pharmaceutical ingredient (API). The aqueous solubility,
water and simulated biological fluids, of the IBU-based ILs and eutectics relatively to Ibu
neutral and salt form (sodium ibuprofen) were assessed. Jointly, insights into task-specific
fluorinated ILs that reduce the impact of the addition of water upon the IL’s H-bond
acceptance ability, a key factor to obtain functionalized materials to be used in the dissolution
of drugs or biomolecules, were attained. The cytotoxic profiles were characterized for both
IBU-based ILs and eutectics, as well as for the parent API (Ibu), using two human cells lines,
colon carcinoma cells (Caco-2) and hepatocellular carcinoma cells (HepG-2). The
biocompatibility of all Ibu formulations was also evaluated through a hemolytic activity assay.
Moreover, the anti-inflammatory properties of all Ibu formulations, ILs, eutectics, and parent
API, were assessed through the inhibition of bovine serum albumin (BSA) denaturation and
inhibition of cyclooxygenases (COX-1 and COX-2). The assessment of ionicity, through
measurements of density, viscosity, and ionic conductivity, was carried out to evaluate the
formation of ion-pairs or clusters that enhance membrane permeation. In the end, an in vitro
skin permeation assay was attained through Skin Parallel Artificial Membrane Permeability
Assays (Skin-PAMPA) to evaluate the Ibu-based ILs and eutectics skin permeability. The
evaluation of the permeation potential allows to guide the design of transdermal drug delivery
systems. The results of this thesis comprise a proof of concept for the feasibility of task-specific
ILs and IL-based eutectics, namely API-ILs and API-based eutectics, in the development of
novel drug delivery systems, and more broadly for biological, biochemical, and

pharmaceutical applications.

Keywords: Ionic Liquids, Eutectic Systems, Ibuprofen, Solubility, Cytotoxicity,
Haemolytic Activity, Anti-inflammatory Activity, BSA denaturation, COX-1, COX-2, Ionicity,

Skin Permeation.
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RESUMO

O objetivo global da presente tese € demonstrar a viabilidade do uso da plataforma de
liquidos idnicos (LIs) para aumentar a eficiéncia de farmacos “antigos”. Desta forma, Lls a
base de colinio e imidazolio foram usados para formular LIs farmacologicamente ativos (API-
ILs) e sistemas eutécticos com ibuprofeno (Ibu) como principio ativo (API) de origem. A
solubilidade aquosa, em agua e em fluidos bioldgicos simulados, dos LIs a base de Ibu e
eutécticos em relagao ao Ibu neutro e na forma de sal (ibuprofeno sddico) foi avaliada. Foram
também obtidas informagdes sobre LIs fluorados que reduzem o impacto da adigao de agua
devido a sua capacidade de aceitagdo de ligagdes de hidrogénio, um fator chave para se obter
materiais funcionalizados para serem usados na dissolugao de farmacos ou biomoléculas. Os
perfis citotoxicos foram caracterizados tanto para ILs baseados em Ibu como para os sistemas
eutécticos e o API de origem (Ibu), usando duas linhagens de células humanas, células de
carcinoma de colon (Caco-2) e células de carcinoma hepatocelular (HepG-2). A
biocompatibilidade de todas as formulagdes de Ibu também foi avaliada através de um ensaio
de atividade hemolitica. As propriedades anti-inflamatérias de todas as formulagdes de Ibu,
ILs, eutéticos e API de origem, foram avaliadas através da inibi¢do da desnaturagao da
albumina sérica bovina (BSA) e inibig¢ao das ciclooxigenases (COX-1 e COX-2). A avalia¢dao da
ionicidade através da medicao de densidade, viscosidade e condutividade idnica, foi realizada
para avaliar a formacao de pares idnicos ou aglomerados que poderdo aumentar a permeagao
nas membranas. Por fim, foi realizado um ensaio de permeacao cutanea in vitro através do
sistema Skin Parallel Artificial Membrane Permeability Assay (Skin-PAMPA) para avaliar a
permeabilidade cutanea dos Lis e eutéticos a base de Ibu. A avaliagdo do potencial de
permeacao permite orientar a correta formulagao de um novo sistema de entrega transdérmica
de farmacos. Os resultados desta tese compreendem uma prova de conceito para a viabilidade
do uso de Lls e eutécticos baseados em IL, nomeadamente API-ILs e eutécticos baseados em
API, no desenvolvimento de novos sistemas de administracio de farmacos e, mais

amplamente, para aplica¢des bioldgicas, bioquimicas e aplicagdes farmacéuticas.

Palavras-Chave: Liquidos Idnicos, Sistemas Eutécticos, Ibuprofeno, Solubilidade,
Citotoxicidade, Atividade Hemolitica, Atividade Anti-inflamatdria, Desnaturacao de BSA,

COX-1, COX-2, Ionicidade, Permeacao cutanea.
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GENERAL INTRODUCTION






The emerging trends in drug design and combinational chemistry have leading to the
development of drugs candidates with greater lipophilicity, high molecular weight and
poor water-solubility. Further, the major failure in the drug development process have
been attributed to poor water-solubility where around 40% of drugs with market
approval and nearly 90% of molecules in the discovery pipeline are poorly water-
soluble, which compromise bioavailability and therapeutic efficacy and consequent

failure in the later stages of development [1].

Active pharmaceutical ingredients (APIs) are the active components in drugs that are
responsible for producing the required effect to treat a condition. APIs can be
commercialized in several dosage forms but the solid form in the shape of a tablet have
been the first choice of manufacturers over the years due to their comparatively low cost
of manufacturing, packaging, shipping, and ease of administration [2]. However, the
downsides of solid forms grasp from the irregular gastrointestinal absorption along with
the low therapeutic efficiency to a possible toxicity and side-effects of polymorphs [3,4].
For instance, the differences in bioavailability among the different API’s polymorphs as
required different drug dosages to achieve the therapeutic effect and the therapeutic
dosage of a certain API can correspond to a toxic or potential lethal dose of its
polymorph. Thus, the polymorphism issues result in significant economic losses in sales

and in R&D to enable novel formulations back into the market [4].

The oral ingestion is the most convenient and commonly employed route of drug
delivery, however the major challenge with the design of oral dosage forms lies with the
drug poor bioavailability. The oral bioavailability depends on several factors, but the
most frequent causes are attributed to poor solubility and low permeability [5].
Solubility also plays a major role for other dosage forms like parental formulations
where poorly water soluble drugs often required high doses in order to reach therapeutic
plasma concentrations. Any drug to be absorbed must be present in the form of an
aqueous solution at the site of absorption [5]. Examples of strategies for improving and
maximizing the drugs solubilities include the use of salt forms with enhanced
dissolution profiles, solubilisation of drugs in co-solvents and micellar solutions and the

use of lipidic systems for the delivery of lipophilic drugs [1,6].



In the above context, liquid forms of APIs, such as pharmaceutically active ionic liquids
(API-ILs) and eutectics systems [7-9], are appealing solutions to avoid both
polymorphism and improve low-water solubility constraints, while allowing to reduce

organic solvents use.

1.1 Non-steroidal anti-inflammatory drugs (NSAIDs)

In the 1830s the salicylate was isolated from willow bark, followed by the discovery of
the acetyl salicylate (aspirin) by Felix Hoffman of Bayer industry, Germany, in 1897.
Since the first discovery, non-steroidal anti-inflammatory drugs (NSAIDs) have been
enjoying a blockbuster status in the pharmaceutical industry [10]. NSAIDs constitute 5%
of all the prescribed medicines worldwide being the most popular over-the-counter
drugs [11]. They are mainly use for the treatment of patients suffering from pain and
inflammatory conditions such as chronic pain, osteoarthritis, rheumatoid arthritis,

postoperative surgical conditions and menstrual cramps [12].

In addition to the common use of NSAIDs, a recent study on amyloid beta-induced
experimental Alzheimer’s disease in mice has shown that mefenamic acid, a fenamate
NSAID used to relieve period pain, could offer protection by suppressing
neuroinflammation and memory loss [13]. Despite this extensive therapeutic utility, the
NSAIDs are infamous for multiple severe side effects including gastrointestinal
toxicities, cardiovascular risks, renal injuries, and hepatotoxicity as well as hypertension

and other minor disorders [12].

The general mode of action of NSAIDs involves the inhibition of cyclooxygenases
(COXs) implicated in the biosynthesis of prostaglandin (PG) which is strongly
implicated in inflammation as shown in Figure 1.1. The bioconversion of arachidonic
acid (AA) into inflammatory prostanoids (prostaglandins and prostacyclins) is mediated
by COX enzymes (COX-1 and COX-2) which can be inhibited by NSAIDs. COX-1 is
referred to as a “constitutive isoform” and is considered to be expressed in most tissues
under basal conditions being responsible for vital functions such as the maintenance of
gastrointestinal tract and vascular homeostasis. In contrast, COX-2 is referred to as an

“inducible isoform”, which is believed to be undetectable in most normal tissues, but



can be up-regulated during various conditions, many of them pathological [14]. Almost
all the NSAIDs on the market inhibit both the COX isoforms at their therapeutic doses
but the desired formulation is one NSAID that selectively inhibit only the COX-2 present
in pathological conditions to prevent the common side effects associated to COX-1
selectivity [12]. Thus, newer approaches or alternative strategies were taken for a
chemical modification to tame down the toxic side effects without compromising their

beneficial health effects.

Arachidonicacid (AA)
g N
Cyclooxygenase-1 Cyclooxygenase-2
(ox1) (CoX2)
NSAIDs ;
Ex: Ibuprofen
Synthesis Synthesis
Prostaglandins Prostaglandins
Thromboxanes Prostacyclins
Inflammation and Inflammation
housekeeping fuctions

Figure 1.1 General mode of action of NSAIDs [15,16]

Ibuprofen (Ibu), chemically know as 2-(4-isobutylphenyl)-propionic acid, is a
representative NSAID and it was the first member of propionic acid derivatives to be
introduced in 1969 as a better alternative to aspirin [17]. Besides, ibuprofen is the most
commonly used and most frequently prescribed NSAID [12]. It is a considered a non-
selective inhibitor of COX-1 and COX-2 enzymes used to treat rheumatoid arthritis and

osteoarthritis, pain, and fever [17].

The most used delivery route of ibuprofen is the oral route, however, to treat pain and
fever it is necessary to achieve quick relief which is directly related to the ibuprofen
absorption rate into the blood ultimately depending on the drug dissolution rate and
solubility [18]. Ibuprofen shows poor solubility in water and present a relatively high
lipophilicity. Its solubility mainly depends on the pH were solutions at a pH above the
ibuprofen pKa (pKa = 4.44) the solubility is greatly increased resulting from ionisation
[19]. Potthast et al. [18] showed that solubility of ibuprofen at 37°C was 0.038 mg/mL at
pH 1 and it increased 2-fold (0.084 mg/mL) and almost 20-fold (0.685 mg/mL) when the



pH was changed to 4.5 and 5.5, respectively. When the authors increased the pH to 6.8
the solubility was increased by 100-times higher (3.37 mg/mL)[13]. The dosage of
ibuprofen in common commercial formulas is generally 200 mg to be administered every
6h, however the quantity required for therapeutic purposes in adult is only 20 mg. The
commercialized forms possess more than 10-fold this amount due to the ibuprofen poor
absorption and first pass metabolism but also due to their poor aqueous solubility. This
limited solubility and rate of solution demand that commercial formulas need to use
higher doses to reach it therapeutic effect when administered contributing to the increase

in some of the unwanted adverse effects [20].

The commercially used ibuprofen salt (Nalbu) is an example of the simplest modification
required to increase ibuprofen solubility properties. The acid proton is replaced by the
the sodium cation and solubility in polar solvents, including water, is significantly
increased compared to parent acid, with a faster action leading to an earlier pain relief
[21]. The ibuprofen anion was also paired with other organic cations such as arginine or
lysine salts and, similar to sodium salt more commonly used, an increase in solubility is
achieved and a higher mean maximum plasma or serum ibuprofen concentration in a
shorter time was found [22-24]. Formation of ibuprofen ion-pairs using organic bases
was also implemented to be an effective approach in topical ibuprofen administration.
Dermal delivery overcomes several side effects of systemic use. It contends the
therapeutic effects to the affected site and limits systematic absorption to the vascular
system, thereby avoiding first-pass hepatic metabolism and ibuprofen gastrointestinal

toxicity [17,25].

1.2 Ionic liquids and their role in the pharmaceutical field

The pharmaceutical industry has relied on the use of ionic forms to improve drugs
solubility problems [22]. In this context, ionic liquids (ILs) disclose high potential in the
pharmaceutical field mainly due to their high versatility in terms of chemical structure
design towards a target application [26,27]. ILs are salts that are composed of a organic
cation and an organic/inorganic anion where the large dimensions of their ions lead to

charge dispersion making difficult the formation of a regular crystalline structure. Thus,



they can be solid at room temperature, however by definition the salts are considered
ILs when their melting temperature is lower than 100°C [27]. ILs display a set of unique
features, from which is possible to highlight, if properly designed, their high thermal
and chemical stability and a strong solvation ability for a wide variety of compounds
[28-30]. The proper selection of cation-anion combinations in ILs enables the use of
drugs as ion components, allowing the conversion of solid active pharmaceutical
ingredients in novel ionic liquid forms (API-ILs). Thus, this strategy solves the problem
of polymorphism, provides improved bioavailability by enhancing solubility [3] and
may display specific biological activities with promising results already disclosed,
namely antioxidant, anti-tumoral, and antimicrobial activity, covering some of the main

types of cation-based ILs studied so far [31].

The first API-IL was reported in 2007 by Rogers et al. [32] with the synthesis of ranitidine
docusate ([Ran][Doc])[27]. Ranitidine is an anti-ulcer drug in current use and one of the
20 most frequently prescribed drugs. Crystalline ranitidine is polymorphic and exists in
two crystalline forms known as Form 1 and Form 2, and in several pseudo-polymorphic
forms [33]. Rogers and co-workers have demonstrated that by converting ranitidine into
an IL, combining with docusate anion, the polymorphism problem is settled, and the
API absorption is upgraded. After this pioneering work several different API-ILs with
different pharmacological classes have been reported mainly using the API as the anion
combined with a conventional cation such as cholinium or imidazolium since they are
extensively studied in the literature and, especially the cholinium is known as a safe and

low-cost cation source[34-37].

In general, the salt formation provided by the API-IL platform can exhibit improved
solubility and bioavailability when compared with the original API. In fact, botulinic
acid, a low-water soluble natural product with anti-cancer, anti-inflammatory and anti-
HIV properties, has been converted into API-IL using cholinium as counterion. This
combination significantly improved the aqueous solubility by 100-fold and its half
maximal inhibitory concentration (ICs0)) was upgraded from 60 to 22 pug mL-. This
strategy resulted in a higher ability of liberating its latent biological activity for inhibition

of HIV-1 protease [38]. Other poorly water-soluble APIs with anti-inflammatory



activities (diclofenac, ibuprofen, ketoprofen, naproxen) and antibiotic properties
(sulfadiazine, sulfamethoxazole) and a first-generation potassium channel blocker
(tolbutamide) were converted into tetrabutylphosphonium-based API-ILs, and their
solubility in water was compared to their free acids versions [39]. The
tetrabutylphosphonium-based ILs enhance the solubility of the corresponding API in
aqueous media up to 80-fold, 60-fold and 70-fold for ibuprofen, ketoprofen and
naproxen respectively. The higher upgrade in solubility was observed for the
sulfadiazine API-IL with an increase up to 130-fold [39]. Regarding the conversion of
ibuprofen into 1-ethanol-3-methylimidazolium ibuprofenate ([CzomCilm][Ibu]), an
increase in the API’s solubility in water was achieved by 155-fold in comparison to the
original API [40]. In another study, the authors prepared a set of ibuprofen-based ILs
with different organic cations (e.g., cholinium, imidazolium and acetylpyridine) with
increased solubility in aqueous media and negligible cytotoxicity towards human

dermal fibroblasts and ovarian carcinoma cells [41].

Other example of API-ILs, among many that can be found in the open literature, is the
conversion of ampicillin into imidazolium-based API-ILs, that has been described by
several authors to enhance aqueous solubility, improve the API hydrophilicity and
improve biological activities. Ferraz and co-workers [42] converted ampicillin into
trihexyltetradecylphosphonium  ampicillin =~ ([Pessas][Amp]),  1-hydroxy-ethyl-3-
methylimidazolium ampicillin = ([C2omCilm][Amp]) and cholinium ampicillin
([N120m][Amp]) and later determined the aqueous solubility and the respective
hydrophilic/lipophilic balance of these API-ILs. The water solubility for [Niizom][Amp]
and [CzomCilm][Amp] was found to be comparable to the water solubility of the
respective ampicillin sodium salts and it increased by 9-fold at body’s temperature in
comparison with the pure salt. Additionally, an enhancement in the octanol-water
partition coefficient by 11- and 7-fold for the cholinium and imidazolium-based API,
respectively, was verified [26]. The antibacterial activity assay showed increased growth
inhibition for some Gram-negative resistant bacteria, achieving MIC values 10-1000
higher than the ampicillin salt, including the action against resistant bacterial strains
[43]. Additionally, the anti-tumoral activity of these ampicillin-based-ILs was assessed

in human cancer cell lines and the [CzomCiIm][Amp] shown to be the most relevant
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ampicillin-based IL, with a higher antiproliferative activity and lower cytotoxicity being

associated towards healthy cells[44].

The possibility of having an API in both the cation and the anion may lead to dual
therapeutic functionalized ILs. An example of that is the API-IL composed of lidocaine
and etodolac in the form of lidocainium etodolac ([Lid][Eto]). These dual function API-
IL can exhibit superior water solubility than both APIs alone, with an increase of >90-
fold for etodolac and two-fold for lidocaine [45]. The [Lid][Eto] is to date the first API-IL
going under clinical trials. In 2013 the Japanese company MEDRx published the phase I
trial data for the MRX-7EAT lidocaine etodolac topical patch, which resulted in a faster
absorption through skin with mild to moderate adverse effects. The phase Il and III trials
have been conducted to evaluate the efficacy and safety of the patch in several types of
pain treatment. However, at the end of November 2016 MEDRx decided to terminate the
development of the MRX-7EAT topical patch due to unsatisfactory trial results [46]. In
the future, the diversity of the API-IL toolbox, with multiple possibilities to provide new

biologically active combinations, still must be more extensively investigated.

1.3 Eutectic systems: fundamental aspects and current understanding in the

pharmaceutical applications

In recent years, eutectic systems have emerged as a valuable alternative to incorporate
APIs in addition to the ILs platform, being also able to produce new liquid forms of
pharmaceuticals and to ultimately enhance their bioavailability. They are characterized
as mixtures constituted with a certain proportion of hydrogen-bonded acceptors (HBA)
and hydrogen bonded donors (HBD) with strong nonbonding interactions, such as
dipole, hydrogen bond, alkyl-alkyl interactions, halogen bonds, and Van der Waals
forces, which lead to a significant depression of the melting point and inhibit the
crystallization process [9,47]. Unlike ILs, eutectic systems are not considered pure
compounds since they are a mixture, however their preparation is more unexpensive
and greener since their synthesis usually involves the simple mixing of the components

generally under stirring and moderate heating[9].



The first evidence of a eutectic system with therapeutic functions was observed in 1964
by Sekiguchi and Obi [48] with a eutectic system that distinctly improved the solubility
and oral absorption rate of sulfathiazole [48]. The explanation for the enhancement of
sulfathiazole solubility was found after dissolution of urea, used as high-water soluble
carrier, when a fine suspension of drug particles was exposed to the dissolution medium.
The smaller particle size and the better wettability of the drug particles in this suspension
contributed to a faster dissolution rate. Later in 1998, Stott et al. [49] prepared a mixture
comprised of menthol and ibuprofen with the purpose of increasing skin permeation
and development of a transdermal delivery system for ibuprofen[50]. Nowadays, the
eutectic formed by lidocaine and prilocaine in a molar ratio 1:1, known as EMLA, was
the first eutectic to be commercialized and is one of the most widely used as a topical
anesthetic. The combination analgesic effect of EMLA was observed to be higher than

lidocaine and prilocaine alone [51].

The exponential interest in eutectics for pharmaceutical formulations can be associated
to the simple and cost-effective preparation, easy to scale-up and highly stable
compounds when compared to amorphous materials commonly used [52]. A eutectic
system based on L-arginine and ethambutol bioactives combined with citric acid and
water was developed focusing the tuberculosis therapy to reduce the dose needed for
effective tuberculosis treatment. The authors produced a system with improved
solubility and permeability in comparison to its isolated components [53]. In other work,
felodipine which is used to treat high blood pressure to control hypertension was
combine with nicotinamide or malonic acid. The solubility of the eutectics systems was
evaluated in 0.1 N HCl (pH 1.2) and revealed that the systems exhibited higher solubility
and release rate than the parent drug [54]. Dugar et al. [55] also used the eutectics
platform to successfully increase the dissolution rate in different media of ibuprofen by
combining the NSAID with poloxamer in a molar ratio 1:0.75. In an acidic medium the
cumulative ibuprofen:poloxamer released 58.27%, where the ibuprofen alone only

presented 3.67%.

More recently, Alshaikh and co-workers [56] combined caffeine with three anti-

inflammatory drugs (meloxicam, aceclofenac and flurbiprofen). The dissolution profiles
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obtained in a phosphate buffer demonstrated a efficiency of 3.3, 1.4 and 1.7-fold
iuncreased for meloxicam, aceclofenac and flurbiprofen eutectic mixtures, respectively.
Additionally, Duarte et al. [57] also reported a 12.7-fold enhancement in the solubility of
ibuprofen when it was in the form of the ibuprofen:thymol eutectic system (26.8 + 2.62
mg/mL) compared to ibuprofen powder (2.1 + 0.23 mg/mL) in a phosphate buffer saline

solution[52].

It is recognized that the eutectics platform can increase the solubility of poorly-water
soluble drugs, and further the blending of therapeutically suitable active
pharmacological ingredients (drug-drug) with higher stability and improved properties
[52,58]. However, the difficulty in characterizing the eutectic systems is one of the
reasons that keep researchers away from this simpler approach. The use of tools capable
of better understanding the microstructure of eutectic systems, evaluate their toxicity
and long-term use in the pharmaceutical sciences is still a challenge and an area that

needs to be further explored and understood.

1.4 Objectives and thesis outline

The main goal of the present thesis is to study the use of ionic liquids and eutectics
platforms to improve the solubility and bioavailability of NSAIDs, with ibuprofen as
drug model, without impairing (or even improving) their pharmacological action. The
thermophysical and chemical properties, namely melting and decomposition
temperatures, density, viscosity, fluidity, conductivity and hydrogen bonding capacity
and dipolarity/polarizability were accessed in order to characterize this
pharmaceutically active ILs and eutectics. Further, the potential to enhance solubility of
the prepared API-IL and eutectics was evaluated in water and simulated biological
fluids (simulated gastric fluid, simulated intestinal fluid and isotonic ionic strength
aqueous solution) and compared with the performance of conventional excipients, such
as sodium ibuprofen, and the parent API. Since, the use of the proposed IL and eutectic
platforms always raise the question of biocompatibility and toxicity because these
compounds tend to interact with biological membranes, proteins and enzymes, the

safety assessment and cytotoxicity evaluation is quite relevant. The cytotoxicity assays
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were performed for the API-ILs and eutectics by using two different human cell cultures
types, human colon adenocarcinoma cells (Caco-2) and liver carcinoma cells (HepG2),
suitable and useful in vitro models for the intestinal barrier and hepatic metabolism
studies, respectively. Another important evaluation is the anti-inflammatory
effectiveness of the novel pharmaceutically active ILs and eutectics since the main
purpose of the API used is to decrease the inflammatory response. In this context, the
anti-inflammatory activity of the API-ILs and eutectics were assessed by the inhibition
of bovine serum albumin (BSA) denaturation and the inhibition of cyclooxygenases
(COX-1 and COX-2) enzymes using a colorimetric COX (COX-2, human; COX-1, ovine)
inhibition assay, to evaluate the potential to maintain/upgrade the pharmacological

activity of the parent API and to improve selectivity towards COX-2.

Finally, tuning and controlling membrane transport is the key to a variety of novel
delivery methods, thus the determination of ionicity (via Walden plot) was attained, to
look for the formation of large charged or non-charged aggregates (or the existence of
ionic networks) that increase the potential of membrane permeation relatively to the
parent API, and in vitro release studies using a Parallel Artificial Membrane
Permeability Assay (PAMPA) with a specific membrane who mimic human skin (Skin-
PAMPA) was used to evaluate the skin permeability of both eutectic systems and API-
ILs (as well as parent API). Thus, this thesis constitutes an immeasurable contribution to
the future application of ILs and eutectics platforms (alone or together) in the biomedical

and pharmacological fields.

1.5 References

1. Kalepu, S.; Nekkanti, V. Insoluble Drug Delivery Strategies: Review of Recent
Advances and Business Prospects. Acta Pharm Sin B 2015, 5, 442—453.

2. Shamshina, J.L.; Rogers, R.D. Overcoming the Problems of Solid State Drug
Formulations with Ionic Liquids. Ther Deliv 2014, 5, 489-491.

3. Pedro, S.N.; Freire, C.S.R.; Silvestre, A.].D.; Freire, M.G. The Role of Ionic Liquids
in the Pharmaceutical Field: An Overview of Relevant Applications. Int | Mol Sci
2020, 21, 1-50.

12



10.

11.

12.

13.

14.

15.

16.

Bauer, J.; Spanton, S.; Henry, R.; Quick, J.; Dziki, W.; Porter, W.; Morris, J.
Ritonavir: An Extraordinary Example of Conformational Polymorphism; 2001;

Savjani, K.T.; Gajjar, AK,; Savjani, J.K. Drug Solubility: Importance and
Enhancement Techniques. ISRN Pharm 2012, 2012, 1-10, doi:10.5402/2012/195727.

Blagden, N.; de Matas, M.; Gavan, P.T.; York, P. Crystal Engineering of Active
Pharmaceutical Ingredients to Improve Solubility and Dissolution Rates. Adv
Drug Deliv Rev 2007, 59, 617-630.

Abbott, A.P.; Ahmed, E.I; Prasad, K. Qader, LB.; Ryder, K.S. Liquid
Pharmaceuticals Formulation by Eutectic Formation. Fluid Phase Equilib 2017, 448,
2-8, d0i:10.1016/j.fluid.2017.05.009.

Zhang, Q.; De Oliveira Vigier, K.; Royer, S.; Jérome, F. Deep Eutectic Solvents:
Syntheses, Properties and Applications. Chem Soc Rev 2012, 41, 7108,
d0i:10.1039/c2cs35178a.

Smith, E.L.; Abbott, A.P.; Ryder, K.S. Deep Eutectic Solvents (DESs) and Their
Applications. Chem Rev 2014, 114, 11060-11082.

Montinari, M.R.; Minelli, S.; De Caterina, R. The First 3500 years of Aspirin
History from Its Roots — A Concise Summary. Vascul Pharmacol 2019, 113, 1-8.

Tsutsumi, S.; Gotoh, T.; Tomisato, W.; Mima, S.; Hoshino, T.; Hwang, H.J.;
Takenaka, H.; Tsuchiya, T.; Mori, M.; Mizushima, T. Endoplasmic Reticulum
Stress Response Is Involved in Nonsteroidal Anti-Inflammatory Drug-Induced
Apoptosis. Cell Death Differ 2004, 11, 1009-1016, doi:10.1038/sj.cdd.4401436.

Bindu, S.; Mazumder, S.; Bandyopadhyay, U. Non-Steroidal Anti-Inflammatory
Drugs (NSAIDs) and Organ Damage: A Current Perspective. Biochem Pharmacol
2020, 180.

Daniels, M.].D.; Rivers-Auty, J.; Schilling, T.; Spencer, N.G.; Watremez, W.;
Fasolino, V.; Booth, S.J.; White, C.S.; Baldwin, A.G.; Freeman, S.; et al. Fenamate
NSAIDs Inhibit the NLRP3 Inflammasome and Protect against Alzheimer’s
Disease in Rodent Models. Nat Commun 2016, 7, doi:10.1038/ncomms12504.

Zidar, N.; Odar, K.; Glavac, D.; Jerse, M.; Zupang, T.; Stajer, D. Cyclooxygenase in
Normal Human Tissues - Is COX-1 Really a Constitutive Isoform, and COX-2 an
Inducible Isoform? | Cell Mol Med 2009, 13, 3753-3763, doi:10.1111/j.1582-
4934.2008.00430.x.

Rainsford, =~ K.D. Ibuprofen: Pharmacology, Efficacy and  Safety.
Inflammopharmacology 2009, 17, 275-342.

Mazaleuskaya, L.L.; Theken, K.N.; Gong, L.; Thorn, C.F.; Fitzgerald, G.A.;
Altman, R.B.; Klein, T.E. PharmGKB Summary: Ibuprofen Pathways.
Pharmacogenet Genomics 2015, 25, 96-106, doi:10.1097/FPC.0000000000000113.

13



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Janus, E.; Ossowicz, P.; Klebeko, J.; Nowak, A.; Duchnik, W.; Kucharski, t.;
Klimowicz, A. Enhancement of Ibuprofen Solubility and Skin Permeation by
Conjugation with L-Valine Alkyl Esters. RSC Adv 2020, 10, 7570-7584,
doi:10.1039/d0ra00100g.

Potthast, H.; Dressman, ].B.; Junginger, H.E.; Midha, K.K.; Oeser, H.; Shah, V.P.;
Vogelpoel, H.; Barends, D.M. Biowaiver Monographs for Immediate Release Solid
Oral Dosage Forms: Ibuprofen. | Pharm Sci 2005, 94, 2121-2131.

Shaw, L.R.; Irwin, W.].; Grattan, T.J.; Conway, B.R. The Effect of Selected Water-
Soluble Excipients on the Dissolution of Paracetamol and Ibuprofen. Drug Dev Ind
Pharm 2005, 31, 515-525, d0i:10.1080/03639040500215784.

Pedro, S.N.; Mendes, M.S.M.; Neves, B.M.; Almeida, I.F.; Costa, P.; Correia-Sa, I.;
Vilela, C.; Freire, M.G.; Silvestre, A.J.D.; Freire, C.S.R. Deep Eutectic Solvent
Formulations and Alginate-Based Hydrogels as a New Partnership for the
Transdermal Administration of Anti-Inflammatory Drugs. Pharmaceutics 2022, 14,
doi:10.3390/pharmaceutics14040827.

Dewland, P.M.; Reader, S.; Berry, P. Bioavailability of Ibuprofen Following Oral
Administration of Standard Ibuprofen, Sodium Ibuprofen or Ibuprofen Acid
Incorporating Poloxamer in Healthy Volunteers. BMC Clin Pharmacol 2009, 9, 19,
doi:10.1186/1472-6904-9-19.

Legg, T.J.; Laurent, A.L.; Leyva, R.; Kellstein, D. Ibuprofen Sodium Is Absorbed
Faster than Standard Ibuprofen Tablets: Results of Two Open-Label, Randomized,
Crossover Pharmacokinetic Studies. Drugs R D 2014, 14, 283-290,
d0i:10.1007/s40268-014-0070-8.

Moore, A.R; Derry, S.; Straube, S.; Ireson-Paine, J.; Wiffen, P.J. Faster, Higher,
Stronger? Evidence for Formulation and Efficacy for Ibuprofen in Acute Pain. Pain
2014, 155, 14-21, doi:10.1016/j.pain.2013.08.013.

Cristofoletti, R.; Dressman, J.B. Dissolution Methods to Increasing Discriminatory
Power of In Vitro Dissolution Testing for Ibuprofen Free Acid and Its Salts. |
Pharm Sci 2017, 106, 92-99, doi:10.1016/j.xphs.2016.06.001.

Irvine, J.; Afrose, A.; Islam, N. Formulation and Delivery Strategies of Ibuprofen:
Challenges and Opportunities. Drug Dev Ind Pharm 2018, 44, 173-183,
doi:10.1080/03639045.2017.1391838.

Florindo, C.; Aratjo, ].M.M.; Alves, F.; Matos, C.; Ferraz, R.; Prudéncio, C,;
Noronha, J.P.; Petrovski, 7.; Branco, L.; Rebelo, L.P.N.; et al. Evaluation of
Solubility and Partition Properties of Ampicillin-Based Ionic Liquids. Int ] Pharm
2013, 456, 553-559, d0i:10.1016/j.ijpharm.2013.08.010.

Aratijo, ].M.M.; Florindo, C.; Pereiro, A.B.; Vieira, N.S.M.; Matias, A.A.; Duarte,
C.M.M.; Rebelo, L.P.N.; Marrucho, .M. Cholinium-Based Ionic Liquids with

14



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Pharmaceutically Active Anions. RSC Adv 2014, 4, 28126-28132,
do0i:10.1039/c3ra47615d.

Vieira, N.S.M.,; Luis, A.; Reis, P.M.; Carvalho, P.].; Lopes-Da-Silva, ].A.; Esperanga,
J.M.S.S.; Aratjo, ]. M.M.; Rebelo, L.P.N.; Freire, M.G.; Pereiro, A.B. Fluorination
Effects on the Thermodynamic, Thermophysical and Surface Properties of Ionic
Liquids.  Journal of Chemical  Thermodynamics 2016, 97, 354-361,
doi:10.1016/j.jct.2016.02.013.

Pereiro, A.B.; Aratjo, ]. M.M.; Teixeira, F.S.; Marrucho, I.M.; Pifieiro, M.M.; Rebelo,
L.P.N. Aggregation Behavior and Total Miscibility of Fluorinated Ionic Liquids in
Water. Langmuir 2015, 31, 1283-1295, d0i:10.1021/1a503961h.

Pereiro, A.B.; Aratijo, ]. M.M.; Martinho, S.; Alves, F.; Nunes, S.; Matias, A.; Duarte,
C.M.M,; Rebelo, L.P.N.; Marrucho, .M. Fluorinated Ionic Liquids: Properties and
Applications. ACS Sustain Chem Eng 2013, 1, 427-439, doi:10.1021/sc300163n.

Zhuang, W.; Hachem, K.; Bokov, D.; Javed Ansari, M.; Taghvaie Nakhjiri, A. Ionic
Liquids in Pharmaceutical Industry: A Systematic Review on Applications and
Future Perspectives. | Mol Lig 2022, 349.

Hough, W.L.; Smiglak, M.; Rodriguez, H.; Swatloski, R.P.; Spear, S.K.; Daly, D.T.;
Pernak, J.; Grisel, J.E.; Carliss, R.D.; Soutullo, M.D.; et al. The Third Evolution of
Ionic Liquids: Active Pharmaceutical Ingredients. New Journal of Chemistry 2007,
31, 1429, doi:10.1039/b706677p.

Agatonovic-Kustrin, S.; Rades, T.; Wu, V.; Saville, D.; Tucker, I.G. Determination of
Polymorphic Forms of Ranitidine-HCI by DRIFTS and XRPD; 2001; Vol. 25;.

Fernandez-Stefanuto, V.; Tojo, E. New Active Pharmaceutical Ingredient-Ionic
Liquids (API-ILs) Derived from Indomethacin and Mebendazole.; MDPI AG,
November 15 2018; p. 48.

Frizzo, C.P.; Wust, K; Tier, A.Z,; Beck, T.S.; Rodrigues, L. V.; Vaucher, R.A.;
Bolzan, L.P.; Terra, S.; Soares, F.; Martins, M.A.P. Novel Ibuprofenate- and
Docusate-Based Ionic Liquids: Emergence of Antimicrobial Activity. RSC Adv
2016, 6, 100476-100486, doi:10.1039/C6RA22237D.

Bica, K.; Rijksen, C.; Nieuwenhuyzen, M.; Rogers, R.D. In Search of Pure Liquid
Salt Forms of Aspirin: Ionic Liquid Approaches with Acetylsalicylic Acid and
Salicylic Acid. Physical Chemistry Chemical Physics 2010, 12, 2011-2017,
do0i:10.1039/c001176m.

Hough, W.L.; Rogers, R.D. Ionic Liquids Then and Now: From Solvents to
Materials to Active Pharmaceutical Ingredients. Bull Chem Soc Jpn 2007, 80, 2262-
2269, d0i:10.1246/bcsj.80.2262.

15



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Zhao, H.; Holmes, S.S.; Baker, G.A.; Challa, S.; Bose, H.S.; Song, Z. Ionic
Derivatives of Betulinic Acid as Novel HIV-1 Protease Inhibitors. | Enzyme Inhib
Med Chem 2012, 27, 715-721, d0i:10.3109/14756366.2011.611134.

Balk, A.; Wiest, J.; Widmer, T.; Galli, B.; Holzgrabe, U.; Meinel, L. Transformation
of Acidic Poorly Water Soluble Drugs into Ionic Liquids. European Journal of
Pharmaceutics and Biopharmaceutics 2015, 94, 73-82, doi:10.1016/j.ejpb.2015.04.034.

Viciosa, M.T.; Santos, G.; Costa, A.; Danede, F.; Branco, L.C.; Jordao, N.; Correia,
N.T.; Dionisio, M. Dipolar Motions and Ionic Conduction in an Ibuprofen Derived
Ionic Liquid. Physical Chemistry Chemical Physics 2015, 17, 24108-24120,
doi:10.1039/c5¢cp03715h.

Santos, M.M.; Raposo, L.R.; Carrera, G.V.S.M.; Costa, A.; Dionisio, M.; Baptista, P.
V.; Fernandes, A.R.; Branco, L.C. Ionic Liquids and Salts from Ibuprofen as
Promising Innovative Formulations of an Old Drug. ChemMedChem 2019, 14, 907—
911, doi:10.1002/cmdc.201900040.

Ferraz, R.; Branco, L.C.; Marrucho, .M.; Aragjo, ].M.M.; Rebelo, L.P.N.; da Ponte,
M.N.; Prudéncio, C.; Noronha, J.P.; Petrovski, Z. Development of Novel Ionic
Liquids Based on Ampicillin. Med. Chem. Commun. 2012, 3, 494-497,
do0i:10.1039/C2MD00269H.

Ferraz, R.; Teixeira, V.; Rodrigues, D.; Fernandes, R.; Prudéncio, C.; Noronha, ].P.;
Petrovski, Z.; Branco, L.C. Antibacterial Activity of Tonic Liquids Based on
Ampicillin against Resistant Bacteria. RSC Adv 2014, 4, 4301-4307,
d0i:10.1039/c3ra44286a.

Ferraz, R.; Costa-Rodrigues, J.; Fernandes, M.H.; Santos, M.M.; Marrucho, I.M.;
Rebelo, L.P.N.; Prudéncio, C.; Noronha, J.P.; Petrovski, 7Z.; Branco, L.C. Antitumor
Activity of Ionic Liquids Based on Ampicillin. ChemMedChem 2015, 10, 1480-1483,
do0i:10.1002/cmdc.201500142.

Miwa, Y.; Hamamoto, H.; Ishida, T. Lidocaine Self-Sacrificially Improves the Skin
Permeation of the Acidic and Poorly Water-Soluble Drug Etodolac via Its
Transformation into an lonic Liquid. European Journal of Pharmaceutics and
Biopharmaceutics 2016, 102, 92-100, doi:10.1016/j.ejpb.2016.03.003.

Moshikur, R.M.; Goto, M. Ionic Liquids as Active Pharmaceutical Ingredients
(APIs). In Application of lonic Liquids in Drug Delivery; Springer Singapore:
Singapore, 2021; pp. 13-33.

Hammond, O.S; Mudring, A.V. Ionic Liquids and Deep Eutectics as a
Transformative Platform for the Synthesis of Nanomaterials. Chemical
Communications 2022, 58, 3865-3892, d0i:10.1039/d1cc06543b.

Sekiguchi, K.; Obi, N.; Ueda. Yoshio Studies on Absorption of Eutectic Mixture.
II. Absorption of Fused Conglomerates of Chloramphenicol and Urea in Rabbits.
Chem. Pharm. Bull. 1964, 12, 134-144.

16



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Stott, P.W.; Williams, A.C.; Barry, B.W. Transdermal Delivery from Eutectic Systems:
Enhanced Permeation of a Model Drug, Ibuprofen; 1998; Vol. 50;.

Stott, P. Transdermal Delivery from Eutectic Systems: Enhanced Permeation of a
Model Drug, Ibuprofen. Journal of Controlled Release 1998, 50, 297-308,
doi:10.1016/50168-3659(97)00153-3.

Nyqvist-Mayer, A.A.; Brodin, A.F.; Frank, S.G. Drug Release Studies on an Oil-
Water Emulsion Based on a Eutectic Mixture of Lidocaine and Prilocaine as the
Dispersed Phase. | Pharm Sci 1986, 75, 365-373, d0i:10.1002/jps.2600750409.

Bazzo, G.C.; Pezzini, B.R.; Stulzer, H.K. Eutectic Mixtures as an Approach to
Enhance Solubility, Dissolution Rate and Oral Bioavailability of Poorly Water-
Soluble Drugs. Int | Pharm 2020, 588.

Santos, F.; Leitao, M..P.S.; Duarte, A.R.C. Properties of Therapeutic Deep Eutectic
Solvents of L-Arginine and Ethambutol for Tuberculosis Treatment. Molecules
2019, 24, doi:10.3390/molecules24010055.

Chadha, K., Karan, M.; Chadha, R.; Bhalla, Y., Vasisht, K. Is Failure of
Cocrystallization Actually a Failure? Eutectic Formation in Cocrystal Screening of
Hesperetin. | Pharm Sci 2017, 106, 2026-2036, d0i:10.1016/j.xphs.2017.04.038.

Dugar, R.P.; Gajera, B.Y.; Dave, R.H. Fusion Method for Solubility and Dissolution
Rate Enhancement of Ibuprofen Using Block Copolymer Poloxamer 407. AAPS
PharmSciTech 2016, 17, 1428-1440, doi:10.1208/s12249-016-0482-6.

Alshaikh, R.A.; Essa, E.A.; El Maghraby, G.M. Eutexia for Enhanced Dissolution
Rate and Anti-Inflammatory Activity of Nonsteroidal Anti-Inflammatory Agents:
Caffeine as a Melting Point Modulator. Int | Pharm 2019, 563, 395-405,
doi:10.1016/j.ijpharm.2019.04.024.

Duarte, A.R.C,; Ferreira, A.S.D.; Barreiros, S.; Cabrita, E.; Reis, R.L.; Paiva, A. A
Comparison between Pure Active Pharmaceutical Ingredients and Therapeutic
Deep Eutectic Solvents: Solubility and Permeability Studies. European Journal of
Pharmaceutics and Biopharmaceutics 2017, 114, 296-304,
doi:10.1016/j.ejpb.2017.02.003.

neamah, A. jaber; Rashid, A.M.; Ghareeb, M.M. Eutectic Mixtures: A Promising
Solvent in Drug Delivery System. Maaen Journal for Medical Sciences 2022, 1,
d0i:10.55810/2789-9128.1010.

17



THE HYDROGEN-BONDING IN AQUEOUS

SOLUTIONS OF IONIC LIQUIDS



19



Chapter 2 | The hydrogen-bonding ability in aqueous solutions of ionic liquids

2.1 Abstract

We demonstrate that fluorinated ionic liquids reduce the impact of the addition of
water upon the ionic liquid's H-bond acceptance ability. This is a key factor to obtain
functionalized materials to be used e.g. in the dissolution of biomolecules, extraction

processes or material engineering.

BT W SR Kl
[C2C1Im][CsF17503] + H0!

Fluorinated ionic liquids rich-nanosegregated
behaviour reduces the impact of the addition of
water upon the ionic liquids’s H-bond
acceptance ability.

Task-specific FiLs

Nanosegregation vs H-bonding ability

Published in: Joana C. Bastos, Sara F. Carvalho, Tom Welton, José N. Canongia Lopes,

Luis Paulo N. Rebelo, Karina Shimizu, Joao M. M. Aratijo, Ana B. Pereiro. Design of task-
specific fluorinated ionic liquids: nanosegregation versus hydrogen-bonding ability in
aqueous solutions. Chem. Commun., 2018,54, 3524-3527.

Own experimental contribution: Kamlet-Taft parameters determination and analysis,

mainly conventional ILs (including mere fluoro-containing ILs).

Own written contribution: Kamlet-Taft analysis, mainly, mainly conventional ILs

(including mere fluoro-containing ILs).

Other contributions: Design Kamlet-Taft experiments, mainly conventional ILs

(including mere fluoro-containing ILs)
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2.2 Introduction

Ionic liquids (ILs) have been demonstrated to be excellent solvents, co-solvents and
supported materials for the dissolution, extraction and purification of bioactive
compounds from biomass [1]. This biomass has a great aptitude for the formation of
hydrogen-bonding due to the presence of several hydrogen-bond donor and acceptor
groups. The exceptional properties of ILs are related to their ionic nature and their ability

to form distinct types of interactions (dipolar, dispersion or hydrogen-bonding) [2].

Fluorinated ionic liquids (FILs) are great candidates to be investigated as a type of
tuneable materials due to their capacity to form three nanosegregated domains (polar,
hydrogenated apolar and fluorinated apolar) [3]. This fact enhances their solvent quality
and tuneability capacities compared to conventional ILs, offering a highly solvating
medium for biomolecules. Accordingly, one can fine-tune the ideal “3 in 1” FIL through
the selection of the size of each one of the three nanosegregated domains, and the
contribution of each type of interaction (coulombic, van der Waals and hydrogen
bonding). One of the major interests in FILs is that they combine the best properties of
inert perfluorocarbon compounds with those of ILs. Previous works demonstrated that
FILs can be non-toxic to different human cell lines [4], showing improved surface activity
[5] and high surfactant power [6]. Also, FILs can be totally miscible with water, forming

distinct self-assembled structures in aqueous solutions [6].

The hydrogen-bonding ability has been widely studied to address the performance of
task-specific ILs used in the purification, extraction and dissolution of biomaterials. The
Kamlet-Taft parameters are related to solvent polarity scales which ccharacterize the H-
bond donor and H-bond acceptor capacities of a solvent, denoted as aand Srespectively
[7]. Most of the relevant properties of ILs regarding biomass derived solute-solvent
interactions are usually determined by the nature of the anion rather than the cation [8].
Accordingly, the hydrogen-bond basicity (f value) is one of the most important
parameters, reflecting the hydrogen bond accepting ability of the IL anion [9]. ILs
characterized by a high f parameter, indicate anions that can strongly interact with the
H-bond donator groups of a biomaterial, promoting its dissolution [10]. 1-Ethyl-3-
methylimidazolium acetate ([C:CiIm][CiCOz], with g = 0.95-1.09), [11] has been
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identified as a good solvent for biomacromolecules such as cellulose and suberin, [12]
DNA, proteins, carbohydrates, and nucleic acid bases [13]. Doherty et al. [14] reported
that the addition of water into ILs has a great impact on the § parameter, mainly due to
water’s relatively poor hydrogen bond basicity (f= 0.14-0.18) [14]. The control of the
hydrogen-bond basicity, § value, in IL aqueous solutions is crucial to control the
dissolution capacity towards biomaterials, because almost all-natural biomass matrices
contain water, and most biological applications involve aqueous solutions (water and

biological fluids).

The investigation carried out in this work is based on the monitoring and controlling of
the hydrogen bonding capacity in aqueous media of novel materials based on FILs, using
a combined experimental and theoretical approach. This work studies the behaviour of
FILs (ILs with fluorinated alkyl chains with four or more carbon atoms) [4] versus
conventional ILs (including mere fluoro-containing ILs). The structures of ILs used in

this work are depicted in Figure 2.1.

Cation:
[CoCalm]* lIsC\T;/\N,/\CH1
Anions: \:/
o] 0
g |
TN C
o) (|)| R o e \R

[RSOs]~ and [RCO;]~ anions where R = C F3,41 withn=1, 4 and 8; R = C;F, for CF,CF;H;
and R = C, for CHs.

Figure 2.1 Structures of ILs used in this work (complete designation in SI)

2.3 Results and Discussion

The Kamlet-Taft approach is based on the analysis of UV-vis spectra of a set of dyes (cf.
SI) [7]. This methodology provides three Kamlet-Taft parameters:
n# (dipolarity/polarizability effects); o (the H-bond acidity or the H-bond donation
ability); and g (the H-bond basicity or the H-bond acceptance ability). The experimental
Kamlet-Taft parameters, at 298.15 K, for the seven neat ILs sharing a common cation (1-
ethyl-3-methylimidazolium, [C2CiIm]*) and their aqueous solutions (100 to 30 wt.%; 100
to 1.4 molw%) are plotted in Figure 2.2 ([RSOs]-based ILs) and Figure 2.52 ([RCO:]-
based ILs), and reported in Table 2.52 of SI. Additionally, the Kamlet-Taft parameters
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for all the studied binary systems IL + H2O expressed in moli% are depicted in Figure
2.S3 of SI. The water parameters have also been determined, agreeing with reported
values [14] (cf. Table 2.S2). Figure 2.2 and Figures 2.52 and 2.53 (cf. SI) depict the impact
of the addition of water upon the ILs’ hydrogen-bonding ability (o and p) and
dipolarity/polarizability (7*). It gives us comparisons between: i) hydrogenated ILs and
FILs; ii) acetate-based and sulfonate-based ILs; and iii) mere fluoro-containing ILs and

FILs.

—e— [C,50,] —&— [C,F,50,] —&— [C,F,50.] —2&— [C,F S0,] —v— [C,F ,S0,]

1.5 1.0 T T T 1.5

*
g MR / i W
1.0 /——A’/A\A 4 1.0EW
L f _ﬁ é 0.5 4 1
i

0.0 0.0 0.0
100 80 60 40 20 100 80 60 40 20 100 80 60 40 20

wt, % wt, % wt, %

Figure 2.2 Kamlet-Taft parameters (dye set Reichardt’s dye, N,N-diethyl-4-nitroaniline and 4-nitroanliline;
cf. SI) for the binary systems [C2CiIm][RSOs] + H20 at 298 K.

Sulfonate-based FILs, markedly structured liquid [3] with a very high surface
organization [5], have demonstrated an unexpected total water solubility and improved
surfactant capacity [6]. In this work, this family was selected to design a material with
an invariant H-bond acceptor capacity in aqueous solution (water-content independent).
Acetate-based ILs have also been studied for comparison purposes because they are

excellent solubilizers of biomolecules [13].

Largely, both the hydrogenated ILs and mere fluoro-containing ILs become more acidic
(increasing @) and less basic (f decreases) with the addition of water (cf. Figures 2.2,
2.52 and 2.S3), as expected based on previous studies [15]. Concerning the 7+ values, all
ILs studied in this work presented an excellent polarizability, higher than that of water
(7#=1.09-1.33).14 The H-bond acceptor ability of [C2CiIm][C1COz] is much higher than
that of the other compounds, as expected. The incorporation of a few fluorine atoms
([C1COz]" versus [CiFsCO2]") clearly decreases the §value. This trend is also verified for
the sulfonate-based ILs. The greatest divergence, when water is added to the system, is

observed for the f parameter: while (i) the incorporation of a few fluorine atoms
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(hydrogenated vs. mere fluoro-containing ILs) only slightly reduces the water effect on
the g value (viz. water addition trend of the g value for [CiCO:]- vs. [CiFsCO:]-, and
[CiSOs]- vs. [CiFsSOs]- and [C2FsSOs]); (ii) the most interesting result is that the g
parameter remains unchanged, upon water addition, for a fluorinated alkyl chain of four
(or more) carbon atoms. The H-bond acceptor capacity of these FILs ([C2CiIm][C4FsSOs]
and [C2CiIm][CsF1750s]) is maintained constant up to 70 wtt20% (98.2 and 98.6 mol20%
for [CsFsSOs]~ and [CsFi7SOs], respectively; cf. Figure 2.2 and Figure 2.S3 of SL
[CsF17SOs], a solid in its neat state, was only measured from 45 to 30 wti% due to
turbidity issues, related to its high surfactant power [6]. The influence of the water
content on the a and 7* parameters for these two FILs is only seen for the first 10 wt%
of added water. Figures 2.54 and 2.S5 of SI (electrical conductivity profile and critical
aggregation concentrations of [C2CiIm][CsFoSOs]) [6] ascertain that in the studied
composition range, the H-bond acceptance ability of these FILs depends on the

nanosegregation of the IL, not on the micelles formation in aqueous solution.

As discussed above, the [C2CiIm][Ci1COz] has the highest £ value up to nearly 70 wti%.
However, between 70 and 30 wti.%, the basicity trend changes to: [CsF1750s]~ > [C4FoSOs]~
> [C1COz]~ > [C2FsSOs]~ = [CiFsSOs]~. These observations show the potential for fine-
tuning the solutions’ characteristics by choice of the fluorinated alkyl chain length of the

anion, featuring the underlying, rich nanosegregation behaviour of these FILs [3,5].

Molecular dynamics simulations were carried out to probe the structure of the ionic
liquids aqueous solution. Eight ILs with a common cation ([C2Cilm]+) were studied in
three different aqueous mixtures (30, 50 and 90 wtw%) for: (i) trifluoromethanesulfonate,
[C1FsSOs]; (ii) 1,1,2,2-tetrafluoro-ethanesulfonate, [C2FsSOs]; (iii)
perfluorobutanesulfonate, [CsFoSOs]5; (iv) perfluorooctanesulfonate, [CsFi7SOs]7; (v)
methanesulfonate, [CiSOs]; (vi) acetate, [C1COz2]; (vii) butane sulfonate, [C4HsSOs]~; and
(viii) trifluoroacetate, [C1FsCO:]". All ionic liquids were modelled according to a well-

known force field [16] commonly used for ionic liquids aqueous solution at 300 K (cf. SI).

Figure 2.3 depicts four snapshots of equilibrated boxes for a 30 wti%. The simulation
boxes of these diluted solutions show that for the two ionic liquids with small fluorinated

chains (viz. mere fluoro-containing ILs), [C2CiIm][CiFs50s] and [C2CiIm][C2FsSO:s], the
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IL is not solely a set of isolated ions solvated by water molecules, but rather a series of
small filamentous ionic strands integrated within the liquid water matrix. On the other
hand, the increase of the fluorinated alkyl chain length (viz. FILs), [C2CiIm][CsFoSOs] and
[C2CiIm][CsF17SOs], leads to larger IL aggregates. The size distribution probability
functions [17], P(na), of the water network are represented in green for 90 wtw%,
turquoise for 50 wtr.% and blue for 30 wt%. In the cases of 30 and 50 wti%, the water
aggregates percolate the entire box. For the ILs [C2CiIm][C1FsSOs] and [C2Cilm ][ C2F4SO:s)
at 90 wtw%, the water network is broken into smaller aggregates. The isolated water
molecules represent 20% and 14 % for the first IL and the latter IL, respectively. The
water aggregates grow with the increase of the fluorinated chain since the nonpolar

region drives the water molecules to the polar domain of the IL.

[C,C,Im][C,F;50;] + H,0 [ —

0.2
90% 50% 30%
Pln,)

0
2450 2500 2550

0
2450 2500 2550

0
3150 SZIOO 3250

0
3150 32|00

0 50 100 n, 150 0 50 100 n, 150

[C,C,Im][C,FyS C,CIMI[C4F,,S05] + H —
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0 0 |
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Figure 2.3 Discrete probability distribution functions of water aggregate sizes, P(na), for four IL + H20
systems, each represented by 90, 50 and 30 wtw% composition mixtures (in green, cyan and blue,
respectively). The snapshots (IL colour code in SI) represent the simulation boxes for the 30 wtiL% mixtures.
Figure 2.4 shows four snapshots of the simulation boxes for the other four ionic liquids

at the same IL weight percentage of 30%. The equilibrated simulation boxes highlight

that the diluted ILs are also a series of small filamentous ionic strands incorporated
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within the water. The comparison between Figure 2.3 and Figure 2.4 shows that the
hydrogenated and acetate systems lead to smaller water aggregates in the entire range
of the IL composition. Note that for [C2CiIm][Ci1COz2] at wti% = 90%, around 75 % of the

water molecules remain isolated from each other.

|[C,C,Im]IC,CO,] + H,0

027
30% . 50% | 30%
na

0 0
2450 2500 2550 2600 2450 2500 2550 2600

0 0
3150 32|00 3250 3300 3150 32|00 3250 3300

30%

0 0
2450 2500 2550 2600 | 2450 2500 2550

| Al
0 0 T
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0 50 100 n, 150 0 50 100 »n, 150

Figure 2.4 Discrete probability distribution functions of water aggregate sizes, P(na), for four IL + H20
systems, each represented by 90, 50 and 30 wti% composition mixtures (in green, cyan and blue,
respectively). The snapshots (IL colour code in SI) represent the simulation boxes for the 30 wtIL% mixtures.

The specific H-bond-type interactions between the interactive centres of the anions (the
sulphur atom of the sulfonate and the carbon atom of the acetate) and the hydrogen
atoms of the water molecules help to create small networks of alternating water
molecules and anions that can contain a few tens of species (cf. SI, Figures 2.56, 2.57 and
2.S8). Therefore, those interactions are responsible for the incorporation of the ionic

liquids strands in the aqueous solution.

For the ILs with [CiFsSOs]~ and [C2FsSOs]™ anions, in the 90 wtin%, the smaller water
aggregates, compared to [C4sFsSOs]~ and [CsF17SOs]~ (Figure 2.3), suggest that the water
molecules are in the vicinity of the anion, leading to the decrease in the fvalue observed

experimentally (Figure 2.2). This is also corroborated by the water-IL aggregation
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distributions in the same mixtures (cf. SI, Figures 2.56 and 2.S8). For the FILs based on
[C4F9SOs]- and [CsF17SOs]- anions, the water molecules tend to interact more with
themselves than with the polar part of the anion, not affecting the basicity and

consequently not inducing significant changes in the £ value.

The comparison between the aqueous solutions of [C2CiIm][C1SOs] and [C2CiIm][C1COx]
pointed out that the [CiCO2]- anion has the ability to strongly interact with water. The
abrupt decrease in S value for the [C2CiIm][C1COz] system as a function of water content
is related to the presence of small water clusters in all compositions studied. The high
hydrophobic character of the fluorinated chain is also observed in the behaviour of the
p values for aqueous solutions of [C2CiIm][C1FsCOz]. For instance, in the 90 wti% the
fraction of isolated water molecules represents 75% in the [C2CiIm][C1CO2] mixture and

44% in the [C2CiIm][C1FsCOz] mixture.

In summary, the hydrogen-bonding ability and dipolarity/polarizability were evaluated
using Kamlet-Taft parameters for neat and aqueous solutions of FILs and conventional
ILs (including mere fluoro-containing ILs). Comparing the hydrogen bond acceptance
and the hydrogen bond donation abilities, it is clear that the fluorination of the anion
restricts the impact of the addition of water to the ILs. Moreover, we have demonstrated
that by choice of a fluorinated alkyl chain with four (or more) carbon atoms in the IL
anion one can make constant the hydrogen bond acceptance ability (£ value equal to that
of the neat FIL up to 70 wtt20% (98.6 molt20%)) of these novel FILs. Probing the structure
of these FILs aqueous solutions with MD simulations, details that the rich-aggregation
behaviour of these FILs stimulates the networking of water aggregates. The water
aggregates grow with the increase of the fluorinated chain since the nonpolar part drives
the water molecules to the polar domain of the IL. The design of the hydrogen-bonding
ability of the proposed FILs aqueous solutions will provide novel task-specific ILs to be
tested in fields as diverse as synthesis and catalysis, biochemistry and dissolution of

biomaterials, extraction/purification processes, or material engineering.
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2.5 Supporting Information

Experimental Section

Materials

1-Ethyl-3-methylimidazolium acetate, [C2CiIm][C1CO2], > 95 % mass faction purity; 1-

ethyl-3-methylimidazolium methanesulfonate, [C2CiIm][CiSOs], = 99% mass fraction
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purity; 1-ethyl-3-methylimidazolium trifluoroacetate, [C2CiIm][CFsCOz], > 97% mass
fraction purity; 1-ethyl-3-methylimidazolium trifluoromethanesulfonate,
[C2CiIm][CFEsSOs], = 99% mass fraction purity; 1-ethyl-3-methylimidazolium 1,1,2,2-
tetrafluoroethanesulfonate, [C2CiIm][C2F4SOs], > 98% mass fraction purity; 1-ethyl-3-
methylimidazolium perfluorobutanesulfonate, [C2CiIm][CsFoSOs], >97% mass fraction
purity; 1l-ethyl-3-methylimidazolium perfluorooctanesulfonate, [C2CiIm][CsFi7SOs], >
98% mass fraction purity; 1-butyl-3-methylimidazolium trifluoromethanesulfonate,
[CCiIm][CEsSOs], = 99% mass faction purity and 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, [C4«CiIm][NTf:], 2 99% mass faction purity, were
acquired at IoLiTec. The purity of all ionic liquids was verified by 'H and F NMR.
Previously to any use, all samples were dried under a 3-10-2 Torr vacuum and vigorous
stirring for at least 48 hours to avoid volatile impurities. Acetate-based ILs were
maintained at 313.15 K and the remaining ILs at 323.15 K. Then, water content was
determined using Karl Fischer coulometric titration method (Metrohm 831 KF
Coulometer) and it was less than 100 ppm. The structures and acronyms of the ionic

liquids are listed in Table 2.51.

In order to characterize the polarity by the Kamlet-Taft method, three dyes were used:
4-Nitroanliline, 299% mass fraction purity acquired at Fluka; N-N-diethyl-4-nitroaniline,
>97% mass fraction purity acquired at Fluorochem Ltd.; and 2,6-Diphenyl-4-(2,4,6-
triphenyl-1-pyridinio)phenolate, also known as Reichardt’s dye, with 90% mass fraction
purity acquired at Sigma-Aldrich. Dichloromethane, > 99.9% mass fraction purity
acquired at Sigma-Aldrich, was used to dilute the dyes and Milli-Q ultrapure water

(Milli-Q Integral Water Purification System) to dilute the samples.

Dye Solutions and Samples Preparation

The stock solutions of 4-nitroanliline, N,N-diethyl-4-nitroaniline and Reichardt’s dye
were prepared using * 0.010 g of dye in a glass vial and mixed with 10 mL of
dichloromethane (DCM). An additional 1:10 dilution with DCM was made in the case of

4-nitroanliline and N,N-diethyl-4-nitroaniline to ensure an absorbance less than 1.2. All
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the stock solutions were previously maintained at 277 K after their preparation to avoid
DCM evaporation.

Table 2.S1 Description of the ionic liquids and inorganic salts used in this work.

Formal Name Structure Abbreviation
. . . O
1-Ethyl-3-methylimidazolium H3CJJ\O_ N/+—\ (C:CiIm][C:CO]
acetate H,C” \/N\/CH3
I
1-Ethyl-3-methylimidazolium He—Sw,. =
methanesulfonate LN \ o (GGIm][GS0s]
e N\ A
.. . o
1-Ethyl-3-methyl1m1dazohum F3CJI\O_ N/+—\ [C:CiIm][C1F-CO]
trifluoroacetate et NN
i
1—Ethyl—3-methyhm1dazohum Fe—i~o /:\ [C2CiIm][C:F:SOs]
trifluoromethanesulfonate 0 N cH
e N\ A
I
1-Ethyl-3-methylimidazolium FHCR.C—S~ . =
1,1,2,2-tetrafluoroethanesulfonate 4° N \ [(CCIM][GRSO]

(0]
; e .. . I
1-Ethyl-3-methylimidazolium o /:\ [C2Cilm][CiFsSOs]
perfluorobutanesulfonate 0 N cH
o' N\ AN
I
- 1-3-methylimi li
1-Ethyl-3-methylimidazolium Cwa/j\o- /:\ [C2CiIm][CsF17SOs]
perfluorooctanesulfonate N cH
H,C” \/N\/ }
I
1—Butyl—3-methyhm1dazohum Fe—i~o /:\ (C:CiIm][CiF:SOs]
trifluoromethanesulfonate 0 N* CH
e N\ AT
FiC /N_\ _CF;
1-Butyl-3-methylimidazolium AN N0
bis(trifluoromethylsulfonyl)imide N\ cH (CCIm]INTE]
He” N AN

Roughly 0.34 mL of 4-nitroanliline and N-N-diethyl-4-nitroaniline and 1.3 mL of
Reichardt’s dye were added to a glass vial with an open top screw-caped sealed with a
silicone septum. To remove the DCM from dye solutions, samples were submitted to a
3-102 Torr vacuum at room-temperature for at least 30 minutes. In order to prevent

leakages in such extreme vacuum conditions, a 0.8 x 30 mm regular needle was slightly
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skewered in to the silicone septum. Thus, 0.4 mg of sample is added to the vial and

vigorously stirred in a vortex until all blended.

For neat ionic liquids measurements, samples were directly added to the dyes. To
evaluate the water effect, 1.6 mL of ionic liquid aqueous solution was prepared in a clear
glass vial using Milli-Q water. The different IL concentrations were prepared by
weighting the ionic liquid and the Milli-Q water at fixed weight fractions. The range of
concentrations varied from 100 wt% to 30 wt%, except for [C2CiIm][CsF17SOs] where the
range concentration varied from 45 wt% to 30 wt%. This FIL is solid at room temperature
(melting point = 367.72 K) [S1] and the Kamelt-Taft parameters at high concentrations
was impossible to determine (turbidity problems) due to their high surfactant power

and viscosity [S2].

Kamlet-Taft solvatochromic parameters were obtained using an UV-Vis VWR®
spectrophotometer, model UV-6300PC. Each sample was loaded into a dry cuvette and
measured in a scan range of 250 to 800 nm at 100.00 nm/min. In order to obtain a high
spectra resolution, a 0.1 nm interval was chosen. The spectrum for each sample was
recorded three times and the wavelengths in which the absorbance was maximum were

acquired. All spectra were analysed using the UV-Vis Analyst Software.

Validation of Experimental Procedure

The experimental procedure used in this work was validated using conventional ionic
liquids (1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,
[C«CiIm][NTE2], and  1-butyl-3-methylimidazolium  perfluoromethanesulfonate,
[C4CiIm][C1FsSOs]) [S3] as you can see in Figure 2.51.
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Figure 2.51 Comparison between experimental and literature data (green) [S3] of Kamlet-Taft parameters
for traditional ionic liquids at 298.15 K: a) 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,
[C4CiIm][NTH2]; b) 1-butyl-3-methylimidazolium perfluoromethanesulfonate, [C4CiIm][C1FsSOs] (red).
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Figure 2.52 Kamlet-Taft parameters (dye set Reichardt’s dye, N,N-diethyl-4-nitroaniline and 4-nitroanliline)
for the binary systems [C2CiIm][RCOz] + H20 at 298.15 K.
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Table 2.52 Kamlet-Taft parameters, hydrogen-bond donor (), hydrogen-bond acceptor (f), and dipolarity/polarizability (7*), with their corresponding standards deviations (o), determined

for the neat ILs and aqueous solutions studied in this work.

1L wt% axto pro n*+o IL wt% axto pro n*+o IL wt% axto pro n*+o
[C2CiIm][C1CO7] [C2CiIm][C1SOs] C2CiIm][C1FsCO2]

100 0.465 +0.001 1.15 +0.040 1.05 +0.002 100 0.552 +0.004 0.708+0.012 1.12 +0.005 100 0.627 +0.002 0.762 +0.001 1.00 +0.002

89 0.499 £0.002 0.909 £0.001 1.11 +0.001 90 0.562 +£0.001 0.601 £0.002 1.15 +0.002 90 0.639 +£0.001 0.656 +0.002 1.05 +0.002

78 0.583 +£0.002 0.672 £0.004 1.22 +0.002 69 0.672 £0.004 0.483 £0.001 1.25 +0.001 69 0.695 +£0.001 0.492 +£0.005 1.17 £0.001

56 0.692 0.001 0.485 +£0.007 1.31 £0.001 49 0.756 £0.001 0.383 £0.007 1.32 +0.001 49 0.774 £0.008 0.411 £0.003 1.26 +£0.001

30 0.817 +0.001 0.370 +0.016 1.34 +0.001 30 0.874 +0.001 0.310 +0.014 1.35 +0.012 29 0.854 +0.004 0.332 +0.001 1.32 +0.001
[C2CiIm][C1F3SOs] [C2CiIm][C2F4SOs) [C2CiIm][C4F9SOs]

100 0.465 +0.001 1.15 +0.040 1.05 +0.002 100 0.632 £0.002  0.489 +0.001 1.04 +£0.002 100 0.757 £+0.001 0479 £0.006 0.894 +0.001

89 0.499 +0.002 0.909 +0.001 1.11 +£0.001 90 0.758 +0.001 0461 +£0.006  1.11 £0.003 91 0.986 £0.001  0.494 £0.007  1.01 +0.001

78 0.583 +0.002 0.672 +0.004 1.22 +0.002 69 0.837 £0.013  0.387 £0.006  1.20 £0.003 70 1.00 £0.011 0.482 £0.022  1.06 +0.002

56 0.692 0.001 0.485 +0.007 1.31 +0.001 50 0.843 £0.002  0.340 +0.001 1.25 +0.001 50 1.03 £0.004 0.488 £0.006  1.05 +0.006

30 0.817 +0.001 0.370 +0.016 1.34 +0.001 30 0.865 +0.001 0.284 +0.001 1.32 +£0.001 30 0.979 +0.017  0.502 +0.038  1.06 +0.019
[C2CiIm][CsF17SOs] Water

45 1.17 +0.006 0.596 +0.009 0.947 +0.001 02 1.11 £0.002 0.130 +0.014 1.34 +0.001

40 1.20 +0.002 0.588 +0.007 0.954 £0.003 (1.12)0 (0.14)° (1.33)>

35 1.20 +0.001 0.602 +0.002 0.949 +0.002 (1.02-1.17)¢ (0.14-0.18) (1.09)¢

30 1.17 +0.003 0.597 +0.006 0.956 +0.003 (1.17)4 (0.17)d (1.09)4

2 Milli-Q ultrapure water; b data from reference S5; < data from reference S6; 9 data from reference S7
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Figure 2.53 Kamlet-Taft parameters (dye set Reichardt’s dye, N,N-diethyl-4-nitroaniline and 4-nitroanliline)
for the binary systems [C2CiIm][RSOs] + H20 (a—e) and [C2CiIm][RCO2] + H20 (f, g) at 298.15 K, expressed

in mol%.
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Figure 2.54 Electrical conductivity profile of [C2CiIm][CsFoSOs] + H20 system at 298.15 K. The three critical

aggregation concentrations (solid red lines) and the herein studied FIL concentrations in wt% (dashed blue

lines) are also depicted. a) full concentration range and b) inset. Data adapted from reference S4.
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Figure 2.55 Electrical conductivity profile of [CoCiIm][CsF9SOs] + H2O system at 298.15 K. The three critical

aggregation concentrations (solid red lines) and the herein studied FIL concentrations in mol% (dashed blue

lines) are also depicted. a) full concentration range and b, c) inset. Data adapted from reference S4.
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Molecular Dynamics Simulations.

The atomistic description of water, and the [C2CiIm][C1FsSOs], [C2CiIm][C2F4SOs],
[C2CiIm][CaFoSOs], [CoCilm][CsF17SOs], [C2Cilm][CiSOs],  [CoCilm][CsHoSOs],
[C2CiIm][C1COz] and [C2CiIm][CiF3COz] ionic liquids was implemented using the
SPC,[S8] and CL&P [S9-S11] force-fields, respectively. The MD simulations were
carried out using the DL_POLY 2.20 [S12] and Gromacs [S13-S15] packages.

The runs in DL_POLY (systems 1 to 24 in Table 2.53) started from low-density
configurations built with the PACKMOL package [S16] and were performed using
2 fs timesteps and 2 nm cutoff distances. All simulations were subjected to
equilibration runs under isobaric isothermal ensemble conditions (p = 0.1 MPa and
T = 300 K with Nosé-Hoover thermostats and barostats with relaxation time
constants of 1 and 4 ps, respectively) for 200 ps. Therefore, Gromacs simulations
were performed using 2 fs timesteps and 2 nm cutoff distances, with Ewald
summation corrections performed beyond the cutoffs. The isothermal-isobaric
ensemble conditions used during equilibration were p = 0.1 MPa and T = 300 K
with V-rescale thermostats and Berendsen barostats with relaxation time
constants of 1 and 4 ps, respectively. After 10 ns, the density of each system
reached constant and consistent values, indicating that equilibrium had been
attained and possible ergodicity problems had been overcome. Finally, at least six
consecutive production stages of 1.0 ns each were performed using 1 fs timestep,
the isothermal-isobaric ensemble conditions used during equilibration were p =
0.1 MPa and T = 300 K with Nosé-Hoover thermostats and Parrinello-Rahman
barostats with relaxation time constants of 1 and 4 ps, respectively. The combined
results were used for the aggregation analyses of all studied ionic liquids (see

below).

The aggregation analyses of the [CoCiIlm][CiFsSOs], [CaCiIlm][C2FsSOs],
[C2CiIm][CaFoSOs],  [CoCilm][CsF17S0s5], [CoCilm][CiSOs],  [CoCilm][CaHoSOs],
[C2CIM][C1COz] and [C2CiIm][CiFsCOz] ionic liquids and their mixtures with

water focused on three types of issues: (i) the evaluation of the connectivity
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between the charged moieties of the molecular ions that compose the so-called
polar network; (ii) the evaluation of the connectivity within the water and an
estimation of the corresponding aggregate size; and (iii) the evaluation of the
connectivity between the anion of the ionic liquids and water. The connectivity
analyses are based on algorithms [S17-519] previously described based on
neighbour lists and interaction distance criteria, adapted to take into account the

interaction centres of the different species.

The ILs colour code in Figure 2.3 and 2.4 of the manuscript is: red (negative
charges) and blue (positive charges) segments represent the interactions from the
polar network of the two ions; grey space-filled areas represent the domains
caused by the hydrogenated side chains; while the groups of green spheres
illustrate the perfluoroalkyl apolar domains. Please note that the polar part
includes the first methylene/methyl or fluorinated methylene groups directly
connected to the imidazolium ring or the sulfonate/carboxylate moiety. This
means that [CiCilm]* would be all blue and [CiFsSOs]- is all red. In other words,
the gray/green colour code only applies to alkyl/perfluorinated alkyl chains from

the g carbon onwards.
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Table 2.S3. Simulation conditions, size of the equilibrated boxes and concentrations.

System VX/E‘L ni Nw Iboxnm  Vboxnm?3
1 [C2CiIm][CiFsSOs] + water 30 100 3300 5.568 127.7
2 [C2CiIm][C1FsSOs] + water 50 180 2600 5.080 131.1
3 [C2CiIm][CiFsSOs] + water 90 390 620 5.158 137.2
4 [C2CiIm][C2FsSOs] + water 30 88 3300 5.035 127.6
5 [C2CiIm][C2FsSOs] + water 50 165 2600 5.109 133.4
6 [C2CiIm][C2FsSOs] + water 90 350 620 5.179 138.9
7 [C2CiIm][CaFeSOs] + water 30 62 3300 4.983 123.7
8 [C2CiIm][CaFsSOs] + water 50 115 2600 5.009 125.7
9 [C2CiIm][CaFsSOs] + water 90 250 620 4.999 124.9
10  [CCiIm][CsF17SOs] + water 30 43 3300 4.969 122.7
11 [CCiIm][CsF17SOs] + water 50 78 2600 4.967 122.6
12 [CCiIm][CsF17SOs] + water 90 180 620 4.988 124.1
13 [C2GiIm][C1SOs] + water 30 125 3300 5.106 133.1
14 [C2GiIm][C1SOs] + water 50 230 2600 5.218 142.1
15 [C2GiIm][C1SOs] + water 90 490 620 5.422 159.4
16  [CCiIm][CsHoSOs] + water 30 105 3300 5.135 135.4
17 [CCiIm][CsHoSOs] + water 50 190 2600 5.261 145.6
18  [CCiIm][CsHoSOs] + water 90 420 620 5.573 173.1
19 [C2CiIm][C1CO7] + water 30 150 3300 5.112 133.6
20 [C2CiIm][C1CO7] + water 50 280 2600 5.249 144.6
21 [C2CiIm][C1CO7] + water 90 600 620 5.560 171.8
22 [CCim][CiFsCOz] + water 30 115 3300 5.054 129.1
23 [C2CiIm][CiFsCO2] + water 50 210 2600 5.127 134.8
24  [CCim][CiFsCO2] + water 90 450 620 5.267 146.1
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Figure 2.S8 Pair radial distribution functions, g(r), between oxygen atoms in water (left column), and
between sulphur atoms in the anion and oxygen atoms in water (right column) for different compositions
of water-IL mixtures (green, cyan and blue represent 90, 50 and 30 wti.% compositions, respectively). To
have a fair comparison between the first peaks in the different water-IL mixtures, the RDFs were multiplied
by the corresponding numerical density (inset). The average size of contact neighbours, Nj, in the water
aggregates and anion-water aggregates are also presented in the figure and were calculated from the
integration of the first peaks of the corresponding g(r) functions.
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Chapter 3 | Human Cytotoxicity, Hemolytic Activity, Anti-Inflammatory Activity and Aqueous Solubility of
Ibuprofen-Based Ionic Liquids

3.1 Abstract

Ionic liquids (ILs) are a potential solution to the general problem of low solubility,
polymorphism and low bioavailability of active pharmaceutical ingredients (APIs). In
this work, we report on the synthesis of three pharmaceutically active ILs (API-ILs)
based on ibuprofen, one of the most commonly available over-the-counter nonsteroidal
anti-inflammatory drugs (NSAIDs), with imidazolium cations ([C2CiIm][Ibu] and
[C2omC1Im][Ibu]) and a cholinium cation ([Nu2om][Ibu]). An upgrade to the aqueous
solubility (water and biological simulated fluids) for the ibuprofen-based ILs relative to
the ibuprofen’s neutral and salt form (sodium ibuprofen) was verified. The cytotoxic
profiles of the synthesized API-ILs were characterized using two human cells lines,
Caco-2 colon carcinoma cells and HepG-2 hepatocellular carcinoma cells, up to
ibuprofen’s maximum plasma concentration (Cmax) without impairing their cytotoxicity
response. Additionally, the ECso in the Caco-2 cell line revealed similar results for both
parent APIs and API-ILs. The biocompatibility of the ibuprofen-based ILs was also
evaluated through a hemolytic activity assay, and the results showed that all the ILs
were hemocompatible at concentrations higher than the ibuprofen Cmax. Moreover, the
anti-inflammatory properties of the API-ILs were assessed through the inhibition of
bovine serum albumin (BSA) denaturation and inhibition of cyclooxygenases (COX-1
and COX-2). The results showed that [C2Cilm][Ibu], [C2omyC1Im][Ibu] and [N11120m)][Ibu]
maintained their anti-inflammatory response to ibuprofen, with improved selectivity
towards COX-2, allowing the development of safer NSAIDs and the recognition of new
avenues for selective COX-2 inhibitors in cancer chemotherapy and neurological

diseases such as Alzheimer’s and Parkinson’s.

Keywords: ionic liquids; ibuprofen; bioavailability; cytotoxicity; HepG2; Caco-2;

BSA denaturation; hemocompatibility; cyclooxygenase inhibitors; COX-1; COX-2.
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Own experimental contribution: Ibu-based ILs synthesis, NMR and DSC sample
preparation, solubility assay, cytotoxicity assay, protein denaturation assay,
cyclooxygenases (COX-1 and COX-2) inhibition assay.

Own written contribution: NMR and DSC analysis, solubility assay, cytotoxicity assay,
protein denaturation assay, hemocompatibility assay, cyclooxygenases (COX-1 and
COX-2) inhibition assay.

Other contributions: Experimental design and data analysis.

47



Chapter 3 | Human Cytotoxicity, Hemolytic Activity, Anti-Inflammatory Activity and Aqueous Solubility of
Ibuprofen-Based Ionic Liquids

3.2 Introduction

The pharmaceutical industry has resorted to several strategies to improve drugs that
present major physicochemical problems such as polymorphism, low solubility and low
bioavailability [1]. Since most pharmaceutical compounds are obtained in a crystalline
solid form, polymorphism often represents a crucial complication. Polymorphism can
be defined as the ability of a solid material to exist in two or more crystalline forms;
although chemically the same, the polymorphs present different lattice structures and,
consequently, different physicochemical and biological properties. Thus, polymorphism
can significantly influence the properties of an active pharmaceutical ingredient (API)
such as the dissolution rate, solubility, stability and, therefore, its bioavailability [2].
Strategies, such as solid dispersions, cyclodextrin inclusions, nanoemulsions, micelles
and nanoparticles, were widely adopted to deliver poorly water-soluble drugs [3].
However, one of the most used approaches by pharmaceutical companies to overcome
the low bioavailability problem is to redesign drugs in their respective salt forms [4], for
example, in the context of nonsteroidal anti-inflammatory drugs (NSAIDs), the

commercially used sodium ibuprofen, sodium naproxen and sodium diclofenac.

Ionic liquids (ILs), in agreement with the usually accepted definition, are salts
comprising cations and anions with a melting point below the conventional temperature
of 100 °C [5]. The large number of possible cation/anion combinations allows for a great
variety of tunable properties. The key physicochemical properties, such as melting point,
density, viscosity, surface tension, thermal stability, solubility, hygroscopicity and even
toxicity and biodegradability [6,7,8], can be tailored, making ILs task-specific designer
materials suitable for the biotechnology and pharmaceutical areas [9,10]. The
development of ILs based on active pharmaceutical ingredients (API-ILs) has arisen as
a possible solution to some of the problems that crystalline solid APIs present [1,11],

leading to APIs with lower melting temperatures and improved bioavailability [4].

For example, the API-IL approach has been applied to increase the solubility in aqueous

media (water and simulated biological fluids) of the APIs nalidixic acid and niflumic
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acid by their conversion into cholinium-based ILs ([Nu2om][Nal] and [Niii2om][Nif])
successfully, allowing for increases of 3300-fold and 53,000-fold of the solubility in water
at 25 °C, respectively. Furthermore, an in vitro study on two human cell lines, Caco-2
colon carcinoma cells and HepG2 hepatocellular carcinoma cells, revealed that the
cytotoxicity of these APIs was preserved upon their conversion into ILs [12]. Fernandez-
Stefanuto and coworkers synthesized alverine-based ILs with a water solubility up to
39,937-fold higher than the parent API, a widely known smooth muscle relaxant.
Additionally, they managed to synthesize API-ILs that were liquid at room temperature,
avoiding any limitations related to polymorphism [13]. In addition, Florindo et al.
reported the conversion of the antibiotic ampicillin into ampicillin-based ILs, namely, 1-
ethyl-3-methylimidazolium  ampicillin ~ ([C2CiIm][Amp]), 1-hydroxy-ethyl-3-
methylimidazolium ampicillin  ([C2omyCiIm][Amp]) and cholinium ampicillin
([Nuzom][Amp]), and an enhancement in the octanol-water partition coefficient was
verified [14]. Although an API is converted into an IL, the API-ILs platform allows to
maintain or even improve the pharmacological profile of the parent API. Zhao et al.
developed a cholinium-based derivative of betulinic acid with higher solubility in water
than betulinic acid (by 100-fold) and improved the biological activity for inhibition of
HIV-1 protease [15]. Moreover, Demurtas and coworkers developed cholinium-based
ILs from hydroxycinnamic acids with higher solubility and free radical scavenging
activity than the parent hydroxycinnamic acids as well as negligible cytotoxicity activity

[16].

NSAIDs are the most used pharmaceutical ingredients for inflammation relief [17]. Their
main action is through the inhibition of cyclooxygenase (COX), minimizing the
production of prostaglandins, which is responsible for pain and inflammation responses
[18]. Most NSAIDs are poorly water-soluble, which is a major drawback when
envisaging their incorporation into hydrophilic matrices for drug release or their
bioavailability [19]. The oral administration of NSAIDs is currently the most used route
[20]; however, this type of administration presents several drawbacks including possible

side effects such as gastrointestinal [21] and renal [18] toxicity. Therefore, whenever
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possible, topical administration of anti-inflammatory drugs is an efficient way to reduce
some of the side effects. The therapeutic anti-inflammatory action of NSAIDs is
produced by the inhibition of COX-2, while the undesired side effects arise from
inhibition of COX-1 activity. Thus, more selective COX-2 inhibitors have reduced side
effects [22].

The API-ILs platform has already been implemented to tackle some of the NSAIDs’
drawbacks. Wu et al. successfully improved ibuprofen aqueous solubility by its
conversion into imizazolium- and phosphomium-based ILs [23], and Santos and
coworkers [24] prepared a set of ibuprofen-based ILs with different organic cations (e.g.,
cholinium, imidazolium and acetylpyridine) with increased solubility in aqueous media
and negligible cytotoxicity towards human dermal fibroblasts and ovarian carcinoma
cells. Stocker and coworkers [25] successfully spray-dried an imidazolium-based
ibuprofen IL into a polymer carrier in loadings of up to 75% w/w in order to transform
it into a solid powder suitable for oral solid dosage formulation, and they demonstrated
that aqueous solutions of this API-IL has the potential to offer thermodynamic stability
upon release, avoiding in vivo recrystallization issues that can limit the bioavailability
of amorphous solid dispersions and some high-energy crystalline forms. Chantereau et
al. [26] increased the solubility in aqueous media (up to 100-fold) of different NSAIDs,
such as ibuprofen, naproxen and ketoprofen, via the preparation of cholinium-based ILs,
and incorporated these API-ILs into bacterial nanocellulose membranes envisaging their
use in transdermal drug delivery systems. Ibuprofen-based ILs conjugated with
pyrrolidonium and cholinium cations were prepared by Moshidur et al. [27] as effective
biocompatible formulations for topical drug delivery. Abednejad and coworkers [28]
exploited the dual nature of ILs by combining an analgesic licocainium cation with anti-
inflammatory NSAID-based anions, namely, ibuprofen, naproxen and diclofenac,
obtaining liquid API-ILs at 25 °C with higher solubility in aqueous media and higher
permeation than the parent APIs, without impairing their anti-inflammatory activity.
The dual nature of ILs was also explored by Panic’ et al. [29], who modified the local

anesthetic drug, procaine, into ionic liquids combined with distinct pharmaceutically
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active anions such as ibuprofenate, salicylate and docusate. Dual pharmaceutically
active protic ILs containing NSAIDs (i.e., ibuprofen or naproxen) as anions and
diphenhydramine, an H1-receptor antagonist, as the cation were developed by Wang
and coworkers [30] and loaded into a mesoporous carrier for novel formulation
development. Recently, ibuprofen-based ILs with diphenhydramine and ranitidine
cations were prepared by Frizzo et al. [31], and antifungal activity that was not present
in the precursor salts was observed in the ILs. Wust and coworkers [32] showed that the
API-IL, diphenhydraminium ibuprofenate, supported onto mesoporous silicas, can be
obtained through a simple and efficient process (i.e., adsorption from solution), and they
determined the release profiles of the supported API-IL, which were dependent on the
pore size of the silicas. Additionally, the API-IL had an antinociceptive effect greater
than sodium ibuprofen; thus, the authors concluded that the diphenhydramine
potentiates the antinociceptive effect of ibuprofen. Further, the development of
ibuprofen-based API-ILs conjugated with amino acid derivatives were also attained in

different works for improved solubility and permeability of the parent API [33,34].

Herein, we report on the synthesis, characterization and thermal properties of three API-
ILs based on the imidazolium and cholinium cations with the ibuprofenate anion: 1-
ethyl-3-methylimidazolium ibuprofenate  ([C2Cilm][Ibu]), 1-(2-hydroxyethyl)-3-
methylimidazolium ibuprofenate ([CzomCilm][Ibu]) and cholinium ibuprofenate
([N11120m)][Ibu]). Further, the solubility in water (all three ibuprofen-based ILs, ibuprofen
and sodium ibuprofen) and buffer solutions suitable to dissolution testing
([Nuzom][Ibu], ibuprofen and sodium ibuprofen) at 25 °C were evaluated. The studied
buffer solutions included simulated gastric fluid without enzymes (interchangeable with
0.1 N HCI pH 1.0), simulated intestinal fluid without enzymes (interchangeable with
phosphate standard buffer pH 6.8) and 0.15 M NaCl (isotonic ionic strength solution).
Additionally, to ascertain the biocompatibility of the ibuprofen-based ILs, we performed
in vitro cytotoxicity assays with two different human cells lines, namely, Caco-2 colon
carcinoma cells and HepG2 hepatocellular carcinoma cells, as well as hemocompatibility

assays. Finally, the anti-inflammatory activity of the API-ILs was assessed by the
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inhibition of bovine serum albumin (BSA) denaturation and the inhibition of
cyclooxygenases (COX-1 and COX-2) enzymes using a colorimetric COX (COX-2,
human; COX-1, ovine) inhibitor screening assay kit, to evaluate the potential of the API-
ILs platform to maintain/upgrade the pharmacological activity of the parent API and to

improve selectivity towards COX-2.

3.3 Materials and Methods

3.3.1 Materials

Ibuprofen (>98% mass fraction purity) was purchased from TCI and ibuprofen sodium
salt (298% mass fraction purity) from Sigma-Aldrich. Both APIs were used without
further purification. The ionic liquids, 1-ethyl-3-methylimidazolium chloride
([C2CiIm]Cl; >98% mass fraction purity) and 1-(2-Hydroxyethyl)-3-methylimidazolium
chloride ([C2omCiIm]CL; >99% mass fraction purity), were acquired at IoLiTec.
Cholinium chloride ([Nu120m]Cl; 298% mass fraction purity) was purchased at Sigma-
Aldrich. To avoid volatile impurities, the ionic liquids and cholinium chloride were
dried under a 3 x 102 Torr vacuum for at least 48 h prior to any use. Additionally, the

water content was determined by Karl Ficher coulometric titration, and it was 0.05 wt%.

Through a two-step anion exchange reaction methodology proposed in previous works
[6,12], three ibuprofen-based ionic liquids were synthesized: 1-ethyl-3-
methylimidazolium ibuprofenate ([C2Cilm][Ibu]), 1-(2-hydroxyethyl)-3-
methylimidazolium ibuprofenate ([CaomCilm][Ibu]) and cholinium ibuprofenate
([N11120m)][Ibu]). Neat ibuprofen-based ionic liquids were obtained after eliminating the
excess water and API by evaporation and washing, respectively. Their chemical
structures and respective acronyms are shown in Table 3.1. More experimental details
on the synthesis can be found in the Supplementary Materials. Additionally, the ionic
liquids were characterized by 'H and *C NMR and elemental analysis in order to

examine their expected structures and final purities. The water content, determined by
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Karl Fischer titration, was less than 0.05 wt%. The prepared ibuprofen-based ionic

liquids were further characterized by differential scanning calorimetry (DSC).

In all experiments throughout the work, Milli-Q water (Milli-Q Integral Water
Purification System, Merck, Darmstadt, Germany) was used. The simulated gastric fluid
without enzymes (interchangeable with 0.1 N HCl at pH 1.0) was acquired from Carlo
Erba Reagents, and the simulated intestinal fluid without enzymes (interchangeable
with phosphate standard buffer at pH 6.8) from Honeywell. The sodium chloride
physiological solution (0.15 M NaCl isotonic ionic strength) was purchased from Sigma-
Aldrich. Tablets for the phosphate-buffered saline (PBS) solution preparation were

purchased from PanReac Applichem ITW Reagents Division (Chicago, IL, USA).

Table 3.1. Chemical structures and respective acronyms and molecular weights of ibuprofen, sodium
ibuprofen and the ibuprofen-based API-ILs.

Chemical Structure Designation and Acronym Mw (g/mol)

2-(4-Isobutylphenyl) propionic acid 206.29
H Ibuprofen (Ibu)
i - Sodium 2-(4-isobutylphenyl) propanoate 22826
o Sodium ibuprofen salt (Na[Ibu]) '

1-Ethyl-3-methylimidazolium

m Ibuprofenate [C2CiIm][Ibu] 316.44

1-(2-Hydroxyethyl)-3-methylimidazolium

m Ibuprofenate [CaomCilm][Ibu] 332.44

Cholinium

309.44
Ibuprofenate [Nuzom][Ibu]

S
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3.3.2 Nuclear Magnetic Resonance (NMR)

The prepared ibuprofen-based ILs were completely characterized by '"H and C NMR
(Bruker Avance III 400) in order to determine their expected structures. The integration
of the API-ILs characteristic'H NMR and *C NMR resonance peaks confirmed the
expected cation/anion ratios. All characterizations are depicted in Supporting

Information.

3.3.3 Differential Scanning Calorimetry (DSC)

The experiments were performed using a TA Instrument DSC Q200 Differential
Scanning Calorimeter. Cooling was accomplished using a refrigerated cooling system
capable of controlling the temperature down to -90 °C. The sample was continuously
purged with 50 mL-min™ nitrogen. Approximately 5 mg of sample was crimped in a
standard aluminum hermetic sample pan. Indium (T»= 157.61 °C) was used as the
standard compound for the calibration of the DSC. The samples were cooled to -90 °C,
tempered (30 min) and, finally, heated to 100 °C. The cooling-heating cycles were
repeated three times at different rates (i.e., 10, 5 and 1 °C/min). The transition
temperatures obtained from the second and subsequent cycles at the same rate were
reproducible. The DSC curves of ibuprofen, [C2Cilm][Ibu], [CzomCilm][Ibu] and

[Ni1120m][Ibu] are presented in the Supporting Information (Figures 3.51-54).

3.3.4 Solubility Studies

An excess of ibuprofen, ibuprofen sodium salt and ibuprofen-based ILs were added in
1.5 mL safe-lock microtubes with 1.5 mL of each solvent (Milli-Q water and buffer
solutions suitable for dissolution testing, such as simulated intestinal fluid without
enzymes (interchangeable with phosphate buffer at pH 6.8), simulated gastric fluid
without enzymes (interchangeable with 0.1 N HCl at pH 1.0) and a 0.15 M NaCl isotonic
ionic strength solution. The test samples were placed in an accuTherm (Labnet)
microtube shaking incubator and kept under a controlled temperature of 25 °C (x1 °C)

while stirring up to 1000 rpm. A study of the amount of ibuprofen solubilized in the
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solvents over time ensured that the equilibrium was achieved. Before sampling, each
solution was centrifugated (VWR® Mega Star 600 R) at isothermal conditions to enhance
the physical separation of the two phases. Concentrations were determined by UV-Vis
spectroscopy using a VWR® spectrophotometer, model UV-6300PC, after appropriate
dilution and interpolation from previously acquired calibration curves. All the

solubilities experiments were repeated at least two times.

3.3.5 Cytotoxicity Assays

To screen the cytotoxicity of the ibuprofen-based ILs two different cell lines were chosen:
human colon carcinoma cells, Caco-2, and the hepatocellular carcinoma cell line, HepG2.
The Caco-2 cell line was grown in RPMI 1640 medium supplemented with 10% of
inactivated fetal bovine serum (FBS) and 1% penicillin—streptomycin, and the HepG2
cells were cultured in MEM medium with 10% inactivated FBS, 2 mM glutamine, 1%
MEM-NEAA and 1% sodium pyruvate. All media and supplements were supplied by
Gibco from Thermo Fisher Scientific. Both cell lines were kept at 37 °C in a humidified
incubator (Smart Biotherm S-Bt, bioSan) with 5% CO:and routinely grown in 175
cm? culture flasks. Caco-2 cells were seeded at a density of 2 x 105 cells per well in 96-
well plates, and the experiments were performed using cells after reaching a 90%
confluence, 96 h after seeding. The HepG2 cells were seeded at a density of 6 x 105 cells
per well, and the experiments were performed at a confluence of 80%, 24 h after seeding.
Each ibuprofen-based IL was tested in a concentration range above/in the maximum
plasma concentration (Cmax) of ibuprofen: 0.175 mM [26]. Additionally, the half maximal
effective concentration (ECs)) was determined for the Caco-2 cell line within
concentrations ranging from 0.012 up to 4.8 mM for ibuprofen, 0.008 up to 7.5 mM for
the API-ILs and 0.008 up to 320 mM for the ILs. All the stock solutions were
homogenously prepared and diluted in 0.5% FBS culture media and added to a 96-well
plate that was previously seeded. All cell lines were incubated for 24 h. Negative control
cells were prepared containing culture medium with 0.25% (v/v) DMSO and the positive
control cells only containing DMSO. To perform the cytotoxicity assay, an CyQUANT™
XTT Cell Viability test kit (Invitrogen, Waltham, MA, USA) was used. A preworking
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solution was prepared using an electron coupling reagent and the XTT reagent ((2,3-bis-
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) according to the
manufacturer’s instructions. After the incubation period, all samples were removed and
100 uL of the working solution was added to each well and left to react for 4 h. The XTT
reagent is sensitive to cellular redox potential; thus, actively respiring cells convert the
water-soluble XTT compound into an orange-colored formazan product. The amount of
formazan product that was soluble in the culture medium was proportional to the
number of viable cells, and it was quantified spectrophotometrically at 450 nm in a
Multiskan GO (ThermoFisher Scientific) microplate reader. Each sample was incubated
in three different wells, and the obtained value was the average of three independent
assays. Cell viability was determined by the ratio between the measured test compound-
contacted cells and the measured absorbance of the control cells treated only with culture
medium. Dose-independent viability curves were determined using the cell viability
trends. Nonlinear regression analysis was used to determine the ECsovalues for
ibuprofen, ibuprofen-based ILs and IL/salt cation “suppliers” (i.e, [C2CiIm]Cl,
[CaomCiIm]Cl and [Nuizom)]Cl).

3.3.6 Hemolytic Activity

The hemolytic activity was assessed according to the method optimized by Gaspar and
coworkers [35]. Ethylene diamine tetraacetic acid (EDTA), preserved peripheral human
blood obtained from voluntary donors, was used on the same day of all experiments.
Briefly, the erythrocytes were centrifugated at 1000x g for 10 min to separate them from
the serum and washed three times in a PBS solution. The ibuprofen-based ILs and
sodium ibuprofen were prepared in PBS with a final concentration of 6 mM and
ibuprofen, due to the fact of its low solubility, with a final concentration of 3 mM. The
assay was performed in 96-well plates in which 100 pL/well of sample were diluted with
100 uL of the erythrocyte suspension. Moreover, the microplates were incubated at 37
°C for 1 h followed by a centrifugation at 800x g for 10 min. The supernatant absorbance
was measured at 570 nm with a reference filter at 600 nm. The percentage of the

hemolytic activity was calculated according to Equation 3.1:
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Hemolytic Activity (%) = % x 100 (Equation 3.1)

where AbsS is the average absorbance of the sample; AbsN is the average absorbance of
the negative control; AbsP is the average absorbance of the positive control. All the

compounds were tested in triplicate.

3.3.7 Protein Albumin Denaturation Assay

The inhibition of protein denaturation by the three ibuprofen-based ILs was evaluated
according to the method described by Mizushima and Kobayashi [36] with slight
modifications, and it was implemented to assess the anti-inflammatory activity of the
API-ILs. Briefly, a 2% bovine serum albumin (BSA) solution was prepared in PBS at pH
7.4. Ibuprofen and sodium ibuprofen were used as positive control drugs. A solution of
only PBS and 2% BSA was used as the negative control. Solutions of each API-IL and
control drugs were also prepared in PBS. The reaction mixture containing 0.5 mL of 2%
BSA and 1.5 mL of each test compound was incubated at 37 °C for 15 min and cooled at
room temperature. Denaturation was induced by maintaining the mixtures at 80 °C +1
°Cin a dry bath for 15 min. The turbidity of the solutions represented the level of protein
precipitation. Thus, in the manual centrifuge, all samples were centrifuged and then
measured at 660 nm. Each sample concentration consisted of at least two independent

replicates.

3.3.8 Cyclooxygenases (COX-1 and COX-2) Imhibition Assays

The anti-inflammatory activity was directly determined by measuring the inhibition of
the COX enzymes using a colorimetric COX (COX-1, ovine; COX-2, human) inhibitor
screening assay kit (Cayman Chemical Co., No. 701050, Ann Arbor, MI, USA). The assay
was conducted according to the manufacturer’s instructions. Briefly, a reaction mixture
containing 150 uL of assay buffer, 10 uL of heme, 10 uL of enzyme (either COX-1 or
COX-2) and 10 pL of ibuprofen or ibuprofen-based ILs at 3 mM were added to the plate.
To evaluate the 100% initial activity, a solution of 150 uL of assay buffer, 10 uL of heme,
10 uL of enzyme (either COX-1 or COX-2) and 10 uL of a solution 50/50 H20 and EtOH
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was added to the plate. The nonenzymatic solution designated as background contained
160 uL of assay buffer, while 10 uL of heme and 10 uL of a solution of 50/50 H20O and
EtOH were also added to the plate. Cayman’s COX colorimetric inhibitor screening
assay measures the peroxidase component of COXs. The peroxidase activity was assayed
colorimetrically by monitoring the appearance of oxidized N, N, N” and N’-tetramethyl-
phenylenediamine (TMPD) at 590 nm [37]. Each plate was firstly incubated for 5 min at
25 °C and then 20 uL TMPD, and 20 pL of arachidonic acid was added to start the
reaction. For a more accurate determination of the reaction rates, the samples were
measured kinetically for precisely 2 min at 25 °C. All samples were assayed in triplicate.

The COX-1 and COX-2 percent inhibition was calculated using Equation 3.2:
COX inhibition activity (%) = g x 100 (Equation 3.2)

where C is absorbance of the 100% initial activity sample; T is the subtraction of each
inhibitor sample from the 100% initial activity sample. The absorbances are the average
of all samples, and one must subtract the absorbance of the background wells from the

absorbances of the 100% initial activity and the inhibitor wells.

3.4 Results and Discussion

3.4.1 Characterization of the Ibuprofen-Based Ionic Liquids

The '"H and *C NMR spectra were acquired for the API-ILs sodium ibuprofen and
ibuprofen. The ibuprofen-based ILs presented the expected chemical shifts from the
anion and the corresponding cation, meaning that the reactions were complete, and only
one highly pure product was formed in each reaction. In agreement with the intended
stoichiometry, a strict 1:1 proportion was always observed in the "H NMR spectra (see
the Supplementary Materials). The hydroxyl group (-COOH) '"H NMR chemical shift
for the ibuprofen acid formed was detected at 12.15 ppm in DMSO and, as expected, no
peak was observed in the ibuprofen-based ILs (the neutralization step in the two-step
anion exchange reaction; see Section 3.4.1) and sodium ibuprofen '"H NMR spectra in the

same deuterated solvent. Additionally, there was a clear change in the chemical shifts
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upfield for protons 2 and 3 of ibuprofen for the APIs’ salt forms in DMSO (see Table 3.2),
corroborating the cations and API-based anion interactions. The same trend was
observed in D20, and it is depicted in Table 3.51 in the Supplementary Materials. The
chemical shift deviations were more significant for the API-ILs, which is supported by
the interionic hydrogen-bonded network in the ILs, verified by experimental

measurements and computer simulations [38,39].

The melting temperatures (T») and glass transition temperatures (T) of ibuprofen-based
ILs and ibuprofen determined by DSC are summarized in Table 3.3. Both [C2Cilm][Ibu]
and [Nunom][Ibu] were solid (Twm= 72.44 °C and 70.89 °C, respectively), whereas
[CaomCilm][Ibu] was liquid, at room temperature. The addition of a hydroxyl group
connected to the aromatic imidazolium ring seemed to strongly decrease the melting
temperature. The same was observed by Ferreira et al. with fluorinated ionic liquids
based on an imidazolium cation, where it was inferred that both structural features (i.e.,
hydroxyl group and anion) highly influence the thermal properties of ILs [40]. Although
the API-IL [C:CiIm][Ibu] was not liquid at room temperature or even at body
temperature (a more relevant temperature for pharmaceutical applications; the Tw cut-
off of API-ILs for use within the body should be approximately 37 °C), and the API-IL
platform was not effective in reducing the melting point of the parent API in this IL
(see Table 3), the DSC trace at a scan rate of 1 °C/min (see Figure 3.52 in the Supporting
Information) indicated that [C2CiIm][Ibu] exhibited a cold crystallization temperature
(26.98 °C) and, thus, depending on the cooling-heating cycles, this API-IL can easily be
handled as a liquid at room temperature. This is advantageous for the development of
new drug delivery systems such as the adsorption of API-ILs onto mesoporous silica-
based materials for the controlled delivery of APIs [41] and incorporation of API-ILs into

bacterial nanocellulose membranes for transdermal drug delivery systems [26].
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Table 3.2. Chemical shifts for the hydrogens in positions 2 and 3 (as depicted in the chemical structure of
ibuprofen on the bottom) for ibuprofen, sodium ibuprofen and API-ILs in DMSO.

Compounds H2 (d/ppm) H3 (d/ppm)
Ibuprofen 3.63 1.35
Na[Ibu] 3.21 1.22
[C2CiIm]([Ibu] 3.15 1.19
[CaomCilm][Ibu] 3.18 1.19
[N111200m][Tbu] 3.18 1.20

i

Table 3.3. Glass transition temperatures (Ts) and melting temperatures (Tw) of ibuprofen and ibuprofen-
based ILs determined by DSC at a heating rate of 1 °C/min.

Compound T, (°C) T (°C)
Ibuprofen -43.57 74.89
[C2CiIm][Ibu] -30.55 72.44
[CaomCilm][Ibu] - -13.97
[Ni11200m][Ibu] - 70.89

3.4.2 Equilibrium Solubility in Water and Simulated Biological Fluids

A poor water solubility is a limiting factor in the efficacy and bioavailability of an AP
The solubilities of the ibuprofen-based ILs, ibuprofen and ibuprofen sodium salt
determined in the present work (see Section 3.4.4) are listed in Table 3.4. Ibuprofen,
itself, by being an acid drug, has a low solubility in water (0.297 mM), a simulated gastric
fluid solution at pH 1.0 (0.215 mM) and in the buffer, NaCl, a physiological solution
mimicking the isotonic ionic strength in the bloodstream (0.353 mM). In the simulated
intestinal fluid at pH 6.8, it had an increased solubility (20.21 mM) compared to the

previous buffers and water.
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Table 3.4. Solubility of ibuprofen, sodium ibuprofen and ibuprofen-based ILs in water and the solubility of
ibuprofen, ibuprofen sodium and cholinium-based API-IL in buffer solutions suitable for dissolution testing,
isotonic ionic strength aqueous solution (0.15 M NaCl), simulated gastric fluid (pH 1.0) and simulated
intestinal fluid (pH 6.8). All experiments were performed at 25 °C + 0.1 °C. The solubility was the overall
mean of at least two independent experiments + standard deviation.

Solubility (mM) at 25 °C

C d
OMpOTH Water 0.15 M NaCl pH 1.0 pH 6.8
0.2791 = 0.0068
Tbuprofen (0.3259 [23], 0.3530+0.0131  0.2146+0.0053 20.21+0.58
0.3394 [43])

Sodium ibuprofen 1762 + 52 1506 + 30 1173 + 57 1907 + 11
[Nirizom][Ibu] 6783 + 226 2519 + 45 3159484 11,074+438
[C:Cilm][Tbul] 7817 + 160 + + +

[CaomCilm][Tbu] 7426 + 357 + + +

1 Not determined.

The replacement of an acidic proton in ibuprofen by sodium significantly increases the
Lewis-based properties of sodium ibuprofen [42]. Through the enhancement of basic
properties, ibuprofen sodium salt presented a higher solubility and within the same
order of magnitude in water (1761.97 mM), 0.15 M NaCl solution (1505.67 mM),
simulated gastric fluid (1172.85 mM) and simulated intestinal fluid (1906.65 mM) at 25

°C when compared to ibuprofen.

Due to the anion—cation interactions, the solubilities of the API-ILs were much higher
than those found for ibuprofen in the neutral and salt forms. The solubility studies
attained in this work are illustrated in Figure 3.1, and Figure 3.1A depicts the solubility
of ibuprofen, sodium ibuprofen and all three ibuprofen-based ILs in water, while Figure
3.1B depicts the solubility of ibuprofen, sodium ibuprofen and cholinium-based API-IL
in buffer solutions suitable for dissolution testing, viz., simulated gastric fluid without
enzymes (interchangeable with 0.1 N HCl pH 1.0), simulated intestinal fluid without
enzymes (interchangeable with phosphate standard buffer pH 6.8) and a 0.15 M NaCl
(isotonic ionic strength solution). The solubility of [Nuzon][Ibu], [C2Cilm][Ibu] and
[C20mCilm][Ibu] in water at 25 °C were similar, and much higher (up to 28,000-fold)
than ibuprofen, and higher (up to 4.4-fold) than the commercialized salt formulation,

sodium ibuprofen. The same trend was observed by Viciosa et al., who demonstrated
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that the richness of the possible interactions between imidazolium cations vs.
ibuprofenate anions favor the interaction with water molecules, leading to a much more
soluble material compared to the original molecular drug, which only interacts by
hydrogen bonding. These authors reported the solubility in water and phosphate buffer
at pH 7.54 for [CaomCilm][Ibu] at 9845.39 and 9965.71 mM, respectively, in accordance
with the values reported in this study [44]. Recently, Wu and coworkers also reported
an increased water solubility of imidazolium-based ibuprofen ILs ([C4«Cilm][Ibu] and
[C2omCilm][Ibu]) and correlated the higher solubility of the API-ILs to the higher

permeability results and higher bioavailability [23].

Cholinium befits many physiological functions due to the fact of its incorporation into
neurotransmitters, signaling molecules and membrane components [12]. In addition to
imidazolium-based ibuprofen IL, cholinium-based ibuprofen IL was also prepared and
investigated in this work for their potential use in pharmaceutical applications due to
the prevalence of cholinium in the human body. Additionally, cholinium salts, such as
chloride ([Nu20m]Cl—the cation “supplier” for [Nuzom][Ibu] in the implemented two-
step anion exchange synthetic procedure, see Section 3.4.1), are currently cost-efficient
chemicals, produced on a scale of millions per year. Accordingly, cholinium-based API-
ILs propound biocompatibility and economic advantages. Thus, the solubility of
[Nu11zom][Ibu] in simulated biological fluids at 25 °C were determined as well as for
ibuprofen (parent API) and sodium ibuprofen (commercial salt form of the API). The
results are depicted in Table 3.4 and Figure 3.1B, clearly demonstrating the superiority
of the API-ILs platform. Santos et al. determined the solubility for [Nu2om)][Ibu] in water
and 0.1 M phosphate-buffered solution at 37 °C, 8111.43 and 8085.57 mM, respectively

[24], in agreement with the results presented herein.
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Figure 3.1. Solubility of ibuprofen, ibuprofen sodium salt and ibuprofen-based ILs in water (A). Solubility
of ibuprofen, ibuprofen sodium salt and cholinium-based API-ILs in isotonic ionic strength aqueous solution
(0.15 M NaCl), simulated gastric fluid (pH 1.0) and simulated intestinal fluid (pH 6.8) (B). All experiments
were performed at 25 °C. * p <0.05, ** p <0.01.

The overall solubility results clearly demonstrate that the cholinium- and imidazolium-
based API-ILs strategy was appropriate to twist the solubility in water and buffer
solutions suitable for dissolution testing of the parent API and, consequently, enhanced
the efficacy, bioavailability and potential membrane permeability. Solving the
bioavailability problems of APIs is one of the critical challenges of the pharmaceutical
industry, since nearly half of the new active substances being identified in high-

throughput screening are either insoluble or poorly soluble in water [12].

3.4.3 Cytotoxicity Profile in Human Cell Lines

The cytotoxicity profiles of ibuprofen-based API-ILs as well as ibuprofen and sodium
ibuprofen were accessed in the human colon carcinoma cell line, Caco-2, and the
hepatocellular carcinoma cell line, HepG2. The studied concentrations were above/in the
range of the pharmacokinetic parameter maximum plasma concentration of ibuprofen
(Cmax, 0.175 mM,; the highest level of ibuprofen that can be obtained in the blood usually
following multiple doses) [45], which is above the possible intracellular concentrations.
The dose-response cytotoxicity curves are depicted in Figure 3.2. Comparing the
viability curves of ibuprofen, sodium ibuprofen and ibuprofen-based ILs, no significant

changes were verified, indicating that the use of a modular IL strategy based on the
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cations [Nunon]:, [C2CiIm]*and [CoomCilm]* produced no significant effect on the

ibuprofen system cytotoxicity.

NSAIDs are mainly associated with gastrointestinal problems [21]. Thus, to evaluate the
relative toxicity in the in gastrointestinal tract, the ECso (i.e., effective concentration
reducing cell viability to 50%) in the Caco-2 cell line was acquired and is depicted
in Table 3.5. In Figure 3.S5, the nonlinear regression curves used to obtain the
ECso values are illustrated. In addition to API-ILs and parent API, the ECso in the Caco-2
cell line was determined for IL/salt cation “suppliers” for the API-ILs (i.e., [C2CiIm]Cl,
[C20mCiIm]Cl and [N111200m]Cl).

The ECso values for ibuprofen and the three ibuprofen-based API-ILs were at the mM
level (see Table 3.5). All four ibuprofen formulations (neutral and API-ILs) showed low
toxicity against Caco-2 cells. [C2Cilm][Ibu], [CzomCilm][Ibu] and [Nii2on)][Ibu] showed
similar ECso values, all slightly higher than ibuprofen (approximately 1.4-fold), implying
a similar toxicity or safety profile with ibuprofen. The IL/salt cation “suppliers” for the
API-ILs (i.e., [C2CiIm]Cl, [CoomCilm]Cl and [Nii1200m)]Cl) also showed low toxicity, lower
than the ibuprofen-based counterparts, which is in agreement with previous literature
that compared the cytotoxicity of ibuprofen API-ILs and the corresponding precursor
halide salts in different cell lines [23,24,48]. The EC50 for the precursor halide salts
followed the trend: [N111201)]Cl > [CaonCiIm]Cl > [C2CiIm]Cl (see Table 3.5 and Figure
3.56), supporting the higher biocompatibility of the cholinium cation as discuss above
(see Section 3.5.2) and indicating that the incorporation of a hydroxyl group in the alkyl
substituent of the imidazolium ring significantly decreases the toxicity of imidazolium-
based ILs ([C2CiIm]* versus [CaomCilm]*) [49]. The overall analysis of the in vitro
cytotoxicity assays indicates the suitability and biocompatibility of the proposed

cholinium- and imidazolium-based API-ILs for pharmaceutical formulations.
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Figure 3.2. Cytotoxicity profiles of ibuprofen in the neutral and sodium salt forms compared with
[C2Cilm][Ibu] in Caco-2 (A) and HepG2 (B) with [CzomCilm][Ibu] in Caco-2 (C) and HepG2 (D) and with
[Nu2om][Ibu] in Caco-2 (E) and HepG2 (F). Both Caco-2 and HepG2 cells were exposed for 24 h to the
respective API-ILs and parent API at the concentrations shown.

Table 3.5. ECso values of ibuprofen, ibuprofen-based ILs and IL/salt cation “suppliers” for the API-ILs (i.e.,
[C2CiIm]Cl, [C2omCiIm]Cl and [N11120m]Cl) in the Caco-2 cell line exposed to the compounds for 24 h. The
R-squared was greater than 0.9540 and p < 0.0001 for all fitted curves.

Compound ECso (mM)
Tbuprofen 4.052 +0.010 (2.893 + 0.059 [46])
[C2Cilm][Ibu] 5.683 + 0.001
[C2omCilm][Ibu] 5.523 +0.001
[Nini20m)][Tbu] 5.508 +0.001
[C2C1Im]Cl 70.66 +0.011 (32.10 + 1.84 [47])
[C20mCiIm]Cl 137.5 £ 0.001
[N1ir20m)]Cl 178.1 £ 0.001
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3.4.4 Hemolytic Activity

Drug-induced immune hemolytic anemia is a serious condition that can be a rare side
effect of commonly used over-the-counter medications such as NSAIDs [50,51]. Thus, an
in vitro hemolysis study was performed prior to any pharmaceutical application to
ensure that there was no serious potential pharmacologically mediated toxicity
according to the guidelines of the European Medicines Agency (EMA) [52]. In this study,
the red blood cell lysis through the hemoglobin release in the plasma was evaluated.
Ibuprofen did not reveal hemolytic activity in the range of concentrations studied up to
1.5 mM. Additionally, ibuprofen sodium salt and ibuprofen-based ILs also displayed no
hemolytic activity against human erythrocytes up to 3 mM. The studied concentration
range for ibuprofen was limited to 1.5 mM due to the lower solubility in PBS (see Section
3.4.6). Still, the studied concentrations were above the Cmax of ibuprofen (0.175 mM) [45],
which was above the possible intracellular concentrations. The structure-activity
correlation suggests that an aromatic ring with a side chain containing a carbonyl group
attached to a nitrogen atom is a requirement for stabilizing the erythrocyte membrane
[53]. Additionally, our group reported the hemolytic activity of several ionic liquids and
demonstrated that imidazolium and cholinium-based ILs are considered
hemocompatible with ~0% hemolytic activity up to 3 mM [54]. Hemolysis also represents
the most employed initial toxicity assessment in drug development that could be
correlated to cytotoxicity assays, since the main reason for toxicity can be related to the
disruption of cell membranes [55]. The hemocompatibility results agree with the
cytotoxicity evaluation. Ibuprofen and ibuprofen API-ILs showed low toxicity against
Caco-2 cells, their ECso were at the mM level (see Table 3.5), higher than 4.0 mM for
ibuprofen and 5.5 mM for the API-ILs.

3.4.5 Protein Albumin Denaturation Assay

Protein denaturation has been correlated with the formation of inflammatory disorders,
such as rheumatoid arthritis, diabetes and cancer, since proteins lose their biological

activity. Therefore, the ability of a substance to prevent protein denaturation may also
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help to prevent the inflammatory conditions [56]. Serum albumins are the most
abundant proteins in plasma and are responsible for the movement of drugs through the
blood stream. BSA is widely used as a model protein in many areas of research, because
it holds similar properties to those of human serum albumin [57]. Herein, BSA was used
to assess the ability of ibuprofen, ibuprofen sodium salt and ibuprofen-based ILs to

prevent protein denaturation and, consequently, to evaluate their anti-inflammatory

properties.
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Figure 3.3. Inhibition profile of BSA denaturation by ibuprofen, ibuprofen sodium salt, [C2CiIm][Ibu],
[C2omyCilm][Ibu] and [Nizom][Ibu].

Ibuprofen, ibuprofen sodium salt, [C2CiIm][Ibu] and [Nunzom][Ibu] exhibited similar
profiles, without significant differences, while [C2omCilm][Ibu] presented an increased
inhibition of BSA denaturation (see Figure 3.3 and Table 3.52). Cholinium cations can
be considered as chaotropic agents [58,59] while imidazolium cations as kosmotropic
agents [59,60]. A chaotropic agent can reduce the amount of order in the structure of a
protein formed by water molecules, where as a kosmotropic agent can cause water
molecules to favorably interact which, in effect, stabilizes the intramolecular interactions
in macromolecules such as proteins [61]. Additionally, Pace et al. [62] investigated the
contribution of polar groups and their hydrogen bonds to the conformational stability
of proteins and disclosed that hydrogen bonds by side chain hydroxyl groups make a
favorable contribution to protein stability. The hydrogen bonding and other interactions
of -OH groups in folded proteins can be sometimes more favorable than interactions

with water in the unfolded protein. Consequently, the hydroxyl group presented in the
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[C2omCilm][Ibu] API-ILs (see Table 3.1) contributed to stabilizing the BSA, preventing

its denaturation in the tested conditions.

3.4.6 Cyclooxygenases (COX-1 and COX-2) Inhibition Assay

Cyclooxygenase (COX, also called prostaglandin H synthase (PGHS)) is a bifunctional
enzyme exhibiting both COX and peroxidase activities. The COX component converts
arachidonic acid to a hydroperoxyl endoperoxide (PGGz), and the peroxidase
component reduced the endoperoxide to the corresponding alcohol (PGH:), the
precursor of PGs, prostacyclins and thromboxanes [63,64]. Currently, it is well
established that there are two distinct isoforms of COX. COX-1 is constitutively
expressed in a variety of cell types and is involved in normal cellular homeostasis. The
expression of a second isoform of COX, COX-2, is induced by a variety of mitogenic
stimuli such as phorbol esters, lipopolysaccharides, and cytokines. COX-2 is responsible
for the biosynthesis of PGs under acute inflammatory conditions [65]. All NSAIDs are
essentially COX-2 inhibitors with differing degrees of COX-1 inhibition as a side effect.
NSAIDs act by inhibiting these enzymes, which are involved in prostaglandin synthesis,
resulting in their antipyretic, analgesic and anti-inflammatory effects. Drugs that inhibit
COX-1 and COX-2 with comparable potency (non-selective NSAIDs, e.g., ibuprofen and
ketoprofen) will not spare COX-1 activity after dosing, while drugs with intermediate
COX-2 selectivity (e.g., diclofenac and nimesulide) or highly selective COX-2 inhibitors
(e.g., rofecoxib and etoricoxib) have greater potential for sparing COX-1 activity [66]. In
the gastrointestinal (GI) track, kidneys, and platelets, COX-1 is a commonly present
enzyme responsible for the synthesis of prostaglandins, mainly in the GI mucosa and
platelets. The produced prostaglandins help to maintain the GI mucosal integrity and
renal blood flow as well as platelet activation. Symptomatic ulcers and ulcer
complications associated with the use of nonselective NSAIDs is a very common side
effect and may occur in approximately 1% of patients treated for three to six months and
in 2-4% of patients treated for one year. Additionally, platelet function may also be
impaired because of NSAIDs’ inhibitory effect on thromboxane, a potent aggregating

agent, resulting in bleeding [67]. Otherwise, COX-2 is primarily found at sites of
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inflammation. Additionally, the use of selective COX-2 inhibitors, as demonstrated by
Simon and coworkers in long-term rheumatoid arthritis patients [68], allowed a
significative reduction in pre-existing conditions, such as perforation and hemorrhages
in in the GI, alongside anti-inflammatory and analgesic activity. Accordingly, it is
advantageous to develop selective COX-2 NSAIDs with minimal COX-1 inhibition after
dosing, allowing pain relief and inflammation reduction without no disruption of
platelet and a lower risk for GI toxicity. Ibuprofen (nonselective NSAIDs) that inhibit
COX-1 and COX-2 with comparable potency, which is observed in the relative COX-
1/COX-2 selectivity [69], will not spare COX-1 activity after dosing, with all the

unwanted side effects [70,71].

Ibuprofen-based ILs, as well as ibuprofen, were evaluated for their ability to inhibit
cyclooxygenases (COX-1, ovine; COX-2, human) using a COX colorimetric inhibitor
assay kit (see Section 3.4.8), providing direct insight into their anti-inflammatory

properties. The results obtained are depicted in Figure 3.4 and Table 3.6.
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Figure 3.4. Selective inhibition of COX-1 and COX-2 enzymes for ibuprofen and ibuprofen-based ILs at 3
mM. The YY axis guideline corresponds to 50% COX inhibition.

It was found that under the same experimental conditions, the ibuprofen-based ILs
maintained/upgraded the anti-inflammatory activity of ibuprofen (% COX inhibition).
The COX-1/COX-2 selectivity followed the order: ibuprofen > [C:Cilm][Ibu] >
[C2omCilm][Ibu] > [Nunom][Ibu]. Lower COX-1/COX-2 selectivity values indicate a
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greater selectivity for COX-2, and higher values indicate greater selectivity for COX-1.
This trend shows that ibuprofen-based API-ILs improve the selectivity towards COX-2.
These results clearly demonstrate the potential of the API-ILs platform in the
development of safer NSAIDs with improved gastric and renal safety profiles and the
recognition of new avenues for selective COX-2 inhibitors in cancer chemotherapy and
neurological diseases such as Alzheimer’s and Parkinson’s.

Table 3.6. Inhibition of COX-1 (ovine) and COX-2 (human) and COX-1/COX-2 selectivity for 3 mM
ibuprofen and ibuprofen-based ILs.

Inhibition of COX-1 Inhibition of COX-2 (Human)

Compound COX-1/COX-2 Selectivity

(Ovine) (%) (%)
Ibuprofen 56.18 + 2.60 65.13 £4.25 0.863 + 0.069
[C2CiIm][Ibu] 51.50 +1.98 65.13 +4.27 0.791 £ 0.060
[CoomCilm][Ibu] 56.35 + 4.35 74.04 +4.42 0.761 £ 0.074
[N111200m)][Ibu] 4948 +4.64 73.07 + 3.55 0.677 £0.071

3.5 Conclusions

In the present work, we reported on the synthesis of three NSAID-based ionic liquids,
conjugating the ibuprofenate anion (derived from ibuprofen, one of the most commonly
available over-the-counter NSAIDs) with imidazolium cations (i.e., [C2Cilm][Ibu] and
[C20omCilm][Ibu]) and a cholinium cation (i.e., [Nuwzom][Ibu]). An upgrade to the
aqueous solubility (i.e., water and biological simulated fluids) for the ibuprofen-based
ILs relative to the ibuprofen neutral and commercial ibuprofen salt form (i.e., sodium
ibuprofen) was verified. Cytotoxicity tests on human cell lines and hemocompatibility
assays substantiated the biocompatibility of the ibuprofen-based ILs, viz., ibuprofen-
based ILs, sodium ibuprofen and ibuprofen, which displayed similar cytotoxic responses
and all forms were hemocompatible, which boosts opportunities for creating advances
in pharmaceutical challenges. The pharmacological action of the prepared API-ILs were
tested to validate if a potential synergetic effect between the ion pairs existed,
consequently conducting novel therapeutic advantages. Accordingly, the anti-
inflammatory properties of the ibuprofen-based ILs were assessed through the

inhibition of BSA denaturation and inhibition of cyclooxygenases (i.e., COX-1 and COX-
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2), showing that all prepared API-ILs, [C:Cilm][Ibu], [CzomCilm][Ibu] and
[N1z0m][Ibu], maintained the anti-inflammatory response of ibuprofen with improved
selectivity towards COX-2, allowing for the development of safer NSAIDs and the
recognition of new avenues for selective COX-2 inhibitors in cancer chemotherapy and
neurological diseases such as Alzheimer’s and Parkinson’s. The development of API-ILs
represents a paradigm that poses diverse opportunities to drug development and
delivery, which may play a relevant role in the future of healthcare, taking ILs from the

benchtop to the bedside.
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3.7 Supporting Information

Characterization of the Ibuprofen-based Ionic Liquids

The prepared ibuprofen-based ionic liquids, ibuprofen and ibuprofen sodium salt were
completely characterized by 'H and '3C NMR in order to check their expected structures.
Additionally, the quantitative integration of their characteristic 'H NMR resonance
peaks unfold the expected cation/anion correlations. Also, there were no peaks assigned

to impurities in the 'H NMR spectra.

Ibuprofen

1H NMR (400 MHz, D20): d/ppm =7.20 (d, ] = 8.0 Hz, 2H, 6), 7.15 (d, ] = 8.3 Hz, 2H, 5), 3.58 (m, 1H, 2), 2.40
(d,]=7.1Hz, 2H, 8), 1.75 (dd, ] = 13.5, 6.6 Hz, 1H, 9), 1.33 (d, ] = 7.2 Hz, 3H, 3), 0.79 (d, ] = 6.6 Hz, 6H, 10).

1H NMR (400 MHz, DMSO): d/ppm = d 12.25 (s, 1H, OH), 7.19 (d, ] = 7.9 Hz, 2H, 6), 7.11 (d, ] = 7.9 Hz, 2H,
5),3.63 (q, ] =7.1 Hz, 1H, 2), 2.42 (d, ] = 7.1 Hz, 2H, 8), 1.81 (dp, ] = 13.5, 6.9 Hz, 1H, 9), 1.35 (d, ] = 7.1 Hz, 3H,
3), 0.86 (d, ] = 6.6 Hz, 6H, 10). 13C NMR (101 MHz, DMSO): d/ppm = 175.95 (s, 1), 140.02 (s, 7), 138.94 (s, 4),
129.43 (s, 6), 127.57 (s, 5), 44.74 (s, 8), 44.68 (s, 2), 30.03 (d, ] = 8.9 Hz, 9), 22.42 (d, ] = 43.1 Hz, 10), 18.91 (d, ] =
16.1 Hz, 3).

1H NMR (400 MHz, CDCl3): d/ppm = 5 7.25 (d, ] = 7.8 Hz, 2H, 6), 7.13 (d, ] = 7.8 Hz, 2H, 5), 3.74 (q, ] = 7.1 Hz,
1H, 2), 2.48 (d, ] = 7.1 Hz, 2H, 8), 1.87 (tt, ] = 13.4, 6.7 Hz, 1H, 9), 1.52 (s, 3H, 3), 0.93 (d, ] = 6.6 Hz, 6H, 10). °C
NMR (101 MHz, CDCls): 5/ppm = 180.61 (s, 1), 140.87 (s, 7), 137.00 (s, 4), 129.40 (s, 6), 127.29 (s, 5), 45.05 (s,
8), 44.94 (s, 2), 30.17 (s, 9), 22.40 (s, 10), 18.11 (s, 3).

Sodium Ibuprofen
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1H NMR (500 MHz, D20): d/ppm = 7.19 (d, ] = 8.0 Hz, 2H, 6), 7.13 (d, ] = 7.9 Hz, 2H, 5), 3.53 (q, | = 7.1 Hz, 1H,
2),2.40 (d, J = 7.1 Hz, 2H, 8), 1.82- 1.69 (m, 1H, 9), 1.31 (d, ] = 7.2 Hz, 3H, 3), 0.79 (d, ] = 6.6 Hz, 6H, 10). 13C
NMR (126 MHz, D20): 8/ppm = 183.98 (d, ] = 3.0 Hz, 1), 140.67 (s, 7), 140.44 (s, 4), 129.41 (s, 6), 127.10 (s, 5),
48.12 (d, J=3.9 Hz, 8), 44.15 (d, ] = 3.9 Hz, 2), 29.68 (s, 9), 21.56 (s, 10), 18.41 (s, 3).

1H NMR (500 MHz, DMSO): d/ppm = 7.17 (d, ] = 8.0 Hz, 2H, 6), 6.96 (d, ] = 8.0 Hz, 2H, 5), 3.21 (q, ] = 7.1 Hz,
1H, 2), 2.37 (d, ] = 7.1 Hz, 2H, 8), 1.87 — 1.70 (m, 1H, 9), 1.22 (t, ] = 8.2 Hz, 3H, 3), 0.86 (d, ] = 6.6 Hz, 6H, 10).
13C NMR (101 MHz, DMSO) : d/ppm = 177.55 (s, 1), 143.79 (s, 7), 137.88 (s, 4), 128.48 (s, 6), 127.68 (s, 5), 49.04
(s, 8), 44.84 (s, 2), 30.19 (s, 9), 22.69 (s, 10), 20.74 (s, 3).

1H NMR (400 MHz, CDCl3): 8/ppm = 7.24 (d, | = 8.0 Hz, 2H, 6), 7.12 (d, ] = 8.0 Hz, 2H, 5), 3.74 (q, ] = 7.0 Hz,
1H, 2), 2.47 (d, ] = 7.2 Hz, 2H, 8), 1.94 — 1.75 (m, 1H, 9), 1.52 (d, ] = 7.2 Hz, 3H, 3), 0.92 (d, ] = 6.6 Hz, 6H, 10).
15C NMR (101 MHz, CDCls): d/ppm = 179.40 — 176.46 (m, 1), 142.58 — 138.96 (m, 7), 137.83 — 135.65 (m, 4),
129.42 (s, 6), 127.25 (s, 5), 45.04 (s, 8), 44.74 — 44.31 (m, 2), 30.16 (s, 9), 22.38 (s, 10), 18.20 (s, 3).

1-Ethyl-3-methylimidazolium ibuprofenate ([C2CiIm][Ibu])

1H NMR (400 MHz, D20): d/ppm = 8.58 (s, 1H, 2'), 7.37 (s, 1H, 4), 7.30 (s, 1H, 5'), 7.18 (d, ] = 7.9 Hz, 2H, 6),
7.12(d,J=7.9 Hz, 2H, 5), 4.11 (q, ] = 7.4 Hz, 2H, 7'), 3.77 (s, 3H, '), 3.53 (m, 1H, 2), 2.38 (d, ] = 7.1 Hz, 2H, 8),
1.74 (dp, T = 135, 6.7 Hz, 1H, 9), 1.39 (t, ] = 7.4 Hz, 3H, 8'), 1.30 (d, J = 7.2 Hz, 3H, 3), 0.78 (d, ] = 6.6 Hz, 6H,
10). *C NMR (101 MHz, DMSO): &/ppm =183.92 (s, 1), 140.71 (s, 7), 140.42 (s, 4), 129.40 (s, 6), 127.12 (s, 5),
123.36 (s, 4), 121.78 (s, 57), 48.18 (s, 7'), 44.70 (s, 8), 44.17 (s, 2), 35.49 (s, 6'), 29.69 (s, 9), 21.58 (s, 10), 18.43 (s,
3),14.40 (s, 8).

1H NMR (400 MHz, DMSO): d/ppm = 9.48 (s, 1H, 2), 7.79 (s, 1H, &), 7.70 (s, 1H, 5), 7.14 (d, ] = 7.8 Hz, 2H,
5), 6.94 (d, ] = 7.8 Hz, 2H, 6), 4.18 (q, ] = 7.3 Hz, 2H, 7’), 3.84 (s, 3H, 6'), 3.15 (q, ] = 7.1 Hz, 1H, 2), 2.37 (d, ] =
7.1 Hz, 2H, 8), 1.78 (dp, ] = 13.3, 6.8 Hz, 1H, 9), 1.40 (t, ] = 7.3 Hz, 3H, 8), 1.19 (d, ] = 7.1 Hz, 3H, 3), 0.86 (d, |
= 6.6 Hz, 6H, 10). 3C NMR (101 MHz, DMSO): d/ppm = 175.76 (s, 1), 144.45 (s, 2'), 137.55 (s, 7), 137.27 (s, 4),
128.35 (s, 6), 127.64 (s, 5), 123.97 (s, 4'), 122.38 (s, 5), 49.65 (s, 7'), 44.86 (s, 8), 44.50 (s, 2), 36.06 (s, 6), 30.19 (s,
9), 22.69 (s, 10), 20.86 (s, 3), 15.60 (s, &).

1-(2-Hydroxyethyl)-3-methylimidazolium ibuprofenate ([CzomCilm][Ibu])
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1H NMR (500 MHz, D20): d/ppm = 7.41 (d, ] = 1.9 Hz, 1H, 4), 7.36 (d, ] = 1.8 Hz, 1H, 5), 7.18 (dd, ] = 4.7, 3.2
Hz, 2H, 6), 7.12 (dd, ] = 4.9, 3.0 Hz, 2H, 5), 4.26 — 4.19 (m, 2H, 7’), 3.88 - 3.78 (m, 5H, 6', 8), 3.51 (m, 1H, 2),
2.39 (dd, ] = 6.9, 3.5 Hz, 2H, 8), 1.75 (ddd, ] = 20.1, 10.1, 4.9 Hz, 1H, 9), 1.30 (dd, ] = 7.1, 3.6 Hz, 3H, 3), 0.91 -
0.68 (m, 6H, 10). *C NMR (126 MHz, D20) : d/ppm = 183.97 (s, 2'), 140.68 (s, 7), 140.44 (s, 4), 129.39 (s, 6),
127.09 (s, 5), 123.52 (s, 4'), 122.35 (s, 5), 59.70 (s, 7'), 51.45 (s, 8), 48.15 (s, 2), 44.15 (s, 8'), 35.61 (s, 6'), 29.67 (s,
9), 21.55 (s, 10), 18.40 (s, 3).

1H NMR (400 MHz, DMSO): d/ppm = 9.31 (s, 1H, 2), 7.73 (s, 1H, 4), 7.67 (s, 1H, 5), 7.15 (d, ] = 7.8 Hz, 2H,
6), 6.96 (d, ] = 7.8 Hz, 2H, 5), 4.21 (t, ] = 4.9 Hz, 2H, 7'), 3.83 (s, 3H, 6'), 3.69 (dd, ] = 13.8, 8.9 Hz, 2H, 8'), 3.18
(q,]=7.1Hz, 1H, 2), 2.36 (t, ] = 8.1 Hz, 2H, 8), 1.87 — 1.68 (m, 1H, 9), 1.19 (d, ] = 7.1 Hz, 3H, 3), 0.85 (d, ] = 6.6
Hz, 6H, 10). ®C NMR (101 MHz, DMSO) : d/ppm = 176.29 (s, 1), 144.09 (s, 2'), 137.75 (s, 7), 137.62 (s, 4), 128.45
(s, 6), 127.64 (s, 5), 123.62 (s, 4), 123.14 (s, 5), 59.66 (s, 7'), 52.02 (s, 8), 49.39 (s, 2), 44.84 (s, 8'), 36.05 (s, 6),
30.20 (s, 9), 22.70 (s, 10), 20.77 (s, 3).

Cholinium ibuprofenate ([Nu20m][Ibul)

HO/S\/ N
4' 3"

1H NMR (500 MHz, D20): 8/ppm =7.19 (d, ] =8.1 Hz, 2H, 6), 7.13 (d, ] = 8.0 Hz, 2H, 5), 4.01 - 3.91 (m, 2H, 5,
3.60 —3.46 (m, 1H, 2), 3.46 — 3.36 (m, 2H, 4), 3.10 (s, 9H, 1",2’,3’), 2.40 (d, ] = 7.1 Hz, 2H, 8), 1.82 — 1.67 (m, 1H,
9), 1.30 (d, ] = 7.2 Hz, 3H, 3), 0.79 (d, ] = 6.6 Hz, 6H, 10). °C NMR (126 MHz, D20) : 3/ppm = 183.96 (s, 1),
140.69 (s, 7), 140.43 (s, 4), 12941 (s, 6), 127.10 (s, 5), 68.57 — 65.25 (m, 5), 55.55 (s, 4'), 54.66 — 53.28 (m, 1/, 2/,
3'),48.15 (s, 8), 44.15 (s, 2), 29.68 (s, 9), 21.56 (s, 10), 18.41 (s, 3).

1H NMR (500 MHz, DMSO): d/ppm =7.15 (d, ] = 8.0 Hz, 2H, 5), 6.96 (d, ] = 8.0 Hz, 2H, 6), 3.90 — 3.73 (m, 2H,
5),3.18 (q, ] = 7.1 Hz, 1H, 2), 3.09 (s, 9H, 1, 2/, 3'), 2.37 (d, ] = 7.1 Hz, 2H, 8), 1.77 (dq, ] = 20.1, 6.7 Hz, 1H, 9),
1.20 (d, ] = 7.1 Hz, 3H, 3), 0.86 (d, ] = 6.6 Hz, 6H, 10). 3C NMR (126 MHz, DMSO) : d/ppm = 176.34 (s, 1),
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144.07 (s, 7), 137.77 (s, 4), 128.46 (s, 6), 127.64 (s, 5), 67.68 (s, 5'), 55.43 (s, 4), 54.01 - 53.24 (m, 1/, 2/, 3'), 49.35
(s, 8), 44.84 (s, 2), 30.19 (s, 9), 22.70 (s, 10), 20.79 (s, 3).

80



Chapter 3 | Human Cytotoxicity, Hemolytic Activity, Anti-Inflammatory Activity and Aqueous Solubility of
Ibuprofen-Based Ionic Liquids

c A

Ml P B Lo o o o b o o o o M o o o o 0 o o o o b o s o o 1 o o o o 1 o o o o 1 4 s s 3

-100 -80 -60 -40 -20 0 20 40 60 80 100 120

Temperature (°C)

Figure 3.51. DSC profile and analysis with TA Instruments Universal Analysis V4.5A software at 1°C/min
of ibuprofen.
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Figure 3.52. DSC profile and analysis with TA Instruments Universal Analysis V4.5A software at 1°C/min
of [C2CiIm][Ibul].
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Figure 3.53. DSC profile and analysis with TA Instruments Universal Analysis V4.5A software at 1°C/min

of [CzomCilm][Ibul].
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Figure 3.54. DSC profile and analysis with TA Instruments Universal Analysis V4.5A software at 1°C/min

of [Nuzion][Ibu].
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Table 3.S1. Chemical shifts for the hydrogens in the position 2 and 3 (as depicted chemical structure of
ibuprofen on the right) for ibuprofen, sodium ibuprofen and API-ILs in D20.

Compounds H2 H3
(d/ppm) (d/ppm) ) N
Ibuprofen 3.58 1.33 J\ ?
Na[Ibu] 3.53 1.31 ho 1 méxﬁt%/r 10
[C2CiIm][Ibu] 3.53 1.30 '
[Ca0mC1Im][Ibu] 3,51 1.30 ’
[N111200m)][Ibu] 3.53 1.30
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Figure 3.S5. Non-linear regression fitting curves, calculated Log ECso+ standard deviation and respective R-
squared and p-value for ibuprofen (A), [C2Cilm][Ibu] (B), [CaomCilm][Ibu] (C), [Niuzom][Ibu] (D),
[C2CiIm]Cl (E), [C2m)CiIm]Cl (F) and [N111200m]Cl (G) in Caco-2 cell line.
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Figure 3.56. ECso values of ibuprofen, ibuprofen-based ILs and IL/salt cation “suppliers” for the API-ILs
([C2CiIm]Cl, [CoomCiIm]Cl, [Nii2om]Cl) in Caco-2 cell line exposed to the compounds for 24h. The R-
squared was greater than 0.9540 an P < 0.0001 for all fitted curves.

Table 3.52. Inhibition of BSA denaturation in PBS pH 7.4 at different concentrations for the neutral and salt
form of ibuprofen and API-ILs. The presented value is the mean of at least two independent measures *
standard deviation.

Concentration Inhibition of BSA Concentration Inhibition of BSA
(mM) denaturation (%) (mM) denaturation (%)
Ibuprofen Sodium Ibuprofen
0.727 19.93 +2.00 0.657 20.15+1.10
1.697 42.85+1.97 1.533 3697 £1.61
2.424 67.66 +£2.49 2.190 61.24 +4.24
3.636 76.40 +1.32 3.286 69.54 +4.81
4.848 74.34+1.32
[C2CiIm][Ibu] [C20mCiIm][Tbu]
0.474 23.30+1.15 0.451 43.67 +3.21
1.106 48.77 +2.52 1.053 70.99 £ 3.81
1.580 55.56 +2.73 1.504 82.25+0.44
2.370 63.27 +2.08 2.256 86.27 + 0.95
[Nuzom][Ibul
0.485 31.79 £ 157
1.131 39.66 +1.33
1.616 50.93 +2.00
2.424 59.41 +0.79
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41 Role of Ionic Liquids in Ibuprofen-based Eutectic Systems: Aqueous
Solubility, Permeability, Human Cytotoxicity, Hemolytic Activity and

Anti-Inflammatory Activity

4.1.1 Abstract

Eutectic systems, as well as ionic liquids (ILs), offer a potential solution to the
challenges associated with low solubility, polymorphism, and limited bioavailability of
active pharmaceutical ingredients (APIs). Herein, we prepared twelve pharmaceutically
active eutectics based on ibuprofen (Ibu), a widely accessible without prescription non-
steroidal anti-inflammatory drug (NSAID), and imidazolium-based ILs ([C2CiIm]Cl,
[C20mCiIm]Cl and [C2CiIm][CiCOz]) and cholinium salt ([N11120m)]Cl) at different molar
ratio (2:1, 1:1, 1:2 and 1:5). All eutectic systems were characterized by DSC and NMR,
and their polarity was assessed using the Kamlet-Taft approach to characterize the non-
specific (polarity/polarizability) and specific (hydrogen bonding ability) interactions. An
upgrade of the aqueous solubility (water and biological simulated fluids) for the Ibu-
based eutectics relatively to ibuprofen was verified. Also, the assessment of ionicity
(viscosity, conductivity, and density) was attained, confirming the formation of ion-pairs
or clusters, that increase the potential of these liquids to be more membrane diffusive.
The biocompatibility of the Ibu-based eutectics was evaluated up to 3mM (well above
the ibuprofen maximum plasma concentration) through a hemolytic activity assay and
in vitro cytotoxicity as-says with two human cell lines (Caco-2 colon carcinoma cells and
HepG2 hepatocellular carcinoma cells), without impairing their hemolytic and cytotoxic
response. Additionally, the anti-inflammatory activity was evaluated by the inhibition
of bovine serum albumin (BSA) denaturation and inhibition of cyclooxygenases (COX-1
and COX-2) enzymes, showing that the ibuprofen eutectic formulations maintain the
anti-inflammatory response of ibuprofen with the opportunity to improve the selectivity

towards COX-2, allowing the development of safer NSAIDs.
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41.2 Introduction

Currently, one of the major issues regarding active pharmaceutical ingredients (APIs)
applications is poor water solubility, which leads to low bioavailability and permeation.
Atleast 90% of the drugs currently in development and 40% of the ones already available
in the market are poorly water soluble. Thus, improving the efficiency of the current
tried-and-tested APIs is a better alternative rather than developing new drugs [1]. To
overcome the problem of low solubility and/or low permeability of drugs, higher
dosages are administrated leading to severe side effects. Pharmaceutical research and
development rely mostly on crystal engineering strategies coupled with new delivery
systems able to provide a more effective therapy. However, polymorphic conversion
associated with the solid form of the drugs can lead to the loss of the drug therapeutic
effect and even potentialize their systemic toxicity. Several strategies, namely creation of
metastable polymorphs, salt formation, microemulsions and self-emulsifying drug

delivery systems have been proposed to improve the APIs dissolution and permeability

[1].

Non-steroidal anti-inflammatory drugs (NSAIDs) are the most prominent and widely
used medicines for the treatment of pain, fever and inflammation among children, adults
and elders. The arylpropionic acid derivates (e.g. fenbufen, fenoprofen, flurbiprofen,
ibuprofen, indoprofen, ketoprofen and naproxen) constitute an important group of the
NSAIDs for the treatment of common acute pain, fever and inflammation but also for
musculoskeletal traumatisms, chronic rheumatoid arthritis and osteoarthritis [2].
Ibuprofen (Ibu), chemically known as 2-(4-isobutylphenyl) propionic acid and is one of
the most prescribed NSAIDs. According to the biopharmaceutics classification system
(BSC), Ibu falls in Class II type of drugs [3] with low solubility and high permeability
(0.067 +£0.0066 mg/mL at 25 °C; LogP = 1.89 + 0.03) [4]. The low aqueous solubility limits
the expected therapeutic outcome in pharmaceutical dosage form. Therefore,
enhancement of ibuprofen solubility is still a challenge faced by the pharmaceutical

industries [4].
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Eutectic systems have emerged in the past decade as an analogue class of ionic liquids
(ILs). Although they share many features with ILs, the terms are not interchangeable,
and they can offer several other advantages [5]. ILs are defined as salts with melting
points below 100°C (some of them liquid at room temperature) and composed by an
organic cation and an organic or inorganic anion. They own peculiar physical features
such as high thermal and chemical stability, lack of inflammability, low volatility, and
tunable properties, such as solubility, lipophilicity and cytotoxicity [6,7]. Recently, Vieira
et al. [8,9] disclosed that the human cytotoxicity and hydrophilic/lipophilic balance of
ILs and their biodegradability can be designed. These studies were performed in several
families of ILs based on imidazolium, pyridinium, ammonium, cholinium and
pyrrolidinium cations. The results established that compounds with short hydrogenated
moieties in the ILs cation can possess a negligible cytotoxicity [9] and biodegradability
[8]. Moreover, ILs can be designed to reduce the impact of the addition of water upon
the ILs hydrogen-bond acceptance ability which is crucial once most biological
applications involve aqueous solutions (water and biological fluids) [10]. By taking
advantage of their unique characteristics, ILs have been studied as enhancers of
properties for several biological compound [11]. In the past decades, were proposed as
solvents or co-solvents to increase solubility of drugs [12,13] and biomolecules [14] and
some works have taken a further step into developing ILs with a pharmaceutical effect,
such as anti-bacterial [7], anti-inflammatory [4,6,15] and anesthetic [16,17]. Chantereau
etal. [15] demonstrated that the conversion of ibuprofen into cholinium-based ILs allows
an increase in solubility by 2 orders of magnitude, which is highly beneficial to improve
their bioavailability. Additionally, by incorporating the cholinium-based ILs with
ibuprofen into bacterial cellulose membranes, the API transdermal release was faster
and complete. Recently, we have developed ibuprofen-based ILs (with imidazolium and
cholinium cations) with upgraded aqueous solubility (water and biological simulated
fluids), and similar biocompatibility profiles (assessed by cytotoxicity test on human cell
lines and hemocompatibility assays), relatively to the ibuprofen neutral and sodium

ibuprofen (commercial ibuprofen salt form). Additionally, all the Ibu-based ILs

91



Chapter 4 | Ibuprofen-based Eutectic Systems

maintained the anti-inflammatory response of ibuprofen (parent API) with improved

selectivity towards COX-2, allowing the development of safer NSAIDs [18].

On the other hand, eutectic systems have been gaining attention in the academic and
pharmaceutical research due to their properties, such as lower toxicity, higher
biodegradability, and easy preparation in comparison to ILs [5]. Eutectic systems are a
mixture of at least two compounds, a salt (hydrogen bond acceptor, HBA) and a
hydrogen bond donor (HBD), which can self-associate and it is characterized by a
depression in the melting temperature in comparison to each individual components [5].
These eutectic mixtures often convert a solid API in a liquid formulation which can
increase the drug bioavailability. Recently, Abbott et al. [19] disclosed that a wide variety
of pharmaceutical agents can be formulated into liquids as eutectic solvents with
improved solubility. By converting paracetamol into a eutectic formulation, the API
solubility increased up to 10-folds. Moreover, aspirin which is solid at room temperature
became a liquid formulation with increased solubility [19]. Morrison and coworkers [20]
also reported that benzoic acid, griseofulvin, danazol and itraconazole exhibited a 5- to
22,000-fold enhancement of their solubilities in eutectic formulation when compared to
water. The first pharmaceutically active eutectic system, composed by ibuprofen and
menthol, was first described in the 90’s [21]. Since then, several studies have been made
using this strategy, whether formulating eutectic systems to have a direct
pharmacological effect [3,22,23], or as solvent enhancers for API solubility [19,20,24], or

even as precursors in the synthesis of pharmaceutically active biopolymers [25-28].

In the present work, we have further investigated the benefits of using eutectic systems
to modulate the bioavailability of ibuprofen. Thus, cholinium chloride and imidazolium
chloride and acetate based-ILs were used as HBA and ibuprofen as HBD at different
molar ratio, namely 2:1, 1:1, 1:2, and 1:5. The ibuprofen-based eutectic systems were
characterized by DSC and NMR to validate the eutectic formation. Also, the polarity of
the Ibu-based eutectics was studied using the Kamlet-Taft approach to characterize the
non-specific (polarity/polarizability) and specific (hydrogen bonding ability)

interactions. The solubility of the prepared eutectic formulations and ibuprofen at 25°C
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were obtained in water, simulated gastric fluid, simulated intestinal fluid and in 0.15 M
NaCl (isotonic ionic strength solution). Further, the Ibu-based eutectics were
characterized in terms of viscosity, conductivity, density and ionicity (via Walden plot),
to probe the formation of larger charged or non-charged aggregates, or the existence of
ionic networks, that increase the possibility for these liquids to penetrate membranes
more efficiently than ibuprofen (parent solid API). Additionally, to realize the
biocompatibility of the ibuprofen-based eutectics, we have performed in vitro
cytotoxicity assays with two different human cells lines, namely Caco-2 colon carcinoma
cells and HepG2 hepatocellular carcinoma cells, and hemocompatibility assays. Besides,
the anti-inflammatory activity of the Ibu-based eutectic systems was evaluated by the
inhibition of bovine serum albumin (BSA) denaturation and the inhibition of
cyclooxygenases (COX-1 and COX-2) enzymes, to evaluate the potential of the ibuprofen

eutectic formulations to maintain/upgrade the pharmacological activity of ibuprofen.

4.1.3 Materials and Methods

4.1.3.1 Materials

Ibuprofen (>98% mass fraction purity) was purchased from TCI and used without
further purification. The ionic liquids 1-ethyl-3-methylimidazolium chloride
([C2CiIm]ClL; >98% mass fraction purity); 1-(2-hydroxyethyl)-3-methylimidazolium
chloride ([CaomCiIm]Cl; >99% mass fraction purity); 1-ethyl-3-methylimidazolium
acetate ([C2:CiIm][CiCOz]; > 95 % mass faction purity) were acquired at IoLiTec and
cholinium chloride ([Ni1120m)]Cl; 298% mass fraction purity) T? Torr vacuum for at least
48 hours to avoid volatile impurities. The water content was determined using Karl
Ficher coulometric titration method (Metrohm 831 KF Coulometer) and it was less than
0.05wt%. The structures, acronyms and molecular masses of ionic liquids, cholinium
chloride and ibuprofen are listed in Table 4.1. The buffer solutions suitable for
dissolution testing, simulated intestinal fluid without enzymes-interchangeable with
phosphate standard buffer pH 6.8 was purchased from Honeywell, simulated gastric
fluid without enzymes-interchangeable with 0.1 N HCl (pH 1.0) was acquired at Carlo

Erba Reagents, and sodium chloride physiological solution (0.15M NaCl-isotonic ionic
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strength) was purchased from Sigma-Aldrich. Milli-Q water (Milli-Q Integral Water
Purification System) was used in all experiments throughout the work. Tablets for the
phosphate buffered saline (PBS) solution preparation were purchased from PanReac

Applichem ITW Reagents Division (Chicago, IL, USA).

Table 4.1. Designation, chemical structure, and molecular weight (Mw) of ibuprofen, cholinium salt and im-
idazolium-based ILs used along this work.

Structure Designation and acronym Mw (g/mol)

2-(4-Isobutylphenyl) propionic acid

OH Ibuprofen (Ibu) 20629
e
R 1-Ethyl-3-methylimidazolium chloride 146.62
\ N~ [C:CiIm]Cl :
cr
I
o cr 1-(2-hydroxyethyl)-3-methylimidazolium chloride 162.62
\/N LI o W [C2omCilm]Cl ’

/\\ )L 1-Ethyl-3-methylimidazolium acetate 170.21
- [C2CiIm][C1CO2] ’
\/ \/

Cholinium chloride

|
N
/\/ \ [N111200m)]Cl1 139.62

4.1.3.2 Preparation of Ibuprofen-based eutectic systems

For the preparation of pharmaceutically active eutectic systems we have used a similar
procedure to the one recently implemented by us [29], mixing a ionic liquid ([C2CiIm]Cl,
[C2omCiIm]Cl and [C:CiIm][CiCOz]) or a cholinium salt ([Nuom]Cl) , used as
hydrogen-bond acceptors (HBA), with ibuprofen as hydrogen-bond donor (HBD). The
HBA:Ibu systems were prepared by mixing the counterparts at different molar ratio,
namely 2:1, 1:1, 1:2, and 1:5 (Table 4.S1 in Supporting Information). The mixtures were
prepared in crimped seal glass vials using an analytical high precision balance
(Sartorius, Germany) with 0.01 mg resolution and sealed under nitrogen atmosphere.

Three heating (up to 85°C +2°C) / cooling (down to 5°C +2°C) cycles were performed
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under constant stirring, to guarantee that all components were blended. 'H NMR
technique was used to verify that the HBA (imidazolium-based ILs or cholinium

chloride) and ibuprofen (HBD) have not reacted, and to check the molar ratio.

A dynamic visual method (lab benchtop procedure) was attained, after the three
heating/cooling cycles, to determine the solid-liquid transitions of the prepared
mixtures, i.e. the temperatures at which a liquid phase appears and the last crystal
disappears. First, the mixtures were cooled down to -40 °C, maintained at this
temperature for at least 30 min, and examined. If the mixture remained in the liquid
state, the melting temperature was considered below -40°C. If crystals were detected, the
mixtures were heated up to achieve a complete liquid phase. For this last case, a second
run was attained to confirm the solid-liquid transition. This procedure was carried out
with successive increment of 5°C in the heating/cooling runs until the solid-liquid
transition was determined, and the prepared mixtures pre-validated as eutectic mixtures

(Table 4.51 in Supporting Information).

The ibuprofen-based eutectic systems were synthesized at atmospheric pressure and
under control of moisture content. Samples were kept in well-sealed glass vials after
preparation and fresh samples were always used for analysis to avoid structural change

or environmental effects on their physical properties.

4.1.3.3 Nuclear magnetic resonance (NMR)

The prepared ibuprofen-based eutectic systems and their individual components were
characterized by "TH NMR (Bruker Avance III 400). The NMR spectroscopy disclosed that
there were no individual functional group modifications on the ibuprofen-based eutectic
systems, being indeed a eutectic combination. All characterization is appended in

Supporting Information.

4.1.3.4 Differential Scanning Calorimetry (DSC)

The DSC traces of all prepared mixtures, hydrogen-bond acceptors ([C:Cilm]Cl ;

[C20mCiIm]CL; [C2CiIm][C1CO2]; [Nu20m]Cl) and hydrogen-bond donor (ibuprofen) were
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acquired using a TA Instrument DSC Q200 Differential Scanning Calorimeter with a
refrigerated cooling system capable of controlling the temperature down to -90°C.
Indium (T»=157.61 C°) was used as standard for the DSC calibration. Around 5-10mg of
sample was crimped in a standard aluminum hermetic sample pan and continuously
purged with 50 mL-min! nitrogen. The samples were cooled to -90°C for 30 min and then
heated to 100°C. The cooling-heating cycles were repeated three times at different rates
(10 °C/min, 5 °C/min and 1 °C/min). The transition temperatures obtained from the
second and subsequent cycles at the same rate were reproducible. The glass transition
temperature (Tg) and melting temperature (Tm) of each eutectic system were determined
using the DSC traces. The standard uncertainty was estimated as +1°C. Universal
Analysis 2000 v. 4.5A software (TA Instruments) was used to integrate the peaks to

determine the different phase transitions.

4.1.3.5 Solubility in water and simulated biological fluids

The determination of the solubility in water and buffer solutions suitable for dissolution
testing (simulated gastric fluid without enzymes-interchangeable with 0.1 N HCI (pH
1.0); simulated intestinal fluid without enzymes-interchangeable with phosphate
standard buffer pH 6.8; 0.15 M NaCl-isotonic ionic strength solution) of the ibuprofen-
based eutectic mixtures (the non-eutectic mixtures were also analysed) was conducted
at room temperature and atmospheric pressure according to the detailed procedure
described in previous work [29]. Briefly, an excess of compound is added to a 1.5 mL
safe-lock microtubes with 1.5 ml of Mili-Q water or buffer. Then the amount solubilized
ibuprofen in each solution is followed over time through UV-Vis (VWR®
spectrophotometer, model UV-6300PC). The presented solubilities were repeated at least

three times and the available data is the average value.

4.1.3.6 Density, Viscosity and Conductivity

Measurements of viscosity and density were performed at atmospheric pressure in the
temperature range of 15°C to 80°C using an automated SVM 3000 Anton Paar rotational

Stabinger (Viscosimeter and Densimeter). The SVM 3000 uses a Peltier with an error on
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temperature of +0.02 C°. The reproducibility of the dynamic viscosity and the density is
*1% and +0.0002g-cm?, respectively. For each sample, duplicates were measured, and
the reported result is the average value. The expanded uncertainty with 0.95 level of
confidence of the measurements is estimated to be 2% for the viscosity and 0.1% for the
density. A METTLER TOLEDO FiveEasy plus Model FP30 was used to measure the
conductivities of the eutectic mixtures in a glass cell containing a magnetic stirrer. The
cell was flushed with dry nitrogen to prevent humidity uptake. The conductivimeter
was calibrated at each temperature with certified 0.01 D and 0.1 D KCl (D = demal)
standard solutions supplied by Radiometer Analytical. The conductivimeter uses an
alternating current of 9 to 12 V and a frequency of 1 W in the range of conductivities
measured in this work. Every conductivity value was determined at least two times with
an estimated expanded uncertainty with 0.95 level of confidence of #2% in the
temperature range of 15°C to 50°C +0.3°C. The reported results are the average for all

measurements.
4.1.3.7 Kamlet-Taft solvatochromic parameter: Hydrogen-bond acceptor ability (f)

A eutectic system is normally prepared by mixing an organic salt and a hydrogen-bond
donor (HBD) in which the melting point can be lower than the individual components
[5]. Therefore, the formation of a stable eutectic depends on the strength of the HBD and
hydrogen-bond acceptor (HBA) and the physicochemical properties of the system can
be tuned depending on the molar composition of the respective components . The
combination between both counterparts gives the eutectic formulation the ability to
accept and donate protons during solvation and thus form a hydrogen bond with the

solute [10].

One of the most important properties of a solvent is polarity which defines the possible
interactions between a solute and a solvent. Additionally, the polarity of a solvent
influences the reaction rate, mechanism, solvation ability, and product yield being an
importing parameter in drug development & discovery [30]. A simplistic
multiparametric model to scale polarity was developed by Kamlet and Taft using a set

of solvatochromic probes to assess the ability of HBD (acidity) and HBA (basicity) and
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polarity/polarizability of the same solvent [10]. The polarity/polarizability (7* value) is a
well-founded scale of solvent strength to characterize dipolar interactions important to
predict the solute-solvent dissolution [31]. The hydrogen-bond basicity (£ value) is one
of the most important parameters, reflecting the hydrogen bond accepting ability of an
IL [32] since a high g parameter imply anions that can strongly interact with the H-bond

donator groups of a solute, promoting its dissolution [33,34].

4-Nitroaniline and N,N-diethyl-4-nitroaniline are traditionally being used for the
experimental measurement of the Kamlet-Taft parameters, namely the hydrogen-bond
basicity and polarity/polarizability [32]. The stock solutions of 4-nitroanliline and N,N-
diethyl-4-nitroaniline dye were prepared using +0.010 g of dried dye and mixed with 10
mL of dichloromethane. An additional 1:10 dilution with dichloromethane (DCM) was
made to ensure an absorbance in accordance with Lambert-Beer law. Roughly 0.35 mL
of 4-nitroanliline or N-N-diethyl-4-nitroaniline dye stock solution were added to a glass
vial with an open top screw-caped sealed with a silicone skewered with a 0.8 x 30 mm
regular needle. The glass vials with the dye stock solutions were submitted to a 3-102
Torr at room temperature for 30 minutes to remove the DCM. Thus, 0.4 mg of sample is
added to the vial and vigorously stirred in a vortex until all blended. Kamlet-Taft
solvatochromic parameter 8 was obtained using an UV-Vis VWR® spectrophotometer,
model UV- 6300PC. Each sample was loaded into a dry cuvette and measured in a scan
range of 250 to 800 nm at 100.00 nm/min. In order to obtain a high spectra resolution, a
0.1 nm interval was chosen. The spectrum for each sample was recorded three times and
the wavelengths in which the absorbance was maximum were acquired. All spectra were
analyzed using the UV-Vis Analyst Software according to the methodology of previous
work [10].

4.1.3.8 Cytotoxicity assays

Human colon carcinoma cell line (Caco-2) and hepatocellular carcinoma cell line
(HepG2) were used to evaluate the ibuprofen-based eutectic systems cytotoxicity. The
HepG2 cell line grown in MEM medium with 10% of inactivated FBS, 2mM glutamine,
1% MEM-NEAA and 1% sodium pyruvate and the Caco-2 cell line grown in RPMI 1640
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medium supplemented with 10% of inactivated fetal bovine serum (FBS) and 1% of
penicillin-streptomycin. All the supplements and media were provided by Gibco from
Thermo Fisher Scientific. Both cells lines were kept at 37°C in a humidified incubator
(Smart Biotherm S-Bt, bioSan) with 5% CO: and consistently grown in 175 cm? culture
flasks. The HepG2 cells were seeded at a density of 6x10°cells per well in a 96-well plates
and used after 24 hours with a 80% confluence. The Caco-2 cells were seeded at a density
of 2x10° cells per well in a 96-well plates and used after 96 hours with a 90% confluence.
Each ibuprofen-based system was tested in concentrations ranging from 0.12 mM to 3.00
mM, lying above/in the maximum plasma concentration (Cmax) of ibuprofen, 0.175 mM
[35], and further compared to neat ibuprofen obtained in our previous work [18]. The
stock solutions were prepared and diluted in 0.5% FBS culture media, added to a seeded
96-well plate and incubated for 24h. DMSO was used as positive control and a culture
media solution with 0.25% (v/v) DMSO was used as negative control. A CyQUANT™
XTT Cell Viability test kit (Invitrogen, Waltham, MA, USA) was used to access the
cytotoxicity assay. A working solution was prepared using an XTT reagent ((2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) and an electron
coupling reagent according to the manufacturer’s instructions. After the incubation
period, the samples were removed and 100 mL of the working solution was added and
left to react for 4h. The water-soluble XTT compound is sensitive to cellular redox
potential and when in contact with viable cells it is converted to an orange-coloured
formazan product is formed being proportional to the number of viable cells which can
be quantified spectrophotometrically at 450 nm in a micro-plate reader (Multiskan GO
from ThermoFisher Scientific). Each sample was incubated in three different wells and
the obtained value was the average of three independent assays. Cell viability was
determined by the ratio between the measured test compounds-contacted cells and the
measured absorbance of the control cells treated only with culture medium. Dose-

independent viability curves were determined using the cell viability trends.
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4.1.3.9 Hemolytic Activity

The hemolytic activity assay was performed according to the method optimized by
Gaspar and coworkers [31]. Peripheral human blood obtained from voluntary donors
and preserved in ethylene diamine tetraacetic acid (EDTA), was used on the same day
of all experiments. Briefly, the erythrocytes were centrifugated at 1000 x g for 10 min to
separate them from the serum and then washed three times with a PBS solution. The
ibuprofen-based systems were prepared in PBS with a final concentration of 6 mM. The
assay was performed in 96-well plates in which 100 puL/well of sample were diluted with
100 pL of the erythrocyte suspension. Then, the microplates were incubated at 37 °C for
1 h followed by a centrifugation at 800X g for 10 min. The supernatant absorbance was
measured at 570 nm with a reference filter at 600 nm. The percentage of the hemolytic

activity was calculated according to Equation (4.1):

Hemolytic Activity (%) = 22— 2% x 100 1)

Where AbsS is the average absorbance of the sample, AbsN is the average absorbance of
the negative control and AbsP is the average absorbance of the positive control. All the

compounds were tested in triplicate.
4.1.3.10 Protein albumin denaturation assay

The inhibition of protein denaturation was evaluated according to the method described by
Mizushima and Kobayashi [37] with slight modifications to assess the anti-inflammatory activity
of the ibuprofen-based eutectic systems. Briefly, a 2 %bovine serum albumin (BSA) solution was
prepared in a PBS buffer with a pH 7.4. Ibuprofen was used as positive control drug and was
accessed in our previous work [18]. A solution of only PBS and 2% BSA was used as the negative
control. The sample solutions of ibuprofen-based eutectic systems were prepared also in PBS
ranging from of 0.75 to 4.5 mM. The reaction mixture composed of 0.5 mL of 2% BSA and 1.5 mL
of each test compound was incubated at 37 °C for 15 min and cooled at room temperature
Denaturation was induced by kept the samples at 80°C+1° in a dry bath for 15 min and then the
turbidity of the solutions represented the level of protein precipitation. All the samples were
centrifuged in a manual centrifuge and then measured at 660 nm. Each sample concentration

consisted of at least two independent replicates.
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4.1.3.11 Cyclooxygenases (COX-1, COX-2) inhibition assay

The anti-inflammatory activity of the ibuprofen-based eutectic systems was evaluated
through the direct inhibition of the COX enzymes by using a colorimetric COX (COX-2,
human; COX-1, ovine) inhibitor screening assay kit (Cayman Chemical Co., No.701050).
The assay was conducted according to the manufacturer’s instructions. Briefly, a
reaction mixture was prepared containing 150 ul of assay buffer, 10 ul of heme, 10 pl of
enzyme (either COX-2 or COX-1) and 10 pl of each eutectic system at 3mM. The 100%
initial activity was accessed with a solution of 150 puL of assay buffer, 10 pL of heme, 10
uL of enzyme (either COX-1 or COX-2) and 10 pL of a solution 50/50 H20 and EtOH. The
background contained 160 pL of assay buffer, while 10 pL of heme and 10 pL of a solution
of 50/50 H20 and EtOH. By monitoring the appearance of oxidized N, N, N, N'-
tetramethyl-phenylenediamine (TMPD) at 590 nm it is possible to assay colorimetrically
the peroxidase activity which corresponds to the COX’s catalytic domain. The samples
plate was firstly incubated for 5 min at 25 °C and then 20 pL. TMPD, and 20 pL of
arachidonic acid was added to start the reaction. The samples were measured kinetically
for precisely 2 min at 25° C for a more accurate determination of the reaction rates. All
samples were assayed in triplicate. The COX-1 and COX-2 percent inhibition was

calculated using Equation 4.2:
COX inhibition activity (%) = % X100  (4.2)

where C is absorbance of the 100% initial activity sample; T is the subtraction of each
inhibitor sample from the 100% initial activity sample. The absorbances are the average
of all samples, and one must subtract the absorbance of the background wells from the

absorbances of the 100% initial activity and the inhibitor wells.
414 Results
4.1.4.1 Characterization of ibuprofen-based eutectic systems

Eutectic systems are formed from Lewis or Bronsted acids and bases which can have a

variety of anionic and cationic species. They contain nonsymmetric ions that have low
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lattice energy, and consequently, low melting points, and usually obtained by the
complexation of a salt acting as a hydrogen-bond acceptor with a hydrogen-bond donor.
The charge delocalization occurring through hydrogen bonding between the salt and the
hydrogen bond donor is responsible for decreasing the melting point of the mixture
relative to the melting points of the individual components or that expected for an ideal
liquid phase [38]. Most studies have focused on quaternary ammonium and
imidazolium cations, with particular emphasis being placed on systems using cholinium
chloride, a cost-efficient chemical produced on a scale of millions per year, as an animal
feed supplement [39]. An upmost within the scope of the development of
pharmaceutically active eutectic systems, due to the prevalence of cholinium in the
human body, once cholinium serves many physiological functions due to its

incorporation in membrane components, neurotransmitters, and signaling molecules

[6].

All the 16 binary mixtures (HBA:IBU) studied in this work were prepared as described
in Section 2.2, and their validation as eutectic mixtures were firstly achieved
implementing the described lab benchtop procedure (dynamic visual method; Section
2.2), prior to DSC validation. 12 out of the 16 prepared binary mixtures were validated
as pharmaceutically active eutectic systems, and all were liquid at room temperature.
This temperature is much lower than the melting temperature of the neat ibuprofen
(Table 4.3). For the cholinium-based systems ([Nu2om]Cl:Ibu) only the molar ratio 1:5
was validated as eutectic system. Regarding the mixtures containing imidazolium-based
ILs  ([CoomCiIm]Cl, [CCiIm]Cl, and [C:GIm][CiCO:]), only the mixture
[C20mCilm]Cl:Ibu 2:1 was not validated as a pharmaceutically active eutectic system. All

these results are summarized in Table 4.S1 of the Supporting Information.

The eutectic systems, the neat hydrogen-bond donor(ibuprofen) and hydrogen-bond
acceptors ([CaomCilm]Cl, [C2CiIm]Cl, [C2CiIm][C1COz], and [Nu11200m)]Cl) were analyzed
by 'H NMR. The '"H NMR has been previously used to characterize H-bonds interaction
in eutectic systems and ionic liquids showing its utility to investigate structures and

interactions at molecular level [41-43]. All the ibuprofen-based eutectic systems showed
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sharp and well-defined signals allowing to confirm the ratios of the counterparts, to
verify that ibuprofen and the HBA have not reacted, and to study intermolecular
interactions. It is well known that the strength of H-bonds affects the chemical shifts,
therefore the chemical shifts in the vicinity of ibuprofen carboxyl group (-COOH), viz.
position 2 and 3 of the chemical structure depicted in Table 4.2, were analyzed. As can
be seen in Table 4.2, the eutectic systems presented similar chemical shifts for both
positions 2 and 3 with the exception of [C2CiIm][Ci1CO:]-based systems, where a clear
change in the chemical shifts upfield with the increase of HBA molar ratio was verified.
Additionally, deviations of the chemical shifts of the most acidic proton in the
imidazolium ring of the [C2CiIm][Ci1CO:] (HBA) as well as the -CHs presented on the
acetate anion, viz. position 2’and 10’, respectively, was verified (Table 4.52 in
Supporting Information). The H2" proton of the imidazolium cation shows a upfield
shift, while the methyl protons H10 of the acetate anion presented a downfield shift. All
the deviations of the proton resonance verified in the HBD and HBA corroborate the
major role of H-bonding in the IL:API eutectic systems formation. Also, the hydroxyl
group (-COOH) of ibuprofen was not detected in the 'H NMR in DMSO of the
[C2CIm][C1COz]-based eutectic systems, while the others eutectic systems showed one
sharp chemical shift at 12-13 ppm, indicative of the stronger H-bonding in the
[C2CiIm][C1COz]:Ibu eutectic systems. The full 'H NMR characterization of all eutectic

systems is available in Supporting Information.

Table 4.3 summarized the glass transition temperature (Tg) and melting temperature
(Tm) of the ibuprofen-based eutectic systems, ibuprofen, and all hydrogen-bond
acceptors. All the mixtures validated as eutectic system using the lab benchtop
procedure were confirmed by DSC at heating/cooling rate of 1°C/min. No Tm was
determined for [Nui200m]Cl in the range of temperatures tested by DSC ([-90°C, 100°C]),
since the melting temperature is higher than 300°C with decomposition (e.g. Tm = 302°C
[40]). Plus, decomposition prevents, or at least strongly hinders, the use of direct
techniques for the measurement of the melting temperature. The DSC of [Nii2001)]Cl
presents a sharp endothermic peak (solid-solid transition, Ts-s) at 79.2°C (c.f. Figure 1),

that results from a crystallographic arrangement phase transition [44]. The reported
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solid-solid transition, in agreement with previous studies [44,45], is listed in Table 4.3
alongside the Tm reported by Abbott and wo-workers [40], to validate the eutectic
systems in the range of temperatures tested by DSC. Figure 4.1 shows the DSC traces
for all the prepared mixtures [Nuzom]Cl:Ibu at 1°C/min rate. [Nuzom]Cl:Ibu 1:5, the
only eutectic of the four [Nizom]Cl:Ibu molar ratio prepared (2:1, 1:1, 1:2 and 1:5),
remains liquid upon cooling (subcolled liquid state) until it reaches a vitreous transition
at low temperature. The glass transition with enthalpic relaxation is achieved at -50.11°C
in the heating part of the cycle. On heating above the Tg, [N1i20m]Cl:Ibu 1:5 exhibits an
exothermic broaden crystallization peak (cold crystallization temperature) followed by

an endothermic melting peak at 13.87°C. This eutectic shows thermal hysteresis.

Table 4.2. "H NMR chemical shifts for the position 2 and 3 according to the chemical structure of ibuprofen
(right) for all the eutectic systems in DMSO.

Compounds 2 (d/ppm) 3 (d/ppm)
Ibuprofen [30] 3.63 1.35
[C2CiIm]CliIbu 2:1 3.64 1.34
[C2CiIm]CliIbu 1:1 3.63 1.33
[C2CiIm]CliIbu 1:2 3.63 1.34
[C2CiIm]Cl:Ibu 1:5 3.63 1.34
[C20mCilm]ClL:Ibu 1:1 3.63 1.34
[C20mCilm]ClL:Ibu 1:2 3.63 1.35
[C20mCiIm]Cl:Ibu 1:5 3.63 1.34
[C2CiIm][C1CO2]:Ibu 2:1 3.31 1.22
[C2CiIm][C1CO2]:Ibu 1:1 341 1.25
[C2CiIm][C1CO2]:Ibu 1:2 3.49 1.27
[C2CiIm][CiCO2):Ibu 1:5 3.57 1.31
[N111200m]Cl:Ibu 1:5 3.63 1.34

The [N1u20m]Cl:Ibu molar ratio 2:1, 1:1 and 1:2 were not validated as eutectics using the
lab benchtop procedure, which was corroborated by the DSC traces depicted in Figure
4.1. Despite, [N111200m)]Cl:Ibu 1:1 and 1:2 exhibit cold crystallization temperature (broaden
band) and thus depending on the cooling-heating cycles these mixtures can be easily
handled as liquid at room temperature, which is beneficial for the development of new
drug delivery systems that are emerging as good candidates for controlled delivery of
APIs, e.g. incorporation of APIs into bacterial nanocellulose membranes for transdermal

drug delivery systems [15], and adsorption of APIs onto mesoporous silica-based
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materials [46]. The DSC trace for the molar ratio 2:1 is not shown since a liquid mixture

was not attained.

The DSC traces at 1°C/min for the imidazolium-based systems (eutectics, non-eutectics,
and individual compounds) can be found in Supporting Information (Figure 4.51-S3).
All the prepared eutectics containing imidazolium-based ILs (CzomCiIlm]Cl, [C2CiIm]C],
and [C2CiIm][C1COz]) are liquid at room temperature (Table 4.3), and show no melting
or freezing behavior in the DSC measurements, even when slowly heated and cooled at
a scan rate of 1°C/min. For all the ibuprofen-based eutectics studied in this work,
conjugated with imidazolium-based ILs or cholinium chloride, a discontinuity in the
heat flux is observed at lower temperatures, due to the glass transition. This second order
transition, with no latent heat associated, unfolds in the DSC as a step transition. It
denotes a change in the structure of the material from a glass-like state to a rubber-like
state, or vice-versa, imaged in a jump in heat capacity. The observed glass transition
allows the determination of the glass transition temperature (Tg) and the classification
of all the prepared ibuprofen-based eutectics as glass formers. This is also true only for
ibuprofen (HBD; parent API). Particularly relevant is the decrease of the initial melting
point and glass transition temperature of the parent-API (ibuprofen; listed in Table 4.3)
by its conjugation with the imidazolium-based ILs and cholinium salt. All the prepared

pharmaceutically active eutectics are liquid at room temperature.

[Ni1120013)CliIbu 1:5

[N11120m)] CliIbu 1:2

[Ni1p0m)|Clibu 1:1

[Ni112001)]C1

Ibuprofen \

-100 -50 0 50 100

Temperature (°C)

Figure 4.1. DSC curves at 1° C/min for [Ni120m]Cl : Ibu systems, ibuprofen (HBD) and [Nuz0m]Cl (HBA).
Exo up in all thermograms.
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Table 4.3. Thermal properties (Tg and Tm) of the ibuprofen-based eutectic systems, ibuprofen (HBD) and
hydrogen-bond acceptors, determined by DSC at a heating rate of 1°C/min. A solid-solid transition is
reported for [Ni11200m)]Cl for eutectics validation in the range of temperatures tested by DSC.

Tg (C°) Tm (C°)
Ibuprofen [30] -43.57 74.89
[Coom)CiIm]Cl - 7748
[C2CiIm]Cl - 71.39
[C2GIm][Ci1CO7] - -76.16
[Nuzoim]Cl ) 302 [38] (Ts-s, 79.20)
[C2omCilm]Cl:Ibu 1:1 -48.27 -
[C20mCilm]ClL:Ibu 1:2 -46.96 -
[C20mCilm]ClL:Ibu 1:5 -48.33 -
[CoCiIm]Cl:Ibu 2:1 -54.35
[CoCiIm]ClIbu 1:1 -56.27 -
[CoCiIm]ClIbu 1:2 -48.80 -
[C2CiIm]ClLIbu 1:5 -54.14 -
[C2GIm][Ci1CO2]:Ibu 2:1 -66.76 -
[C2GIm][Ci1CO2]:Ibu 1:1 -69.50 -
[C2CiIm][C1CO2]:Ibu 1:2 -52.74 -
[C2GIm][Ci1CO2]:Ibu 1:5 -50.61 -
[N1112¢0m)]Cl:Ibu 1:5 -50.11 13.87

41.4.2 Hydrogen-bond acceptor ability (f and dipolarity/polarizability (z*) of

Ibuprofen-based eutectics

The unique properties of ILs are related to their ionic nature and their ability to form
varied type of interactions, dipolar, dispersion or hydrogen-bonding [47,48]. The
existence of functional groups in a drug that can form hydrogen bonds, can increase its
solubility and the ability to establish important interactions with its biomolecular targets,
driving the binding and selectivity. Herein, imidazolium-based ILs ([C2CiIm]Cl,
[C2omCiIm]Cl, [C2CiIm][Ci1COz]) and cholinium chloride were combined with ibuprofen
(Table 4.1 for all the structures) at the molar ratio of 2:1, 1:1, 1:2 and 1:5 to prepare
pharmaceutically active eutectics (Table 4.3 and Table 4.51 in Supporting Information),
exploiting the eutectics easy preparation without purification steps and the ILs
nanostructured character, higher polarity and wide hydrophilicity-hydrophobicity

range. In fact, the weaker hydration of hydrogen bond donors implies that attempts to
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address polarity surfeit in the optimization of permeability in drug formulations should
be focused on hydrogen bond acceptors [49]. Which is one of the motives in applying

ILs as HBA in the formulation of ibuprofen-based eutectics.

Understanding the interactions of a drug molecule with its microenvironment, which
greatly affects the physico-chemical properties of a solute molecule, is relevant in
different fields such as biology, biochemistry, physics, pharmacy, and medicine [49].
Further, drugs change their environments many times before reaching the target
receptor (from polar aprotic — physiologic fluids to a relatively non-polar receptor hilus).
Polarity (the sum of all possible interactions between a solvent and any potential solute
[10,50]), is a complex property once different intra- and inter-aggregate/ion pair
interactions (e.g. hydrogen bonding, p-interactions, van der Waals forces) are involved,
plays an important role in solvation phenomena. Accordingly, the polarity of the
developed ibuprofen eutectic formulations was studied through solvatochromic
responses of UV-vis absorption probes, namely the Kamlet-Taft (KT) approach (Section
2.7) [10,51]. This approach assumes that the solute-solvent interactions are of two kinds,
non-specific (polarity/polarizability) and specific (hydrogen bond donor and hydrogen

bond acceptor complexing) interactions.

In this work two of the Kamlet-Taft parameters, specifically KT g parameter (the H-
bond basicity or the H-bond acceptor ability) and KT 7#° parameter
(polarity/polarizability), were determined for the twelve ibuprofen-based eutectic
systems (Table 4.3). Most of the relevant properties of ILs regarding biological
applications depend on solute-solvent interactions that are usually determined by the
nature of the anion rather than the cation [52]. The hydrogen-bond basicity (/5 value) is
one of the most important parameters reflecting the hydrogen bond accepting ability of
the IL anion [32]. Further, almost all biological applications involve aqueous solutions
(water and biological fluids). The addition of water into ILs has a great impact on the S
parameter [53], mainly due to the water’s relatively hydrogen bond basicity (£=0.13 +
0.014 [10]). The KT f and 7* parameters were determined for all the twelve Ibu-based

eutectic systems (all liquid) at 25°C (Table S3 in Supporting Information). The values for
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the same solvatochromic parameters for [C2CiIm][CiCOz], only HBA liquid at 25°C, and
water are also included for comparison purposes (with the same dyes). Ibuprofen (HBD)
is solid at 25°C, so the determination of the solvatochromic parameters is not possible at
room temperature. Our experimental method (Section 4.1.4.7.) was validated in a
previous work by measuring the three Kamlet-Taft parameters (o, fand 7*) of two ILs
([C4«CiIm][NTS2] and [C4CiIm][CiFsSOs]) and water, obtaining a good agreement with

those reported in literature [10].

The experimental KT fparameter at 25°C, for the Ibu-based eutectics are plotted in
Figure 4.2 and depicted in Table 4.S3 in Supporting Information. The KT £ parameter
describes the material capacity to accept protons or its hydrogen-bond basicity. The
pparameter of the all Ibu-based eutectics ranges between 0.662 ([C2CiIm][CiCOz]: Ibu
1:5) and 1.048 ([C2CiIm][CiCOz]: Ibu 2:1). The minimum and maximum value of
[ parameter is attained for the eutectics [C2CiIm][CiCOz]: Ibu depending on the molar
ratio. Considering the values depicted in Table 4.S3 for the pure [C2CiIm][CiCOx]
(HBA), it is clear that the hydrogen-bond basicity of the Ibu-based eutectics is mainly
governed by the HBA, the imidazolium-based ILs and cholinium chloride. For the Ibu-
based eutectics composed of imidazolium-based ILs as HBA, the fvalue increases with
the increase of HBA molar ratio. The KT fvalues reported in the literature for methanol,
ethanol and glycerol are 0.66, 0.75 and 0.51, respectively [54,55], meaning thar the Ibu-
based eutectics display a higher ability to accept protons than these solvents. KT f§values
up to 1.15 have been reported for ILs composed of anions with high ability to accept
protons, such as [C2CiIm][C1CO2] [10]. For one of the most studied eutectics, [N111200m)]Cl
and glycerol in a 1:2 molar ratio, it was reported a £ value of 0.544 [56]. For all the Ibu-
based eutectics developed in this work, KT g values higher than 0.66 were obtained,

confirming thus their high ability to establish hydrogen bonds.
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Figure 4.2. Hydrogen-bond acceptance ability (/) of ibuprofen-based eutectic systems. All Svalues are the
average of three independent measurements.

The experimental KT 7 * parameter at 25°C, for the Ibu-based eutectics are plotted in
Figure 4.3 and depicted in Table 4.S3 of Supporting Information. The KT 7* parameter
is related to non-specific interactions (polarizability, and dipole-dipole and dipole-
induced dipole interactions) occurring between the solute and the solvent. The 7*
parameter of the all Ibu-based eutectics ranges between 0.715 ([Nui1200m)]Cl: Ibu 1:5) and
1.008 ([C2CiIm]Cl:Ibu 2:1). For the Ibu-based eutectics composed of imidazolium-based
ILs as HBA, the 7* value increases with the increase of HBA molar ratio. Considering the
values depicted in Table 4.S3 for the pure [C2CiIm][C:CO:] (HBA), it is clear that the
dipolarity/polarizability of the Ibu-based eutectics is mainly governed by the HBA, the
imidazolium-based ILs and cholinium chloride. The 7* values reported in the literature
for methanol, ethanol and glycerol are 0.58, 0.51 and 0.62, respectively [54,55], meaning
that the Ibu-based eutectics display a higher ability to establish non-specific with a solute
than organic molecular solvents. Further, this parameter presents a similar magnitude
to that found in pure ILs (7* = 1.05 for [C2CiIm][C1CO2] [10]) as well as in one of the most
studied eutectics (7% =1.161 for [Nu120m]CL:Glycerol in a 1:2 molar ratio [56]). For all the
Ibu-based eutectics developed in this work, 7* values higher than 0.71 were obtained,
confirming thus their high polarity and ability to establish dipole-dipole and dipole-
induced dipole interactions. This similarity to ILs results from the presence of ions in
both classes of compounds. Alike, the KT 7* increases with the salt content in the eutectic

composition (higher amount of ionic species).
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Figure 4.3. Dipolarity/polarizability (7*) of ibuprofen-based eutectic systems at 25°C. All p* values are the
average of three independent measurements.

4.1.4.3 Solubility of ibuprofen-based eutectics in water and biological simulated

The solubility behavior of drugs plays a major role in bioavailability and often is a
limiting factor for the drug therapeutic effectiveness [19]. The conversion of ibuprofen
into pharmaceutical active ionic liquids (API-ILs) significantly increased the parent API
solubility in water and buffer solutions suitable for dissolution testing as described in
our previous work [18]. The use of ILs as HBAs in pharmaceutically active eutectics has
never, to the best of our knowledge, been previously described or investigated. Still, two
recent contributions from two of the coauthors of the present work address the
absorption of fluorinated gases in eutectic systems synthesized using ILs as HBAs and
perfluorinated acids as HBDs [29,57]. In the present work, imidazolium-based ILs
([C2CiIm]Cl, [C2omCiIm]Cl, [C2CiIm][CiCO:]; Table 4.1) and cholinium chloride were
combined with ibuprofen at the molar ratio of 2:1, 1:1, 1:2 and 1:5 to prepare
pharmaceutically active eutectics (Table 4.3), exploiting the eutectics easy preparation
without purification steps and the ILs nanostructured character, higher polarity and
wide hydrophilicity-hydrophobicity range. Differences in solubility would be expected
as the API is in a different state, in the eutectic formulation ibuprofen is in the liquid
state while naturally the parent API is found to be in the powder/solid form.
Accordingly, we evaluated the aqueous solubility, water and buffer solutions under
physiological pH conditions (simulated gastric without enzymes — interchangeable with

0.1 N HClI (pH 1.0), simulated intestinal fluid without enzymes — interchangeable with
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phosphate standard buffer pH 6.8, and 0.15 M NaCl - isotonic ionic strength), of the
synthesized ibuprofen-based eutectics and neat ibuprofen. Further, the non-eutectic
formulations were also analyzed, playing with the hydrotropy phenomenon, first
reported by Neuberg in 1916 [58], that demonstrated the increased solubility of sparingly
soluble compounds in water by addition of alkali metal salts of short alkyl chain organic
acids. More recent studies [59,60] proposed that the formation of co-aggregates between
the solute and the hydrotropes is the main driver to the enhanced solubilization
observed. Recently, Claudio and co-workers [61] studied the ability of ILs to act as
hydrotropes, enhancing the solubility in water of two phenolic compounds, namely
gallic acid and vanillin, and establishing ILs as a new class of catanionic hydrotropes
with a superior performance since both the IL cation and anion may contribute to
enhance the solubility of poorly soluble compounds in aqueous solution. The potential
of ILs to act as hydrotropes was here investigated based on their ability to enhance the
aqueous solubility of ibuprofen, using the molar ratios not validated as eutectics (Table
S1 in Supporting Information). Fresh samples were used to avoid structural changes or
environmental effects on the physical properties of all the studied systems (eutectics and
non-eutectics) and to prevent moisture formation. The increase of ibuprofen molar ratio
(HBA:IBU 2:1, 1:1, 1:2 and 1:5) and the influence of HBA ([C2omCiIm]Cl, [C2CiIm]Cl,
[C2CIm][C1COz], and [Nii20m)]Cl) in the formation and properties of eutectic systems,
as well as in the non-eutectic systems characteristics as hydrotropes, were evaluated. The
solubilities in water and simulated biological fluids at 25°C for the eutectic and non-

eutectic systems are listed in Table 4.4.

The solubilities of ibuprofen in water and buffer solutions under physiological pH
conditions, determined in our previous work [18], are as follow, 0.279 + 0.007 mM
(water), 0.353 + 0.013 mM (0.15M NaCl), 20.2 + 0.6 mM (pH 6.8) and 0.215 + 0.005 mM
(pH 1.0). All the ibuprofen-based eutectics increased the solubility in all aqueous
media, except for the molar ratio 1:5 in simulated intestinal fluid (pH 6.8) for the
following three HBA, [CaomCiIm]Cl, [C2CiIm]Cl and [Nii20m)]Cl (Figure 4.4), which
present slightly lower solubilities than neat ibuprofen (lower up to 1.2-fold). The most

evident increase in solubility is observed for the eutectic [C2CiIm][CiCOz]:Ibu 2:1 in
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water and in isotonic ionic strength aqueous solution (0.15M NaCl), which presents a
38-fold increase (from 0.279 mM to 10.6 mM) and a 30-fold increase (from 0.353 mM to
10.7 mM), respectively. In simulated intestinal fluid (pH 6.8), the highest increase is
observed for [C:CiIm][CiCO:z]:Ibu 1:1, which presents a 2.3-fold increase in the
solubility from 20.2 mM to 46.0 mM. In simulated gastric fluid (pH 1.0), the highest
increase in the solubility is observed for the eutectic [C2omCiIlm]Cl:Ibu 1:1, up to 4.9-
fold increase from 0.215 mM to 1.06 mM. Abbott and co-works also successfully
increased the solubility of aspirin, a carboxylic acid API, in water, using the eutectics
approach combining the API with cholinium chloride [19]. A similar behavior in the
solubility at pH 7 was observed by Duarte et al. [3], were the increased solubility of
ibuprofen, benzoic acid and phenylacetic acid was achieved by the formulation of a

eutectic system with menthol.

The 1:5 molar ratio is the unique HBA:Ibu molar ratio that is a eutectic for all the four
studied HBA, [C2omCiIm]Cl, [C2CiIm]Cl, [C2CiIm][C1CO:] and [Nii20m)]Cl (Table 4.3
and Table 4.51 in Supporting Information), allowing to assess the effect of the different
HBA'’s (Table 4.54 in Supporting Information). The trend of the aqueous solubilities of

the HBA:Ibu 1:5 eutectics is as follow (t-test, 1 tailed, confidence level 90%, p<0.05):
Water: [C2CiIm][CiCOz] > [Ni112(0m)]Cl = [CoomCilm]Cl > [C2Cilm]ClL.
pH 1.0: [N1112001)]Cl = [C2C1Im][C1CO2] > [C2omCiIm]Cl > [C2CiIm]Cl.
pH 6.8: [C2CiIm][C1CO2] > [CoomCilm]Cl = [C2CiIm]Cl = [N11120m)]Cl.
0.15 M NaCl: [C2CiIm][CiCO2] > [Ni112001)] Cl > [Co0mCiIm]CL > [C2CiIm]Cl.

The major impact in aqueous solubility is attained by the HBA’s [C2CiIm][C1CO:] and
[Ni1120m]Cl, where [C2CiIm][CiCOz] has the highest impact. Generally, the 1:5 molar
ratio presented a similar trend for water, isotonic ionic strength solution (0.15 M NaCl)
and simulated gastric fluid (pH 1.0). For simulated intestinal fluid (pH 6.8), the highest
impact in the ibuprofen solubility is also attained by [C2CiIm][C1CO2], although the other
3 HBA’s ([CzonCiIm]Cl, [C2CiIm]Cl and [Nu20m]Cl) has similar impact, there’s no
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significant difference between the solubilities, all the eutectics present slightly lower
solubilities than neat ibuprofen (lower up to 1.2-fold).
Table 4.4. Solubility of ibuprofen-based eutectic and non-eutectic systems in water, isotonic ionic strength

aqueous solution (0.15 M NaCl), simulated intestinal fluid (pH 6.8) and simulated gastric fluid (pH 1.0) at
25°C. The solubility is the overall mean of three independent experiments + standard deviation.

Solubility (mM)
Eutectic systems
Water 0.15M NacCl pH 6.8 pH1.0

Ibuprofen [30] 0.279 + 0.007 0.353+0.013 20.2+0.6 0.215 +0.005

[C2omCiIm]Cl:Ibu 1:1 1.00 £0.01 1.49 £0.01 37.0+04 1.06 +£0.02
[C20mCiIm]ClL:Ibu 1:2 0.649 +0.013 0.698 +0.012 31.3+04 0.778 £0.022
[C2on)Cilm]Cl:Ibu 1:5 0.828 +0.017 1.42 +0.04 173+0.4 0.668 £ 0.016
[C2CiIm]CliIbu 2:1 0.941 = 0.037 1.37 +0.02 37.9+0.6 0.676 = 0.009
[C2CiIm]CliIbu 1:1 0.642 +0.017 0.987 +0.024 341+04 0.695 +0.011
[C2CiIm]Cl:Ibu 1:2 0.806 +0.022 0.794 + 0.020 28.7+0.5 0.960 + 0.028
[C2CiIm]ClL:Ibu 1:5 0.787 +0.007 0.963 +0.013 17.3+0.4 0.596 +0.010
[C2CiIm][C1CO2]:Ibu 2:1 10.6 £0.2 10.7£0.1 32.7+05 0.889 +0.009
[C2CIm][CiCO2]:Ibu 1:1 9.56 +0.10 6.66 +0.09 46.0+0.6 0.852 +£0.017
[C2CIm][CiCO2]:Ibu 1:2 4.32 +0.04 491 +0.07 36.2+0.7 0.705 + 0.005
[C2CIm][CiCO2]:Ibu 1:5 1.75+0.01 5.03 +0.09 35.7+0.5 0.714 £ 0.007
[N1112001)]CL:Ibu 1:5 0.833 +0.010 2.69 +0.04 16.7 +0.04 0.766 + 0.020

Solubility (mM)
Non-eutectic systems
Water 0.15M NaCl pH 6.8 pH1.0

[N1112c0m)]Cl:Ibu 2:1 1.07 £0.01 0.961 +0.012 41.6+04 0.612 +0.015
[Ni11200m]Cl:Ibu 1:1 0.837 +0.023 0.555 +0.006 31.0+0.3 0.313+0.011
[Ni11200m]Cl:Ibu 1:2 0.720 + 0.009 0.562 +0.006 23.6+0.2 0.255 +0.009
[CoonyCilm]ClL:Ibu 2:1 1.37+0.02 1.01+0.02 489+0.9 0.986 +0.010

Only for the HBA’s [C2CiIm]Cl and [C2CiIm][CiCOz] (Table 4.3 and Table 4.S1 in
Supporting Information), one can assess the effect of the increasing ibuprofen molar ratio
of the eutectics for all the four studied ratios (HBA:Ibu 2:1, 1:1, 1:2 and 1:5), in the
aqueous solubility of ibuprofen. The trend of the solubilities in water and buffer
solutions under physiological conditions for the eutectics [C:CiIm]CLlIbu and
[C2CIm][C1COz]:Ibu are depicted in Table 4.54 of the Supporting Information, denoting

that the aqueous solubilities are HBA-dependent.

Although [Nunom]ClIbu 2:1, 1:1 and 1:2 and [CzomCiIm]CLIbu 2:1 are non-eutectic

formulations (Table 4.3 and Table 4.51 in Supporting Information), solubility studies
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were performed to assess the hydrotropy phenomenon [59,60]. The solubility results of
the non-eutectic systems are summarized in Table 4.4 and illustrated in Figure 4.4,
alongside the eutectic systems results. All the ibuprofen-based non-eutectic formulations
increased the ibuprofen solubility in all aqueous media (Figure 4.4). The higher increase
in ibuprofen solubility is attained for the non-eutectic formulation [CzomCilm]Cl:Ibu 2:1
in water, 0.15M NaCl, pH 6.8 and pH 1.0, which presents a 4.9-fold increase (from 0.279
mM to 1.37 mM), a 2.9-fold increase (from 0.353 mM to 1.01 mM), a 2.4-fold increase
(from 20.2 mM to 48.9 mM) and a 4.6-fold increase (from 0.215 mM to 0.986 mM),
respectively. The effect of the different HBA’s in ibuprofen solubility, eutectic and non-
eutectic formulations, is summarized in Table 4.S5 of Supporting Information. The trend
of the aqueous solubilities of the HBA:Ibu 2:1 formulations (t-test, 1 tailed, confidence
level 90%, p<0.05), indicates that the higher ibuprofen solubility is achieved by the non-
eutectic formulation in simulated intestinal fluid (pH 6.8) and simulated gastric fluid
(pH 1.0). Additionally, the effect of increasing ibuprofen molar ratio in the aqueous
solubility of ibuprofen for all the four studied ratios (HBA:Ibu 2:1, 1:1, 1:2 and 1:5),
eutectic and non-eutectic formulations, is summarized in Table 4.S5 of Supporting
Information. The trend of the solubilities of [CaomCiIm]Cl:Ibu and [Niz2on]Cl:Ibu
formulations (t-test, 1 tailed, confidence level 90%, p<0.05) in water and simulated
intestinal fluid (pH 6.8), indicates that the higher ibuprofen solubility is achieved by the
non-eutectic formulation HBA:Ibu 2:1. The results denote that the aqueous solubilities

are HBA-dependent, similarly to the observed for the eutectics.

Overall, the solubility results show that the impact of the eutectic and non-eutectic
formulations are similar, once both formulations are playing with the hydrotropy
phenomenon to enhance the solubility of ibuprofen in water and simulated biological
fluids. A defining characteristic of type III eutectics (HBD mixed with an organic salt;
the eutectics prepared herein) is likely hydrogen bonding [39]. Computational studies,
including MD, have elucidated the nanostructure of various eutectics and eutectics-
water mixtures and supported the contribution of hydrogen bonding to the depression
of the melting temperatures [62,63]. Additionally, many authors have addressed the

nanostructure of eutectics-water mixtures to understand the interaction between water
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and the hydrogen bond network within eutectics. Showing that low quantities of water
strengthen the hydrogen bond within the eutectic, and that the increase of water
concentration weakens the interaction between the eutectic components, up to a
behavior typical of solutes in aqueous solution [62,64,65]. In this work, all the solutions
(Table 4.4) have a concentration greater or equal than 99.9 mol% of water, and at this
water concentration the whole system simple behaves as a pool of aqueous solution
containing its constituents species [64,66-68]. Despite the similar solubility
enhancement for both eutectics and non-eutectics formulations when compared to the
parent API (ibuprofen; Figure 4.4), the non-eutectics systems are solid at room
temperature contributing to a main disadvantage for APIs bioavailability [1]. The
solubility of ibuprofen increased significantly for the eutectics, and its formulation could
be handled in a liquid state, which significantly influence the dissolution rate (not

discussed in the present work), membrane permeation, activity and stability.
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Figure 4.4. Solubility of the ibuprofen-based eutectics, non-eutetics and neat ibuprofen in (A) water and
buffer solutions suitable for dissolution testing, (B) isotonic ionic strength aqueous solution (0.15 M NaCl),
simulated intestinal fluid (pH 6.8), and (D) simulated gastric fluid (pH 1.0), at 25°C. The * represents the
non-eutectic systems.
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4.1.4.4 Ionicity versus permeation potential of ibuprofen-based eutectic systems

One of the most attractive advantages of API-based eutectics is that that the properties
of the parent API could be fine-tuned by changing the components and the molar ratio
of HBA to HBD. Although ideal eutectic systems consist of non-associated ions, due to
the relative high concentration of salts, the ions in the liquid may not diffuse
independently of each other, and to some extent the occurrence of aggregates or clusters
is verified [69]. In this context, the concept of ionicity, as the effective fraction of ions
available to participate in conduction, is of upmost relevance. Ionic interactions could
significantly affect other physical properties, such as mobility, which is one of the factors
that influences the efficiency of permeation of pharmaceutical formulations for
transmembrane transport. For example, the regulations proposed by the FDA suggest
that ionicity is responsible for the different behavior of one class of compounds over

another [70].

The Walden plot is a convenient and versatile tool for ionicity studies [71,72], since it
correlates molar conductivity and viscosity, two properties that are directly related to
the occurrence of ion pairs, the formation of larger charged or non-charged aggregates,
or the existence of ionic networks. It is mainly used as a qualitative and semi-quantitative
measurement, that can be implemented in this field to evaluate the ionicity of eutectics
[73,74]. Furthermore, the validity of applying the Walden plot to address the ionicity of
eutectics was proven by comparing these values with the ionicity calculated by using
the self-diffusion coefficients using the PFEG-NMR method [75]. Figure 4.5 is a plot based
on the classical concept of the Walden plot for the twelve ibuprofen-based eutectics
(Table 4.3 and Table 4.S1 in Supporting Information). Angel and coworkers [71,72]
introduced the AW value, the vertical deviation to the reference (ideal) line of slope 1
(black line in Figure 4.5) that indicates the region of fully dissociated ions like a dilute
solution of 0.01 M KCJ, to characterize the medium according to this value. In this
framework, “good ionic” liquids are fully dissociated and show a AW < 1. ILs with AW =
1 exhibit only 10% of the ionic conductivity as would have been expected at the ideal

line of 0.01 M KClI (blue line in Figure 4.5).
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Eutectics systems show IL-like behavior, but they cannot be purely ionic because
eutectics form across a range of stoichiometries (Table 4.3 and Table 4.S1 in Supporting
Information). MacFarlane et al [76] identified the existence of ion pairs and clusters in
protic pharmaceutically active ILs, supported by a crystal structure analysis of
analogous compounds [77], that strongly enhanced the permeation of both ions. Further,
the authors verified that the enhanced permeation and the formation of associated
species is related to the position of these ILs, sitting well below, relative to ideal line on
the Walden plot. The authors hypothesize that these paired compounds behave more
like “neutral” species and hence cross the membrane faster than the more “ionic” APIs.
Additionally, Peng and coworkers [78,79] reported that IL-ionicity was key to enhance
the intestinal absorption of macromolecular drugs such as insulin and immunoglobulin,

improving API delivery in the skin, buccal membrane, and small intestine.

The ibuprofen-based eutectics (Table 4.3 and Table 4.S1 in Supporting Information)
were characterized in terms of theirs viscosity, conductivity, density and ionicity (via

Walden plot), to assess their permeation potential.

Viscosity is one of the most important parameters for flow behavior, influencing the
mass transport and the hydrodynamic application of eutectics. Generally, eutectics
exhibit a relatively high viscosity, which could be attributed to the extensive hydrogen
bond network causing lower mobility of the species. In this framework, viscosity is
necessary for the calculation of ionicity using the Walden plot. Accordingly, the
viscosities of all twelve Ibu-based eutectics were measured in a range of temperatures
from 15°C to 80°C (Section 4.1.4.6), and all the values are reported in Table 4.56-S9 and
Figures 4.54-S7 of Supporting Information. The viscosity of all ibuprofen-based eutectic
system (Table S6-S9) resulted quite high (> 100 mPa.s) at 25°C, probably due to the
network of intramolecular hydrogen bonds and to molecular packing formed in these
systems originates a reduced mobility of the free species. Temperature-dependent
viscosity data is depicted in Figures 4.54-S7. The viscosity of all ibuprofen-based
eutectics decreases with increasing temperature over the temperature range studied. The

decrease in viscosity with the increasing temperature comes from the weakening of van
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der Waals forces and hydrogen bond interactions, and the molecules and ions move

easily.

The conductivity of eutectic systems is relevant for their pharmaceutical or
electrochemical applications. Also, conductivity is necessary to address the ionicity of
eutectics using the Walden plot. For that, the conductivities of all twelve Ibu-based
eutectics were measured in a range of temperatures from 15°C to 50°C (Section 4.1.4.6;
upper temperature is limited by the conductivity standards), and all the values are
reported in Table 4.56-S9 and Figures 4.54-S7 of Supporting Information. The
conductivity of all Ibu-based eutectics increases as the temperature increases.
Conductivity depends on the amount of free charges and on their mobility. The

conductivity of the eutectics is diminished by limited free charges and high viscosities.

Density and its temperature dependence are relevant thermophysical properties, and in
this context for the calculation of molar conductivity, which is further used to achieve
ionicity by Walden plot. Therefore, the densities of all Ibu-based eutectics were
measured in a range of temperatures from 15°C to 80°C (Section 4.1.4.6), and all the
values are reported in Table 4.56-S9 and Figures 4.54-S7 of Supporting Information. All
the Ibu-based eutectics showed a linear dependence of density with temperature. The
density of all eutectics decreases with increasing temperature due to the thermal

expansion, in agreement with previously reposted eutectics [75,78,79].

The points depicted in Figure 4.5 (Walden plot) represent the temperature dependent
molar conductivities and fluidities (reciprocal viscosity) of the twelve Ibu-based
eutectics (Table 4.3 and Table 4.51 in Supporting Information). The eutectics with molar
ratio HBA:Ibu 2:1 and HBA:Ibu 1:1 are visible very close to the ideal line of the Walden
plot (AW = 0.5) and are fully dissociated and behave like “good ionic” liquids, and none
or only a few ion pairs are expected to exist. The vertical deviation for all the eutectics
HBA:Ibu 1:2 are around 1.0 (AW = 1.0). In this second group the eutectics behave like
“poor ionic” liquids, where hydrogen-bonds and other specific interactions are more
pronounced. For the eutectics HBA:Ibu 1:5 the vertical deviation is greater than 1.0, and

the deviation increase in the following order of HBA, [Nu20m]Cl < [C2CiIm][Ci1COz] <
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[C2CiIm]Cl < [CoomCilm]Cl. The HBA:Ibu 1:5 eutectics are described as liquid ions pairs
or “subionic liquids”. In these liquids, ion conductivity is substantially less, based on ion
pairs, the formation of larger charged or non-charged aggregates, or the existence of

ionic networks.

From the previous discussion on the deviation from the ideal 0.01 M KCl line, the ionicity
would decrease in the following order of HBA:Ibu molar ratio, 2:1 = 1:1>1:2 > 1:5, which
depends on the increase of aggregates or clusters. In the cases such as the HBA:Ibu 1:5
eutectics where the Walden plot indicates large negative deviations from the ideal line,
one needs to consider the possibility of much stronger correlations that are not present
in the ideal cases, such ion pairing or even large aggregates or networks of ions. The low
ionicity observed for the formulations HBA:Ibul:5 in comparison to fully ionized salts
provide the possibility for these liquids to penetrate membranes more efficiently and for
the possible future use in transdermal drug delivery and local anti-inflammatory action.
One of the advantages of these ibuprofen-based eutectics approach is that active
formulations can be designed to be more membrane diffusive in a way that is not

otherwise possible.

—— 0.0IMKCI
2 —— AW=10
[C,C,Im]ClL:Tbu 1:1
Lr o [C,C,Im]ClIbu 1:2
{_: ol o [C,C,Im]CLIbu 1:5
& e [C,CIm]CLIbu2:1
N§ gL [C, 0y CyImICLIbu 1:1
z 4 [CyopCyIm]CLIbu 1:2
;%0-2 I . 5 [CyopCyIm]CLIbu 1:5
| S [C,C,Im][C,CO,]:Tbu 1:1
V%A 2 s [C,C,Im][C,CO,]:Ibu 1:2
4 - o [C,CIm][C,CO,]:Tbu 1:5
4 3 2 1 0 1 2w [C,C,Im][C,CO,]:Ibu 2:1
log[1/viscosity (Poise™)] 9 [Nyy0]Clibu 15

Figure 4.5. Walden plot of ibuprofen-based eutectic systems.
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4.1.4.5 Hemolytic activity and cytotoxic profile of ibuprofen-based eutectic systems

The ease associated with isolating erythrocytes makes the hemolytic activity assay a
versatile tool for rapid initial toxicity assessment often included in several studies of
drug development [80,81]. According to the guidelines of the European Medicines
Agency (EMA), an in vitro hemolysis study is recommended to ensure that there is no
serious potential of pharmacologically mediated toxicity such as drug-induced
hemolysis [82]. Additionally, hemolysis represents the most employed initial toxicity
assessment in drug development that could be correlated to cytotoxicity assays, since
the main reason for toxicity can be related to the disruption of cell membranes [83]. In a
previous work, we have evaluated the red blood cell lysis through the hemoglobin
release in the plasma for ibuprofen and ibuprofen based ILs [18]. Ibuprofen and
ibuprofen-based ILs did not reveal hemolytic activity against human erythrocytes up to
1.5 mM and 3 mM, respectively. In this study, the twelve ibuprofen-based eutectic
formulations (Table 4.3 and Table 4.S1 in Supporting Information) were analyzed,
displaying no hemolytic activity against human erythrocytes up to 3 mM. These results
are in line with the results of the ibuprofen-based ILs, once the cations of the HBA used
in this work are the same of the ibuprofen-based ILs [18]. Also, we have demonstrated
that several imidazolium and cholinium-based ILs are hemocompatible with ~0%
hemolytic activity up to 3 mM [83]. Orhan et al. [84] developed a structure-activity
correlation suggesting that an aromatic ring with a side chain containing a carbonyl
group attached to a nitrogen atom is a requirement for stabilizing the erythrocyte

membrane.

Recently, RadoSevic et al. [35] examined the cytotoxic profile of [Niiz2om]Cl:Glucose,
[Ni112001]Cl:Glycerol, and [Nuzon]Cl:Oxalic acid eutectic systems on channel catfish
ovary fish cell line and the human breast adenocarcinoma cell line. Their results showed
that the [Nu2om]Cl:Oxalic acid eutectic exhibited a significantly higher toxicity (ECso <
5 mM) compared to the remaining [Nuzon]Cl-based eutectics (EC50 > 10 mM),
emphasizing the importance of a careful selection of the eutectics constituents (HBA

and/or HBD)[85]. Herein, ibuprofen (parent API) is the HBD of the pharmaceutical
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active eutectic formulations (Table 4.3 and Table 4.S1 in Supporting Information), with
a maximum plasma concentration of 0.175 mM (Cmay pharmacokinetic parameter),
which is the highest level of ibuprofen that can be obtained in the blood usually
following multiple doses, above the possible intracellular concentrations. Accordingly,
the ibuprofen-based eutectic formulations were tested above/in the range of the
ibuprofen Cmax to evaluate the cytotoxic profile in the human colon carcinoma cell line,
Caco-2, and the hepatocellular carcinoma cell line, HepG2. The results are depicted in
Figure 4.6. At ibuprofen Cmax, all the eutectic formulations present 100% of cellular
viability in both HepG2 and Caco-2 cell lines. Additionally, it was not possible to
determine the ECso (i.e., effective concentration reducing cell viability to 50%) in both
HepG2 and Caco-2 cell lines up to 3 mM. Both cytotoxicity and hemocompatibility
results of the studied ibuprofen-based eutectic formulations agree, indicating the
suitability and biocompatibility of the cholinium- and imidazolium-based HBA:IBU

eutectics for pharmaceutical formulations.

The influence of the molar ratio (2:1, 1:1, 1:2 and 1:5) in the eutectic formulations was
evaluated for [C2CiIm]Cl:Ibu in HEPG2 (Figure 4.6 A) and Caco-2 (Figure 4.6 C) cell
lines. Comparing the viability curves of ibuprofen and the four [C2CiIm]CL:IBU eutectics
in Caco-2 cell line up to 3 mM, no significant changes were observed by increasing the
ibuprofen molar ratio. The dose-response cytotoxicity curves in HEPG2 cell line up to 3
mM, indicates that the increase in ibuprofen molar ratio slightly decreases the cellular
viability. For the molar ratio 2:1 and 1:1, no significant differences in the viability curves
of ibuprofen and [C:CiIm]Cl:Ibu eutectics were observed. Similarly, no significant
differences were verified for the viability curve between ibuprofen and the ibuprofen-
based IL [C2Cilm][Ibu] [18]. For the [C2CiIm]Cl:Ibu 1:2 and 1:5 eutectics, the cellular
viability decreases down to ~80%, having the 1:5 molar ratio the greater impact. The
effect of the different HBA’s ([CaomCiIm]Cl, [C2Cilm]Cl, [CoGiIm][CiCO2] and
[Ni1120m]Cl) in the cytotoxicity profiles was evaluated with HBA:Ibu 1:5 molar ratio
eutectic formulations (1:5 is only molar ratio that is a eutectic for all the four studied
HBA'’s) in HEPG2 (Figure 4.6 B) and Caco-2 (Figure 4.6 D) cell lines. Comparing the

viability curves of ibuprofen and the four HBA:IBU 1:5 eutectics in Caco-2 cell line up to
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3 mM, no significant changes were observed by changing the HBA in the eutectic
formulation. The dose-response cytotoxicity curves of HBA:Ibu 1:5 eutectics in HEPG2
cell line up to 3 mM, indicates that the cellular viability is HBA-dependent. For the HBA
[C20omCiIlm]Cl no significant difference in the viability curves of ibuprofen and
[CoomCiIm]Cl:Ibu  1:5 eutectic was observed. For the HBA’s [C2CiIm]C],
[C2CiIm][C1CO2] and [Ni2om]Cl, the cellular viability decreases down to ~80%, having
the [C2CiIm]Cl:Ibu and [C2CiIm][C1COz]:Ibu 1:5 eutectics the greater impact.
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Figure 4.6. Cytotoxicity profile of ibuprofen [18] compared with [C2CiIm]Cl-based eutectics in HEPG2 (A),
HBA:Ibu 1:5 molar ratio eutectics in HEPG2 (B), [C2Cilm]Cl-based eutectics in Caco-2 (C) and HBA:Ibu 1:5
molar ratio eutectics in Caco-2 (D). Both cell lines were exposed for 24 h to the eutectic formulations prior
to the cytotoxicity assessment. The XX axis guideline corresponds to the pharmacokinetic parameter
maximum plasma concentration of ibuprofen (Cmax, 0.175 mM; [35])

4.1.4.6 Anti-inflammatory activity of ibuprofen-based eutectic systems

The anti-inflammatory activity of the ibuprofen-based eutectic formulations was
evaluated against ibuprofen using the inhibition profile of BSA denaturation and the

degree of cyclooxygenases (COX-1 and COX-2) inhibition.
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Figure 4.7. Inhibition profile of BSA denaturation by the ibuprofen-based eutectic systems with the HBD
[C2CiIm]Cl (A), the HBD [C20mCiIm]Cl (B), and the HBD [Nu1120m)]Cl (C). The profile of ibuprofen (parent-
API) is also displayed [29].

The ability of a substance to prevent protein denaturation may also help to prevent an
inflammatory process, since protein biological activity loss has been correlated with the
formation of inflammatory disorders like rheumatoid arthritis, diabetes and cancer [86].
Serum albumins are the most abundant proteins in plasma and are responsible for the
movement of drugs through the blood stream. BSA has similar properties to those of
human serum albumin, thus is widely used as a model protein [87]. In this study, BSA
was used to evaluate the ability of the ibuprofen-based eutectic formulations to prevent
protein denaturation, and consequently assess their anti-inflammatory properties.
Figure 4.7 compares the inhibition profile of BSA denaturation of ibuprofen (parent-API)
[18] with ibuprofen-based eutectics based on the HBA [C2Cilm]Cl, [CzonCiIlm]Cl, and
[Ni1120m]Cl (Table 4.510). Unlike the ibuprofen API-ILs based on the same cations
([CCIm], [CoomCilm]t, and [Nuwom]?) [29], that exhibited similar profiles to the
parent-API, or even presented an increased inhibition of BSA denaturation
([C2omCilm][Ibu]), all the 8 studied Ibu-based eutectics generally exhibited a reduced
inhibition of BSA denaturation (Figure 4.7 and Table 4.510). Although, for the 1:5 molar
ratio the 3 analyzed eutectics ([C2CiIm]Cl:Ibu, [CaomCilm]CliIbu, [Nuzom]Cl:Ibu) the
inhibition profile is more similar to ibuprofen, indicating that with a fine-tunning of the
molar ratio, a eutectic system may present similar anti-inflammatory properties of the

parent APL
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Cyclooxygenase (COX; also called prostaglandin H synthase, PGHS) is a bifunctional
enzyme exhibiting both COX and peroxidase activities. There are two distinct isoforms
of COX, COX-1 and COX-2, that are responsible for prostaglandin biosynthesis involved
in the anti-inflammatory process (more details on COX-1 and COX-2 can be found
elsewhere [88]). Fundamentally, NSAIDs are COX-2 inhibitors with differing degrees of
COX-1 inhibition as a side effect. Non-selective NSAIDs, such as ibuprofen, inhibit COX-
1 and COX-2 with comparable potency ([18,89]), not sparing COX-1 activity after dosing
with all the unwanted side effects [90,91]. Clearly, it is advantageous to develop selective
COX-2 NSAIDs with minimal COX-1 inhibition after dosing, allowing pain relief and
inflammation reduction with less adverse effects [92]. The following ibuprofen-based
eutectic formulations, [C2CiIm]CLIbu 1:1, [C2GiIm]Cl:Ibu 1:5 [CoonCilm]ClIbu 1:1,
[C2omCilm]Cl:Ibu 1:5, and [Nuzom]Cl:Ibu 1:5, as well as ibuprofen [18], were evaluated
for their ability to inhibit cyclooxygenases (COX-1, ovine; COX-2, human) using a COX
colorimetric inhibitor assay kit (Section 4.1.4.11), providing direct insight into their anti-
inflammatory properties. The results obtained are depicted in Figure 4.8 and Table 4.5,
indicating that under the same experimental conditions, the ibuprofen-based eutectics

generally maintained the anti-inflammatory activity of ibuprofen (% COX inhibition).

A closer look to the results, through the COX-1/COX-2 selectivity, once all NSAIDs are
essentially COX-2 inhibitors with differing degrees of COX-1 inhibition as side effect, is
attained to better understand the effect of the HBA and HBA:Ibu molar ratio in the COX-
1/COX-2 selectivity of the ibuprofen-based eutectic systems (Figure 4.8 and Table 4.5),
and to assess the fine-tunning of these parameters to optimize the anti-inflammatory
activity of ibuprofen, a non-selective NSAID that inhibit COX-1 and COX-2 with
comparable potency, as observed in the relative COX-1/COX-2 selectivity [18,89], and do
not spare COX-1 activity after dosing, with all the unwanted side effects [89,90]. Both
[C2CiIm]Cl-based eutectics (1:1 and 1:5) and [CzomCiIm]CL:Ibu 1:1 eutectic presented a
similar COX-1/COX-2 selectivity to ibuprofen (t-test, 1 tailed, confidence level 90%,
p<0.05). Differently, [CoomCilm]Cl:Ibu 1:5 eutectic upgraded the activity (% COX
inhibition), with a higher increase of the inhibition of COX-1 (%), increasing the COX-

1/COX-2 selectivity relatively to ibuprofen (t-test, 1 tailed, confidence level 90%, p<0.05).
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The [Nuzom]Cl:Ibu 1:5 eutectic presented the lower COX-1/COX-2 selectivity (Table 5),

indicating a greater selectivity for COX-2 than ibuprofen (t-test, 1 tailed, confidence level

90%, p<0.05).
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Figure 4.8. Selective inhibition of of COX-1 (ovine) and COX-2 (human) and COX-1/COX-2 selectivity for 3
mM ibuprofen [30] and ibuprofen-based eutectics

The COX-1/COX-2 selectivity of the ibuprofen-based eutectics and ibuprofen (Table 5)
follows the order (t-test, 1 tailed, confidence level 90%, p<0.05): [CzonCilm]CLIbu 1:5 >
ibuprofen = [C2CiIm]Cl1 1:1 = [C2CiIm]Cl1 1:5 = [CaomCiIm]Cl:Ibu 1:1 > [Ni11200m) ] Cl:Ibu 1:5.
Lower COX-1/COX-2 selectivity values indicate a greater selectivity for COX-2, and
higher values indicate greater selectivity for COX-1. Similar results were obtained for
ibuprofen-based ionic liquids [18], a comparison between the ibuprofen-based eutectics
and the ibuprofen API-ILs is depicted in Figure 4.S8. Globally, the ibuprofen-based API-
ILs, sharing the same cation with the HBA’s of the eutectics developed in this work, have
a greater impact in the improvement of the selectivity towards COX-2. Although, the
[Ni11200m]Cl:Ibu 1:5 eutectic surpass the [Nuizon)[Ibu] ionic liquid, the API-IL with the
better COX-1/COX-2 selectivity (t-test, 1 tailed, confidence level 80%, p<0.1). These

results provide strong evidence of the API-based eutectics platform's potential for
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facilitating the development of safer NSAIDs with improved gastric and renal safety
profiles. Additionally, the study reveals new avenues for selective COX-2 inhibitors in

cancer chemotherapy and neurological diseases such as Alzheimer's and Parkinson's.

Table 4.5. Inhibition of COX-1 (ovine) and COX-2 (human) and COX-1/COX-2 selectivity for 3 mM
ibuprofen [30] and ibuprofen-based eutectics.

Inhibition of COX-1 Inhibition of COX-2

Compound COX-1/COX-2 selectivity

(ovine) (%) (human) (%)

Ibuprofen 56.18 +2.60 65.13+4.25 0.863 + 0.069
[C2CiIm]ClIbu 1:1 60.74 £ 3.13 62.32 +11.53 0.975 £0.187
[C2CiIm]ClIbu 1:5 55.60 £1.49 66.71 £9.89 0.833 £0.126

[C20mCilm]CL:Ibu 1:1 59.47 +2.51 69.80 £ 3.51 0.852 + 0.056
[C2omCiIm]ClL:Ibu 1:5 90.73 +5.12 70.95 + 6.22 1.279 +0.133
[N1112001)]CliIbu 1:5 39.09 +4.21 78.79 +4.90 0.496 + 0.062

4.1.5 Conclusions

In this work, we developed twelve NSAID-based eutectic formulations, conjugating
ibuprofen (HBD) with three imidazolium-based ILs ([C2CiIm]Cl, [CaomCilm]Cl and
[C2CiIm][C1COz]) and cholinium salt (([N120m]Cl) in different molar ratio, namely 2:1,
1:1, 1:2 and 1:5. All eutectic systems were characterized by DSC and NMR, and their
polarity was assessed using the Kamlet-Taft approach. The KT fand 7* values obtained
confirmed that the developed Ibu-based eutectics have high ability to establish hydrogen
bonds (specific interactions) and high polarity and ability to establish dipole-dipole and
dipole-induced dipole interactions (non-specific interactions). An upgrade of the
aqueous solubility (water and biological simulated fluids) for the Ibu-based eutectics
relatively to ibuprofen was verified. Also, the Ibu-based eutectics were characterized in
terms of viscosity, conductivity, density and ionicity (via Walden plot), confirming the
formation of large charged or non-charged aggregates, or the existence of ionic
networks, that increase the potential for these liquids to penetrate membranes more
efficiently than ibuprofen (parent solid API). The ibuprofen-based eutectics and
ibuprofen display similar cytotoxic response (with two human cell lines, Caco-2 colon
carcinoma cells and HepG2 hepatocellular carcinoma cells) and all forms are
hemocompatible. The pharmacological action of the prepared Ibu-based eutectic

formulations were examined to ascertain the presence of a potential synergistic
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interaction between ionic liquids (HBA) and ibuprofen (HBD), which could lead to novel
therapeutic benefits. Subsequently, the anti-inflammatory properties of the Ibu-based
eutectics were evaluated through the inhibition of BSA denaturation and inhibition of
cyclooxygenases (COX-1 and COX-2) enzymes, showing that the ibuprofen eutectic
formulations maintain the anti-inflammatory response of ibuprofen with the
opportunity to improve the selectivity towards COX-2, allowing the development of
safer NSAIDs. These results reveal significant potential in the use of eutectic
formulations combining NSAIDs and ionic liquids, presenting novel opportunities for
the development of selective COX-2 inhibitors in cancer chemotherapy and
neurodegenerative diseases such as Alzheimer's and Parkinson's. The development of
pharmaceutically active eutectics using ionic liquids as HBA represents a paradigm
offering diverse opportunities for drug development and delivery, potentially playing a
significant role in the future of healthcare by taking both eutectics and ILs from the

laboratory to patient care.
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4.1.7 Supplementary Materials

Characterization of the Ibuprofen-based eutectic systems

The prepared ibuprofen-based eutectic systems were completely characterized by 'H and *C

NMR. Additionally, the hydrogen bond donnors were also analysed.

1-Ethyl-3-methylimidazolium chloride ([C2C:Im]CI)

7 2 6
8/\N/\N+/
1 3
\—/

1H NMR (400 MHz, DMSO): d/ppm = 9.44 (s, 1H, 2), 7.86 (s, 1H, 4), 7.77 (s, 1H, 5), 422 (q,] = 7.3
Hz, 2H, 7), 3.87 (s, 3H, 6), 1.41 (t, ] = 7.3 Hz, 3H, 8).

[C2CiIm]Cl : Ibuprofen

7 2' 6
: /\l.N /\N;/ cl
b—t

2:1'H NMR (400 MHz, DMSO): &/ppm = 12.27 (s, 1H, OH), 9.22 (s, 2H, 2), 7.80 (s, 2H, 4), 7.72 (s,
2H, 5'), 7.19 (d, ] = 7.9 Hz, 2H, 6), 7.10 (d, ] = 7.9 Hz, 2H, 5), 4.20 (q, ] = 7.3 Hz, 4H, 7'), 3.86 (s, 6H,
6'), 3.69 —3.58 (m, 1H, 2), 2.41 (d, ] = 7.1 Hz, 2H, 8), 1.87 — 1.73 (m, 1H, 9), 1.42 (t, ] = 7.3 Hz, 6H,
8'),1.34 (d, ] = 7.1 Hz, 3H, 3), 0.86 (d, ] = 6.6 Hz, 6H, 10).

1:1 'H NMR (400 MHz, DMSO): 8/ppm = 12.25 (s, 1H, OH), 9.16 (s, 1H, 2’), 7.79 (s, 1H, 4'), 7.70 (s,
1H, 5'), 7.19 (d, ] = 8.0 Hz, 2H, 6), 7.10 (d, ] = 8.0 Hz, 2H, 5), 4.20 (q, ] = 7.3 Hz, 2H, 7’), 3.85 (s, 3H,
6'),3.63 (q,] = 7.1 Hz, 1H, 2), 2.41 (d, ] = 7.1 Hz, 2H, 8), 1.89 - 1.70 (m, 1H, 9), 1.42 (t, ] = 7.3 Hz, 3H,
8'), 1.33 (s, 3H, 3), 0.86 (d, ] = 6.6 Hz, 6H, 10).

1:2 'H NMR (400 MHz, DMSO): d/ppm = 12.25 (s, 1H, OH), 9.18 (s, 0.5H, 2'), 7.79 (s, 0.5H, 4), 7.71
(s, 0.5H, 5), 7.19 (d, ] = 8.0 Hz, 2H, 6), 7.10 (d, ] = 8.0 Hz, 2H, 5), 420 (q, ] = 7.3 Hz, 1H, 7’), 3.85 (s,
1.5H, 6'), 3.63 (q,J = 7.1 Hz, 1H, 2), 2.41 (d, ] = 7.1 Hz, 2H, 8), 1.81 (dp, ] = 13.4, 6.7 Hz, 1H, 9), 1.42
(t, J=7.3Hz, 1.5H, 8), 1.34 (d, ] = 7.1 Hz, 3H, 3), 0.86 (d, J = 6.6 Hz, 6H, 10).

1:5 'H NMR (400 MHz, DMSO): 5/ppm =12.25 (s, 1H, OH), 9.14 (s, 0.2H, 2), 7.79 (s, 0.2H, 4’), 7.70
(s, 0.2H, 5), 7.19 (d, ] = 8.0 Hz, 2H, 6), 7.10 (d, ] = 8.0 Hz, 2H, 5), 4.19 (q, ] = 7.3 Hz, 0.4H, 7’), 3.85
(s, 0.6H, 6'),3.63 (q, ] = 7.1 Hz, 1H, 2), 2.41 (d, ] = 7.1 Hz, 2H, 8), 1.81 (dp, ] = 13.5, 6.7 Hz, 1H, 9),
1.42 (t, ] = 7.3 Hz, 0.6H, 8'), 1.34 (d, ] = 7.1 Hz, 3H, 3), 0.86 (d, ] = 6.6 Hz, 6H, 10).

1-(2-Hydroxyethyl)-3-methylimidazolium chloride ([CzcotyCiIm]Cl)
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Cl
OH ] /2\ 6
\/\
N \N*/
8 1\ /3
5 4

1H NMR (400 MHz, DMSO): 8/ppm = 9.23 (s, 1H, 2), 7.77 (s, 1H, 4), 7.73 (s, 1H, 5), 5.41 (t, ] = 5.1
Hz, 1H, OH), 4.24 (t, ] = 4.9 Hz, 2H, 7), 3.88 (s, 3H, 6), 3.72 (dd, ] = 9.5, 4.7 Hz, 2H, 8).

[C20mC1Im]Cl : Ibuprofen

7 2 6
HO\/\ /\ +/ Cl_
. N N

N/

5 4

1:1 'H NMR (400 MHz, DMSO): d/ppm = 12.26 (s, 1H, OH), 9.15 (s, 1H, 2), 7.75 (s, 1H, 4), 7.71 (s,
1H, 5'), 7.19 (d, ] = 8.0 Hz, 2H, 6), 7.10 (d, ] = 7.9 Hz, 2H, 5), 5.30 (s, 1H, OH’), 4.30 — 4.15 (m, 2H,
7'), 3.87 (s, 3H, 6), 3.72 (d, ] = 4.6 Hz, 2H, 8'), 3.63 (q, J = 7.1 Hz, 1H, 2), 2.41 (d, ] = 7.1 Hz, 2H, 8),
1.81 (dp, J = 13.3, 6.7 Hz, 1H, 9), 1.34 (d, ] = 7.1 Hz, 3H, 3), 0.86 (d, ] = 6.6 Hz, 6H, 10).

1:2 'H NMR (400 MHz, DMSO): d/ppm = 12.25 (s, 1H, OH), 9.14 (s, 0.5H, 2'), 7.74 (s, 0.5H, 4), 7.71
(s,0.5H, 5),7.19 (d, ] = 8.0 Hz, 2H, 6), 7.10 (d, ] = 8.0 Hz, 2H, 5), 5.28 (s, 0.5H, OH’), 4.27 — 4.18 (m,
1H, 7'), 3.87 (s, 1.5H, ), 3.76 — 3.68 (m, 1H, 8'), 3.63 (q, ] = 7.1 Hz, 1H, 2), 2.41 (d, ] = 7.1 Hz, 2H,
8), 1.81 (dp, ] = 134, 6.7 Hz, 1H, 9), 1.35 (t, ] = 6.4 Hz, 3H, 3), 0.86 (d, ] = 6.6 Hz, 6H, 10).

1:5 'H NMR (400 MHz, DMSO): d/ppm = 12.26 (s, 1H, OH), 9.11 (s, 0.2H, 2'), 7.73 (s, 0.2H, 4'), 7.70
(s, 0.2H, 5), 7.19 (d, ] = 8.0t Hz, 2H, 6), 7.10 (d, ] = 8.0 Hz, 2H, 5), 5.12 (s, 0.2H, OH’), 4.26 — 4.18 (m,
0.4H, 7’), 3.87 (s, 0.6H, €'), 3.75 — 3.70 (m, 0.4H, 8'), 3.63 (q, ] = 7.1 Hz, 1H, 2), 2.41 (d, ] = 7.1 Hz,
2H, 8), 1.81 (dp, ] = 13.6, 6.7 Hz, 1H, 9), 1.34 (d, ] = 7.1 Hz, 3H, 3), 0.86 (d, J = 6.6 Hz, 6H, 10).

1-Ethyl-3-methylimidazolium acetate ([C2C1Im][C1CO2])

/\ /\N+/ )J\

1H NMR (400 MHz, DMSO): d/ppm = 9.96 (s, 1H, 2), 7.86 (s, 1H, 4), 7.77 (s, 1H, 5), 422 (q,] = 7.3
Hz, 2H, 7), 3.87 (s, 3H, 6), 1.56 (s, 3H, 10), 1.41 (t, ] = 7.3 Hz, 3H, 8).

[C2CiIm][C1CO2]:Ibu

7' 2! 6'
/\N/\N+/
8' I 3
\_—J 0
5 4'
9" o
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2:1 'H NMR (400 MHz, DMSO): d/ppm = 9.44 (s, 2H, 2), 7.79 (s, 2H, 4'), 7.71 (s, 2H, 5), 7.16 (d, ]
=7.9Hz, 2H, 5), 6.98 (d, ] =7.9 Hz, 2H, 6), 4.19 (dd, ] = 14.6, 7.3 Hz, 4H, 7'), 3.84 (s, 6H, 6), 3.31 (q,
] =7.1Hz, 1H, 2), 2.36 (t, ] = 8.8 Hz, 2H, 8), 1.84 — 1.72 (m, 1H, 9), 1.70 (s, 6H, 10’), 1.40 (t, ] = 7.3
Hz, 6H, 8),1.22 (d, ] = 7.1 Hz, 3H, 3), 0.85 (d, ] = 6.6 Hz, 6H, 10).

1:1 'H NMR (400 MHz, DMSO): d/ppm = 9.29 (s, 1H, 2'), 7.78 (s, 1H, 4'), 7.69 (s, 1H, 5'), 7.16 (d, ]
=7.9 Hz, 2H, 6), 7.00 (d, ] = 7.9 Hz, 2H, 5), 4.19 (m, 2H, 7’), 3.83 (s, 3H, 6'), 3.41 (q, ] = 7.0 Hz, 1H,
2),2.37 (t, ] = 11.1 Hz, 2H, 8), 1.76 (s, 3H, 10), 1.40 (t, J = 7.3 Hz, 3H, 8'), 1.25 (d, ] = 7.1 Hz, 3H, 3),
0.85 (d, ] = 6.6 Hz, 6H, 10).

1:2 '"H NMR (400 MHz, DMSO): 8/ppm = 9.18 (s, 0.5H, 2'), 7.78 (s, 0.5H, 4’), 7.69 (s, 0.5H, 5), 7.17
(d, J=8.0 Hz, 2H, 6), 7.03 (d, ] = 8.0 Hz, 2H, 5), 4.18 (dd, ] = 14.6, 7.3 Hz, 1H, 7’), 3.84 (s, 1,5H, &),
349 (q,J=7.1Hz, 1H, 2), 239 (d, ] = 7.1 Hz, 2H, 8), 1.82 (s, 1,5H, 10"), 1.41 (t, ] = 7.3 Hz, 1.5H, ),
1.27(d,J=7.1 Hz, 3H, 3), 0.85 (d, ] = 6.6 Hz, 6H, 10).

1:5 'H NMR (400 MHz, DMSO): /ppm = 9.14 (s, 0.2H, 2'), 7.77 (s, 0.2H, 4'), 7.69 (s, 0.2H, 5'), 7.18
(d,]=7.9Hz, 2H, 6), 7.07 (d, ] = 7.9 Hz, 2H, 5), 4.18 (dd, ] = 14.6, 7.3 Hz, 0.4H, 7'), 3.84 (s, 0.6H, 6'),
3.57 (q,] =7.1 Hz, 1H, 2), 2.40 (d, ] = 7.1 Hz, 2H, 8), 1.87 (s, 0.6H, 10'), 1.86 — 1.74 (m, 1H, 9), 1.41
(t,J=7.3Hz, 2H, 8),1.31 (d, ] = 7.1 Hz, 3H, 3), 0.86 (d, ] = 6.6 Hz, 6H, 10).

Cholinium chloride ([N111200m]Cl)

1 Cl

‘+/2
HO/S\A‘/\
3

1H NMR (400 MHz, DMSO): 8/ppm = 5.46 (t, ] = 4.9 Hz, 1H, OH), 3.87 — 3.78 (m, 2H, 5), 3.44 - 3.38
(m, 2H, 4), 3.13 (s, 9H, 1,2,3).

[N11120m]Cl : Ibuprofen

N
'HO/S\/ ~
4 3

1:5 'H NMR (400 MHz, DMSO): d/ppm = 12.27 (s, 1H, OH), 7.25 - 7.14 (m, 2H, 6), 7.11 (t, ] = 7.8
Hz, 2H, 5), 3.84 (dd, ] = 9.8, 5.4 Hz, 0.4H, 5'), 3.63 (q, ] = 7.1 Hz, 1H, 2), 3.12 (s, 1.8H, 1",2",3"), 2.41
(d,]=7.1Hgz, 2H, 8),1.81 (dp, ] = 13.4, 6.6 Hz, 1H, 9), 1.34 (d, ] = 7.1 Hz, 3H, 3), 0.86 (d, ] = 6.6 Hz,
6H, 10).
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Table 4.S1. Validation of the prepared ibuprofen-based mixtures as eutectic mixtures based on the Lab
benchtop procedure (dynamic visual method) used to determine the liquid-solid transition of the prepared
mixtures. All mixtures validated as eutectic systems were liquid at room temperature (RT).

Eutectic systems

2:1 1:1 1:2 1:5

[C20mCilm]ClL:Ibu X v v v
[C2C1Im]ClL:Ibu v v v/ v
[C2CiIm][C1CO2]:Ibu v v v v
[N1112001]CLIbu X X X v

Table 4.52. '"H NMR chemical shifts for the position 2" and 3" according to the chemical structure of

[C2CiIm][C1CO2] (right) for all the eutectic systems.

Compounds 2’ (d/ppm) 3’ (d/ppm)
[C2CiIm][CiCO2] 9.96 1.56
[C2CiIm][C1CO2]:Ibu 2:1 9.44 1.70 /7\« /'\\N
[C2CiIm][C1CO2]:Ibu 1:1 9.29 1.76 RN
[C2C1Im][C1CO2):Ibu 1:2 9.18 1.82 o4
[C2CiIm][C1COz2):Ibu 1:5 9.14 1.87
—
\, __ [GCIm]ClIbuls5
[C,C,Tm]ClTbu12
[C,CIm]CLIbu 1:1
ﬂm\, [C,C,Im]CL:Ibu 2:1
‘ _-_g_‘i_k_‘k"——_._
[C,C,Im]CI
Ibuprofen
-100 -50 0 50 100

Temperature (°C)

+

AV

Figure 4.51. DSC curves at 1° C/min for [C2CiIm]Cl: Ibu systems, ibuprofen (HBD) and [C2CiIm]Cl (HBA).
Exo up in all thermograms.
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T ‘_ﬂ\ [CZ(OH)C]Im]CIIbu 1:5

v —

[CZ(OH)CIIm]C]-Ibu 1 :2
[Co0mCiIm]CLIbu 1:1

[Co0CiIm[CliIbu 2:1

[CZ(OH)CIIm]Cl W-

Ibuprofen

-100 -50 0 50 100
Temperature (°C)

Figure 4.52. DSC curves at 1° C/min for [C2omCiIm]Cl: Ibu systems, ibuprofen (HBD) and [CzornCiIm]Cl
(HBA). Exo up in all thermogram:s.

[C,C,Im][C,CO,|:Tbu 1:5

N—— —_ S

—

[C,C,Im][C,CO,]:Tbu 1:1

puecom

[C,C,Im][C,CO,]:Ibu 2:1

[C,CIm][C,CO,]
B
-100 -50 0 50 100
Temperature (°C)

Figure 4.53. DSC curves at 1° C/min for [C2CiIm][CiCOz]: Ibu systems, ibuprofen (HBD) and
[C2CiIm][C1CO2] (HBA). Exo up in all thermograms.
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Table 4.S3. Kamlet-Taft parameters, hydrogen-bond acceptor () and dipolarity/polarizability (7z*) with
their corresponding standards deviations determined for the eutectic systems studied in this work.

Eutectic Systems

Hydrogen-bond acceptor (f)

Dipolarity/polarizability (77*)

[C,CiIm][C,CO,):Ibu 2:1
[C,Cilm][C,CO,):Ibu 1:1
[C.Ci{Im][C,CO;):Ibu 1:2
[C,Cilm][C,CO,J:Ibu 1:5
[C,Cilm]CLIbu 2:1
[C,Cilm]CLIbu 1:1
[C.CiIm]CL:Ibu 1:2
[C.C{Im]CL:Ibu 1:5
[CoomCilm]Cl:Ibu 1:1
[CaomCilm]ClLIbu 1:2
[CaomCilm]ClLIbu 1:5
[N11120m|CliIbu 1:5
[C.CiIm][C,CO,] [S1]

Water [S1]

1.048 + 0.000
0.955 +0.003
0.833 +0.001
0.662 +0.020
0.880 +0.012
0.822 + 0.003
0.763 £ 0.016
0.688 +0.001
0.729 + 0.008
0.693 +0.022
0.690 £ 0.003
0.692 +£0.005
1.15 £0.040
0.130 £0.014

0.978 + 0.006
0.934 + 0.002
0.860 + 0.003
0.781 + 0.006
1.008 + 0.003
0.971 + 0.003
0.915 £0.013
0.776 + 0.002
0.937 + 0.007
0.864 + 0.007
0.738 £ 0.000
0.715 + 0.003
1.05 £ 0.002
1.34 + 0.001
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Table 4.54. The effect of the different HBA’s in ibuprofen solubility, eutectic and non-eutectic formulations,
in water and simulated fluids (pH 1.0, pH 6.8 and 0.15M NaCl).

HBA:Ibu 2:1

Water

pH1.0

pH6.8
0.15M NaCl

[C2GIm][Ci1CO2] > [CoomyCilm]CI* > [Ni11200m)]Cl* > [C2CiIlm]Cl
[CoomCiIm]CI* > [C2CiIm][C1CO2] > [C2CiIm]Cl > [Nit12om)|CI*
[CoomCiIm]CI* > [Ni112001)|Cl* > [C2CiIm]Cl > [C2CiIm][Ci1CO2]
[C2CiIm][C1CO2] > [C2CiIm]Cl > [CoonCiIm]CI* = [Ni112(0m)]C1*

HBA:Ibu 1:1

Water

pH1.0

pH6.8
0.15M NaCl

[C2CiIm][C1CO2] > [CaomCilm]CI > [Ni1120m) | C1* > [C2C1Im]ClL
[C20mCiIm]Cl > [C2CiIm][C1COz] > [C2C1Im]Cl > [N111200m) | C1*
[C2GIM][CiCO2] > [CoonCiIm]Cl > [C2CiIm]Cl > [Ni1200m)] CI*
[C2GIM][CiCO2] > [CoonCiIm]Cl > [C2CiIm]Cl > [Ni1200m)] CI*

HBA:Ibu 1:2

Water

pH1.0

pH6.8
0.15M NaCl

[C20omCiIm]Cl > [C2CiIm]Cl > [Ni11200m) | Cl* > [C2CiIm][Ci1CO2]
[C2CiIm]Cl > [C2CiIm][C1COz2] > [C2omCilm]Cl > [Ni1120m)| C1*
[C20mCiIm]Cl > [C2CIm][Ci1CO2] > [C2CiIm]Cl > [Nit12om) | C1*
[C20mCiIm]Cl > [C2CiIm]Cl > [C2CiIm][Ci1CO2] > [Nitzom) | C1*

HBA:Ibu 1:5

Water

pH1.0

pH6.8
0.15M NaCl

[C2CiIm][C1CO2] > [N1112001)]Cl =[CooryCi1Im]Cl > [C2CiIlm]Cl
[N1112001)]Cl =[C2CiIm][C1CO2] > [CoomC1Im]Cl > [C2CiIlm]Cl
[C2GIM][CiCO2] > [CoonCiIm]Cl = [C2CiIm]Cl = [Nu1200n)]Cl
[C2CiIm][C1COz2] > [Ni112(01)]Cl > [Co0mCilm]ClL > [C2Cilm]Cl

* non-eutectic system
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Table 4.S5. The effect of the molar ratio in ibuprofen solubility, eutectic and non-eutectic formulations, in
water and simulated fluids (pH 1.0, pH 6.8 and 0.15M NaCl).

[C2CiIm]C1
Water 2:1>12=15>1:1
pH 1.0 12>1:1=21>15
pH6.8 2:1>1:1>12>1:5
0.15M NaCl  2:1>1:1~1:5>1:2
[C2C1Im][C1CO2]
Water 2:1>1:1>12>1:5
pH 1.0 2:1=11>15=1:2
pH6.8 1:1>12=1:5>2:1
0.15M NaCl 2:1>1:1>1:5=1:2
[C20mC1Im]Cl1
Water 2:1*>1:1>1:5>1:2
pH1.0 1:1>2:1*>1:2>15
pH 6.8 2:1*>1:1>122>1:5
0.1I5M NaCl 1:1=1:5>2:1*>1:2
[N111200m]C1

Water 2:1*>1:1* > 1:5 > 1:2*
pH1.0 1:5>2:1*>1:1* > 1:2*
pH 6.8 2:1*>1:1*>1:2*>1:5
0.15M NaCl 1:5>2:1*>1:2* = 1:1*

* non-eutectic system
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Table 4.S6. Density, p, dynamic viscosity, 77, and ionic conductivity, k, as a function of temperature of
ibuprofen-based systems with [C2CiIm]ClI as hydrogen bond acceptor.

T/C® plgem?® n/mPa.s k/mS-cm™? T/C° plgem n/mPa.s k/mS-cm!
[C2CiIm]Cl:Ibu 2:1 [C2CiIm]Cl:Ibu 1:1
15 1.09315 11455.5 0.027 15 1.07050 8067 .4 0.020
20 1.08995 5965.3 0.053 20 1.06740 4373.0 0.042
25 1.08690 3296.4 0.091 25 1.06420 2506.1 0.062
30 1.08395 1919.2 0.156 30 1.06110 1510.0 0.100
35 1.08095 1173.3 0.251 35 1.05800 951.3 0.155
40 1.07795 749.5 0.357 40 1.05490 623.8 0.237
45 1.07505 497.9 0.632 45 1.05190 424.1 0.364
50 1.07220 342.6 0.937 50 1.04890 297.7 0.537
55 1.06940 243.2 55 1.04590 215.1
60 1.06670 177.5 60 1.04310 159.5
65 1.06390 132.9 65 1.04030 121.0
70 1.06115 101.7 70 1.03740 93.70
75 1.05840 79.45 75 1.03450 73.94
80 1.05550 63.34 80 1.03130 59.34
[C2CiIm]ClL:Ibu 1:2 [C2CiIm]Cl:Ibu 1:5
15 1.04840 5406.5 0.011 15 1.02750 2979.6 0.003
20 1.04510 2998.2 0.019 20 1.02343 1669.7 0.005
25 1.04180 1755.9 0.037 25 1.01933 987.2 0.010
30 1.03850 1079.4 0.058 30 1.01560 612.2 0.019
35 1.03520 692.6 0.092 35 1.01233 396.0 0.034
40 1.03190 461.7 0.135 40 1.00920 266.2 0.049
45 1.02870 318.5 0.204 45 1.00627 185.0 0.074
50 1.02570 226.5 0.293 50 1.00343 132.6 0.102
55 1.02270 165.5 55 1.00080 97.63
60 1.01970 124.0 60 0.99807 73.65
65 1.01670 94.89 65 0.99547 56.78
70 1.01380 74.10 70 0.99233 44.69
75 1.01070 58.88 75 0.98910 35.73
80 1.00740 47.57 80 0.98577 29.08
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Table 4.S7. Density, p, dynamic viscosity, 77, and ionic conductivity, k, as a function of temperature of
ibuprofen-based systems with [CzomCiIm]Cl as hydrogen bond acceptor.

T/C® plgem?® n/mPa.s k/mS-cm™? T/C° plgcm n/mPa.s k/mS-cm!

[C20mCiIm]Cl:Ibu 1:1 [C20mCiIm]ClL:Ibu 1:2

15 1.10705 23604.3 0.007 15 1.07350 12385.0 0.004

20 1.10350 12597.0 0.016 20 1.07010 6669.7 0.007

25 1.10065 7058.3 0.024 25 1.06680 3789.8 0.014

30 1.09790 4135.3 0.043 30 1.06350 2254.9 0.022

35 1.09508 2528.4 0.066 35 1.06020 1398.9 0.039

40 1.09200 1604.9 0.104 40 1.05700 901.1 0.065

45 1.09023 1054.8 0.172 45 1.05380 600.7 0.102

50 1.08688 715.1 0.240 50 1.05050 413.2 0.144

55 1.08410 499.0 55 1.04740 2924

60 1.08125 357.3 60 1.04430 212.3

65 1.07830 262.1 65 1.04120 157.8

70 1.07530 196.4 70 1.03820 119.8

75 1.07218 150.1 75 1.03510 92.769

80 1.06890 117.0 80 1.03170 73.085
[C20m)C1Im]CL:Ibu 1:5

15 1.04127 4169.1 0.001

20 1.03760 2287.9 0.002

25 1.03410 1326.0 0.004

30 1.03010 806.6 0.005

35 1.02663 512.3 0.008

40 1.02323 338.1 0.015

45 1.01957 231.1 0.022

50 1.01640 162.9 0.034

55 1.01367 118.1

60 1.01043 87.78

65 1.00727 66.74

70 1.00413 51.84

75 1.00157 40.99
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Table 4.S8. Density, p, dynamic viscosity, 77, and ionic conductivity, k, as a function of temperature of
ibuprofen-based systems with [C2CiIm][CiCO:] as hydrogen bond acceptor.

T/C® plgem?® n/mPa.s k/mS-cm™? T/C° plgcm n/mPa.s k/mS-cm-!
[C2CiIm][C1CO2]:Ibu 2:1 [C2CiIm][C1CO2]:Ibu 1:1
15 1.07298 848.318 0.267 15 1.05970 12715 0.123
20 1.06980 543.498 0.395 20 1.05650 795.4 0.193
25 1.06658 362.840 0.568 25 1.05320 518.8 0.269
30 1.06350 251.188 0.795 30 1.04990 351.3 0.411
35 1.06048 179.503 1.09 35 1.04680 2459 0.556
40 1.05740 131.925 1.42 40 1.04370 177.3 0.733
45 1.05450 99.407 1.99 45 1.04070 131.3 1.10
50 1.05163 76.590 2.43 50 1.03780 99.52 1.35
55 1.04873 60.183 55 1.03480 77.06
60 1.04583 48.155 60 1.03190 60.82
65 1.04295 39.145 65 1.02900 48.83
70 1.04003 32.279 70 1.02610 39.81
75 1.03713 26.967 75 1.02310 32.92
80 1.07298 22.792 80 1.02000 27.57
[C2CiIm][C1CO:]:Ibu 1:2 [C2CiIm][C1CO:):Ibu 1:5
15 1.04410 2526.6 0.027 15 1.02703 2974.9 0.004
20 1.04100 1501.8 0.046 20 1.02350 1703.6 0.007
25 1.03780 933.7 0.075 25 1.01997 1025.9 0.014
30 1.03450 605.0 0.111 30 1.01647 645.5 0.025
35 1.03120 406.4 0.159 35 1.01297 422.6 0.039
40 1.02810 282.2 0.228 40 1.00967 286.4 0.056
45 1.02490 201.7 0.338 45 1.00640 200.3 0.086
50 1.02190 148.1 0.457 50 1.00317 144.1 0.134
55 1.01880 111.3 55 0.99997 106.4
60 1.01580 85.4 60 0.99703 80.29
65 1.01270 66.8 65 0.99335 61.52
70 1.00950 53.2 70 0.99060 48.65
75 1.00630 43.1 75 0.98723 38.83
80 1.00300 35.3 80 0.98243 31.50
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Table 4.S9. Density, p, dynamic viscosity, 77, and ionic conductivity, k, as a function of temperature of

[N111200m]CLIbu 1:5.

T/C° plgcm® n/mPa.s k/mS-cm™?
15 1.02567 4433.7 0.004
20 1.02207 2503.2 0.007
25 1.01850 1483.0 0.014
30 1.01493 917.5 0.025
35 1.01130 591.0 0.039
40 1.00773 394.2 0.056
45 1.00427 271.5 0.086
50 1.00103 192.5 0.134
55 0.99807 140.0
60 0.99503 104.3
65 0.99180 79.36
70 0.98860 61.56
75 0.98527 48.57

150



Chapter 4 | Ibuprofen-based Eutectic Systems

112 15000 1000
.
Ce., 12000 ~ 800
1.08 c ., ~ P
'Tg e e : &
S Te g ° 2 9000 2 600 *
%0 8 g Teoo g = -
104 ° a g A v = s z
F] 3 o g ] <]
z iy . Z 00 g a0 s -
Jat 3 ¢ k3 3 e 2 . g o
1.00 3 s > s g . o
= 3000 o O 200 . o
. v o
5 e T o °
096 N 388 00000000 Jbg 8 8 8 o ¢ °
10 2 0 55 70 85 10 25 2 55 70 85 10 2 40 55
Temperature (C?) Temperature (C?) Temperature (C?)
e [C,C/Im]CLIbu 2:1
v [C,CIm]CLIbu 1:1
o [C,CIm]CLIbu 12
¢ [C,CIm]CLIbu 1:5
Figure 4.54. Density, viscosity and conductivity of the Ibuprofen-based eutectic systems based with
[C2CiIm]Cl as hydrogen bond acceptor.
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Table 4.510. Inhibition of BSA denaturation in PBS pH 7.4 at different concentrations for ibuprofen-based
eutectic systems. The presented value is the mean of at least two independent measures + standard
deviation.

Concentration Inhibition of BSA Concentration Inhibition of BSA
(mM) denaturation (%) (mM) denaturation (%)
[C2CiIm]CL:Ibu 2:1 [C2CiIm]CL:Ibu 1:1
0.901 23.48 +£2.90 0.850 21.79 £1.67
2.102 31.08 £1.24 1.984 25.00 £1.90
3.003 58.61 +0.48 2.834 54.39 £1.49
4.505 57.77 £ 1.09 4.251 60.14 + 1.04
[C2CiIm]ClL:Ibu 1:2 [C2CiIm]CL:Ibu 1:5
0.805 29.90 £ 0.96 0.764 422+041
1.878 41.39+2.35 1.783 15.03 +2.04
2.683 51.01 £4.25 2.547 35.64 +£0.41
4.024 63.85 +0.63 3.820 4510 +0.63
[C20mCiIm]Cl:Ibu 1:1 [C20mCiIm]Cl:Ibu 1:2
0.813 422 +0.51 0.782 16.89 +0.83
1.898 14.19 £ 0.63 1.826 34.12+1.80
2.711 24.66 +2.08 2.608 45.10 £2.08
4.066 40.03 £2.28 3.912 53.72 £1.96
[C2CiIm]CL:Ibu 1:5 [N11200]Cl:Ibu 1:5
0.754 18.36 +2.52 0.769 6.25+0.41
1.759 30.25+1.90 1.793 26.35+1.26
2.513 49.23 +1.22 2.562 4713 +2.42
3.769 66.67 +1.51 3.843 52.20 +3.05

Table 4.S11. Inhibition of COX-1 (ovine) and COX-2 (human) and COX-1/COX-2 selectivity for 3 mM
ibuprofen [S1], ibuprofen-based ionic liquids and ibuprofen-based eutectics.

Compound Inhil()(i)tj?;le;)ﬁoz)o X1 Inhi(ll)lilii;:;))f (i;o())X-Z COX-1/COX-2 selectivity
Ibuprofen 56.18 +2.60 65.13 +4.25 0.863 + 0.069
[C2CiIm]ClL:Ibu 1:1 60.74 +3.13 62.32+11.53 0.975 +0.187
[C2Cilm]Cl:Ibu 1:5 55.60 +1.49 66.71 £9.89 0.833 £0.126
[C2omCilm]ClL:Ibu 1:1 59.47 £2.51 69.80 +3.51 0.852 + 0.056
[C20omCilm]ClL:Ibu 1:5 90.73 +5.12 70.95+6.22 1.279 +0.133
[N11120m]ClL:Ibu 1:5 39.09 +4.21 78.79 +4.90 0.496 + 0.062
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3 mM ibuprofen [S2], ibuprofen-based ionic liquids [S2] and ibuprofen-based eutectics.
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42 Liquid Ibuprofen Formulations by Eutectic Formation Between
Ibuprofen-based Ionic Liquids and Ibuprofen: Human Cytotoxicity,

Hemolytic Activity and Anti-Inflammatory Activity

4.2.1 Abstract

The low solubility of active pharmaceutical ingredients (APIs) is a problem in
pharmaceutical development. Several methodologies can be used to improve API
solubility, including the use of eutectic systems in which one of the constituents is the
API. Herein we exploit for the first time the synthesis of eutectic systems combining
ibuprofen-based ionic liquids as hydrogen-bond acceptor (HBA) and neat ibuprofen as
hydrogen-bond donor (HBD) at the molar ratios 2:1, 1:1, 1:2 and 1:5. Firstly, a thermal
behavior analysis was conducted by differential scanning calorimetry (DSC) to confirm
the eutectic formation and the interactions between the components that constitute the
systems were studied by NMR corroborating that the eutectic system is formed by H-
bonds between the ibuprofen-based ionic liquids and the neat ibuprofen. An in vitro
cytotoxicity assessment was accessed in two different human cells lines, namely in colon
carcinoma cells (Caco-2) and hepatocellular carcinoma cells (HepG2). The anti-
inflammatory properties were also achieved through the inhibition of the bovine serum
albumin (BSA) denaturation and confirmed by the direct evaluation of COX-1(ovine)
and COX-2(human) inhibition. The results prove that it is possible to formulate a eutectic
system with ibuprofen-based ionic liquids and neat ibuprofen with low hepatic and
intestinal cytotoxicity yet maintaining, and in some cases improving, the

pharmacological activity of the parent API.

Keywords: Ibuprofen; Eutectic Systems; Ionic Liquids; Bioavailability; Cytotoxicity;
HepG2; Caco-2; Anti-inflammatory Activity; Protein denaturation inhibition; COX-1
(human); COX-2 (bovine).
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To be published in: Joana C. Bastos, Ana B. Pereiro, Joao M. M. Aratjo. Liquid

Ibuprofen Formulations by Eutectic Formation Between Ibuprofen-based Ionic Liquids
and Ibuprofen: Human Cytotoxicity, Hemolytic Activity and Anti-Inflammatory
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Own experimental contribution: API-ILs-based eutectics synthesis, NMR and DSC
sample preparation, cytotoxicity assay, protein denaturation assay, cyclooxygenases
(COX-1 and COX-2) inhibition assay.

Own written contribution: NMR and DSC analysis, cytotoxicity assay, protein
denaturation assay, hemocompatibility assay, cyclooxygenases (COX-1 and COX-2)

inhibition assay.

Other contributions: Experimental design and data analysis.
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422 Introduction

Improving the efficiency of the existing drugs is currently one of the major goals of
pharmaceutical industries [1]. Rather than developing new drugs with higher
bioavailability, there are undisputable assurances and profits in improving the already
tried-and-tested drugs [1]. To improve their pharmacological action, drugs can suffer
incremental changes, such as the modification of the drug’s form and formulation,
assessment of new combinations, and the use of different dosages or novel
administration routes. One of the characteristics with great ceiling for improvement is
hydrophilicity; approximately 40% of the approved drugs and nearly 90% of the drugs
under development are poorly water-soluble, which leads to low bioavailability and
permeation [2]. Innovation in drug efficacy improvement has been constrained by the
common use of solid forms of active pharmaceutical ingredients (APIs), often associated
with physical and chemical instability in their final dosage [3]. These concerns can be
due to their polymorphism and dissolution and oral drug absorption in humans, thereby
conditioning the drug’s bioavailability [4]. An alternative to overcome these concerns is
to convert the API into a liquid formulation. Contrarily to solid forms, liquids display a
higher solubility in water since the energy barrier associated with the enthalpy of fusion
is overwhelmed, providing a higher therapeutic response [5]. However, the
manufacturing of APIs in the liquid form must ensure safety, efficacy, and stability of

the final drug product.

One helpful example of the development of liquid forms of APIs is their conversion into
ionic liquids, constituted by anionic and/or cationic active ingredients (API-ILs) [6]. Ionic
liquids (ILs) present unique physicochemical properties, such as low melting point (less
than 100°C), negligible vapor pressure, wide liquid range, nonflammability, high
thermal stability, efc [6]. It has been shown that the combination of poorly water-soluble
APIs with suitable counter-ions to give liquid forms can resolve the limitations of low
solubility and polymorphism [7]. Some successful examples involve the preparation of
API-ILs from sulfasalazine [8], paclitaxel [9], salicylic acid [10], methotrexate [11],

selurampanel [12] and ibuprofen [6].
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Recently four ibuprofen-based ionic liquids were developed, namely, 1-ethyl-3-
methylimidazolium ibuprofenate ([C2Cilm][Tbu]), 1-(2-hydroxyethyl)-3-
methylimidazolium ibuprofenate ([CzomCilm][Ibu]) and cholinium ibuprofenate
([Nu2om][Ibu]) in order to improve the API efficacy. All the synthesized API-ILs
demonstrated a similar cytotoxic profiles in both colon carcinoma cells, Caco-2, and
hepatocellular carcinoma cells, HepG-2, and low cytotoxicity within the maximum
plasma concentration (Cmax) of ibuprofen. Moreover, the solubilities in water and
simulated biological fluids increased exponentially up to four orders of magnitude
always maintaining the anti-inflammatory activity [6]. Santos et al. also synthetized
ibuprofenates with short-chain alcohol-functionalized imidazolium, triethylammonium,
or cholinium cations with cellular viabilities up to 80% in human dermal fibroblasts
ovarian carcinoma cells and enhanced water and PBS solubilities in comparison to that
of the ibuprofen in neutral or sodium salt form [13]. The main disadvantage in both cases

is that the API-ILs showed to be mainly solid at room temperature.

Eutectic mixtures have emerged as advantageous alternatives to incorporate APIs, being
also able to produce new liquid forms to enhance the API bioavailability [14]. They are
usually prepared by the combination of molecules whose toxicity profiles are already
well established and whose use in pharmaceutical applications can be well accepted.
Contrarily to ILs, the preparation of eutectic systems only requires the mixing of at least
two species, a hydrogen-bond donor (HBD) and a hydrogen-bond acceptor (HBA),
generally under stirring and moderate heating, where the temperature to which the
mixture is subjected must be carefully controlled to prevent the decomposition of the
individual components [14]. Since no chemical reaction is involved in the preparation
process it presents 100% of the atom economy and fits within one of the Green Chemistry
principles [15]. The eutectic systems deviate from the ideal thermodynamic solid-liquid
phase behavior where strong hydrogen-bond interactions between the HBD and HBA
species are responsible for a decrease the melting temperature to such a degree where

the mixture can be liquid at room temperature [16].
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The first report on eutectic systems with therapeutic purposes using non-steroidal anti-
inflammatory drugs (NSAIDs) was published by Stott et al. [17] in 1998. They prepared
a mixture composed of menthol and ibuprofen, envisaging the enhancement of skin
permeation and development of a transdermal delivery system and found a significant
increase in transdermal permeation. Since then, the production of different types of
eutectic systems concerning the use NSAIDs have been reported. For instance, menthol
and stearic acid were used to construct a system for wound healing [16] and a eutectic
system based on choline chloride and ascorbic acid was used to create different types of
drug carriers for dexamethasone [18] and a eutectic formation of naproxen and
dicarboxylic acids was successfully achieved in order to develop a more efficient oral
dosage for this particular poor water-soluble drug [19]. By combining several HBA with
ibuprofen, namely, 1-ethyl-3-methylimidazolium chloride ([C2CiIm]Cl), 1-(2-
hydroxyethyl)-3-methylimidazolium chloride ([C20mCiIm]Cl), 1-ethyl-3-
methylimidazolium acetate ([C2CiIm][CiCOz]) and cholinium chloride ([Niii2c0m)]Cl) an
evident solubility enhancement in water and simulated biological fluids was observed
[20]. The acid form of ibuprofen present solubilities significantly lower than its eutectic
formation although maintaining the same cytotoxic and anti-inflammatory profile as the

parent APL

To the best of our knowledge, herein we report for the first time a study concerning the
combination of ibuprofen and an ibuprofen-based IL, specifically, 1-ethyl-3-
methylimidazolium ibuprofenate ([C2Cilm][Ibu]), 1-(2-hydroxyethyl)-3-
methylimidazolium ibuprofenate ([CaomCilm][Ibu]) and cholinium ibuprofenate
([N1120m][Ibu]) at the molar ratios 1:1; 1:2; 1:5 and 2:1. The eutectic systems were
characterized by DSC and NMR to validate the eutectic formation. We also reported the
cytotoxic profiles in colon carcinoma cells, Caco-2, and hepatocellular carcinoma cells,
HepG2. The pharmacological activity of the eutectic systems was attained by the protein
albumin denaturation assay and by directly measuring the inhibition of COX enzymes
using a colorimetric COX (human ovine) inhibitor screening assay kit. Additionally, a
hemocompatibility assay was achieved to evaluate the ibuprofen-based systems

biocompatibility.
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4.2.3 Materials and Methods

4.2.3.1 Materials

Ibuprofen (>98% mass fraction purity) was acquired from TCI and used without further
purification. The ionic liquids 1-ethyl-3-methylimidazolium ibuprofenate
([C:CiIm][Ibu]), 1-(2-hydroxyethyl)-3-methylimidazolium ibuprofenate
([C2omCilm][Ibu]) and cholinium ibuprofenate ([Nui2om)][Ibu]) were prepared through
two-step anion exchange reaction methodology and fully characterized as described in
our previous work [6]. To avoid volatile impurities the ionic liquids and cholinium
chloride were dried under a 3-102 Torr vacuum for at least 48 hours prior to any use and
the water content, determined by Karl Fischer titration, was less than 0.05 wt%. The
structures, acronyms and molecular masses of ionic liquids, cholinium chloride and

ibuprofen are listed in Table 4.6.

Table 4.6. Designation, chemical structure, and molecular weight (Mw) of ibuprofen and cholinium- and
imidazolium-based API-ILs used along this work.

Structure Designation and acronym Mw (g/mol)

I 2-(4-Isobutylphenyl) propionic acid 206.29
© Ibuprofen (Ibu) ’

1-Ethyl-3-methylimidazolium ibuprofenate
[CoCilm][Ibu]

e

N 316.44

z

~

i 1-(2-hydroxyethyl)-3-methylimidazolium
an o ibuprofenate 332.44
TN [C2omCiIm][Ibul]

J

¢

OH

Cholinium ibuprofenate

[N1112c0m][Ibu] 309.44

|
P NN

4.2.3.2 Preparation of pharmaceutically active eutectic systems

The pharmaceutically active eutectic systems were prepared by combining a API-IL
([C2Cilm][Ibu], [CaomCilm][Ibu] and [Nuzon][Ibu]), used as hydrogen-bond acceptor
(HBA), with ibuprofen as hydrogen-bond donor (HBD) accordingly to a procedure

recently implemented by us [21]. The API-IL:Ibu systems were synthetized by mixing
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the counterparts at different molar ratios such as 2:1; 1:1; 1:2 and 1:5. By using an
analytical high precision balance (Sartorius, Germany) with 0.01 mg resolution, the
mixtures were prepared and then sealed under nitrogen atmosphere in crimped seal
glass vials. To ensure that all the counterparts were blended, three heating (up to 85°C
+2°C) / cooling (down to 5°C +2°C) cycles were performed under constant stirring. 'H
NMR technique was used to verify that the API-ILs (HBA) and ibuprofen (HBD) had not
reacted, and to check the molar ratios. A dynamic visual method (lab benchtop
procedure) was attained, after the three heating/cooling cycles, to determine the solid-
liquid transitions of the prepared mixtures. This procedure was carried out until the
solid-liquid transition was determined, and the prepared mixtures pre-validated as
eutectic mixtures. More details on eutectic systems synthesis and validation can be found

in our previous work [20].

The prepared eutectic systems were synthesized at atmospheric pressure and under
control of moisture content. Samples were kept in well-sealed glass vials after
preparation and fresh samples were always used for analysis to avoid structural change

or environmental effects on their physical properties.

4.2.3.3 Nuclear magnetic resonance (NMR)

The prepared eutectic systems were characterized by 'H NMR (Bruker Avance
I11400). The NMR spectroscopy disclosed that there were no individual functional group
modifications on the ibuprofen-based eutectic systems, being indeed a eutectic

combination. All characterization is appended in Supporting Information.

4.2.3.4 Differential Scanning Calorimetry (DSC)

The DSC traces of all prepared mixtures, hydrogen-bond acceptors ([C2Cilm][Ibu] ;
[C2omCilm][Ibu]; [Nuzom][Ibu]) and hydrogen-bond donor (ibuprofen) were acquired
using a TA Instrument DSC Q200 Differential Scanning Calorimeter with a refrigerated
cooling system capable of controlling the temperature down to -90°C. Indium (T»=157.61
C°) was used as standard for the DSC calibration. Approximately 5-10 mg of sample was

crimped in a standard aluminum hermetic sample pan and continuously purged with
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50 mL-min nitrogen. The samples were cooled to -90°C for 30 min and then heated to
100°C. The cooling-heating cycles were repeated three times at different rates (10 °C/min,
5 oC/min and 1 °C/min). The transition temperatures obtained from the second and
subsequent cycles at the same rate were reproducible. The glass transition temperature
(Tg) and melting temperature (Tm) of each eutectic system were determined using the
DSC traces. The standard uncertainty was estimated as +1°C. Universal Analysis 2000 v.
4.5. A software (TA Instruments) was used to integrate the peaks to determine the

different phase transitions.

4.2.3.5 Cytotoxicity profiles

For the cytotoxicity screening of the API-ILs:Ibu eutectic systems, human colon
carcinoma cells, Caco-2, and hepatocellular carcinoma cell line, HepG2, were used. Caco-
2 cell line were grown in RPMI 1640 medium supplemented with 10% of inactivated fetal
bovine serum (FBS) and (1%) of penicillin-streptomycin and HepG2, were cultured in
MEM medium with 10% of inactivated FBS, 2mM glutamine, 1% MEM-NEAA and 1%
sodium pyruvate. All media and supplements were supplied by gibco from Thermo
Fisher Scientific. Caco-2 and HepG2 were cultured at 37°C in a humidified incubator
with 5% CO2 and consistently grown in 175 cm2 culture flasks. Caco-2 cells were seeded
at a density of 2x105 cells per well, in 96-well plates and the experiments were performed
using cells after reaching 90% of confluence, 96 hours after seeding. HepG2 cells were
seeded at a density of 6x105 cells per well and experiments were performed at a
confluence of 80%, 24 hours after seeding. Each eutectic system was tested in a
concentration range that lie above/in the maximum plasma concentration (Cmax) of
ibuprofen, 0.175 mM [22], and further compared to neat ibuprofen obtained in our
previous work [6]. The stock solutions were prepared in 0.25% (v/v) of dimethyl
sulfoxide (DMSO) due to the ibuprofen poor solubility in the cell culture medium and
then homogenously diluted in 0.5% FBS culture media. A culture media solution with
0.25% (v/v) DMSO was used as negative control and a solution with only DMSO was
used as positive control. Additionally, both cell lines were incubated for 24h with the

ibuprofen or ibuprofen-based eutectic systems. To perform the cytotoxicity, assay an

162



Chapter 4 | Ibuprofen-based Eutectic Systems

CyQUANT™ XTT Cell Viability test kit (Invitrogen) was used according to the
manufacturing in-structions. Briefly, the water-soluble XTT compound is sensitive to
cellular redox po-tential and when in contact with viable cells it is converted to an orange
coloured formazan product that can be quantified spectrophotometrically at 450 nm in
a micro-plate reader (Multiskan GO from ThermoFisher Scientific). Moreover, each
sample was incubated in three different wells and the obtained value was the average of
three independent assays. Cell viability was determined by the ratio between the
measured test compounds-contacted cell and the measured absorbance of the control
cells treated only with culture medium. Dose-independent viability curves were

determined using the cell viability trends.
4.2.3.6 Haemolytic activity

To perform the hemolytic activity assays, peripheral human blood obtained from
voluntary donors and preserved in ethylene diamine tetraacetic acid (EDTA) was freshly
used. The erythrocytes were centrifugated at 1000Xx g for 10 min to separate them from
the serum and washed three times in a PBS solution. The ibuprofen-based eutectic
systems were prepared in PBS with a final concentration of 6 mM and ibuprofen with a
final concentration of 3mM due to low solubility. According to the method optimized by
Gaspar and co-workers [22,23] the assay was performed in a 96-well plates were 100
uL/well of sample were diluted with 100 uL of the erythrocyte suspension. The
microplates were incubated for 1h at 37°C and then centrifugated at 800x g for 10 min.
The supernatants absorbance was measured at 570nm and 600nm. The percentage of the

hemolytic activity was calculated by the Equation 4.3:

Hemolytic Activity (%) = AbsS —AbsN

= bep —Apen X 100 (Equation 4.3)

Where AbsS is the average absorbance of the sample, AbsN is the average absorbance of
the negative control and AbsP is the average absorbance of the positive control. All the

compounds were tested in triplicate.
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4.2.3.7 Protein albumin denaturation assay

The inhibition of protein denaturation was evaluated according to the method described
by Mizushima and Kobayashi [24] with slight modifications. A 2% bovine serum
albumin (BSA) solution was prepared in a PBS buffer with pH 7.4 to be used in all
experiments. Stock solution of ibuprofen and ibuprofen-based eutectic systems were
also prepared in PBS buffer. The reaction mixture containing 0.5mL of 2%BSA and 1.5mL
of each test compound was incubated at 37°C for 15 min and cooled at room
temperature. Denaturation was induced by keeping the samples at 80°C+1 in a dry bath
for 15min. The turbidity of the solutions represented the level protein precipitation.
Thus, in a manual centrifuge all samples were centrifuged and then measured at 660nm.
For negative control a solution of PBS and 2%BSA were used. Ibuprofen was used as a
positive control drug. Each sample concentration consists of at least two independent

replicates.

4.2.3.8 Anti-inflammatory activity

The anti-inflammatory activity of the API-ILs-based eutectic systems was evaluated by
using a colorimetric COX (human ovine) inhibitor screening assay kit (Cayman
Chemical Co., No.701050) to measure the inhibition of COX enzymes. The experiment
was conducted according to the manufacturer instructions. A reaction mixture was
prepared containing 150 pl of assay buffer, 10 ul of heme, 10 pl of enzyme (either COX-
2 or COX-1) and 10 pl of each eutectic system at 3mM. To obtain the 100% initial activity,
a solution a of 150 pL of assay buffer, 10 pL of heme, 10 uL of enzyme (either COX-1 or
COX-2) and 10 pL of a solution 50/50 H20 and EtOH was prepared. By monitoring at 590
nm the oxidized N, N, N, N'-tetramethyl-phenylenediamine (TMPD) it is possible to
assay colorimetrically the peroxidase activity corresponding to the COX'’s catalytic

domain.

Initially, the samples plate was incubated at 25°C for 5 min and then 20 uL. of TMPD and
20 pL of arachidonic acid was added to start the reaction. The samples were measured

kinetically for precisely 2 min at 25° C for a more accurate determination of the reaction
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rates. All samples were assayed in triplicate. The COX-1 and COX-2 percent inhibition

was calculated using Equation 4.4:
COX inhibition activity (%) = < X 100 (Equation 4.4)

where C is absorbance of the 100% initial activity sample; T is the subtraction of each
inhibitor sample from the 100% initial activity sample. The absorbances are the average
of all samples, and one must subtract the absorbance of the background wells from the

absorbances of the 100% initial activity and the inhibitor wells.

424 Results and Discussion

4.2.4.1 Thermal and structural characterization of the eutectic systems

A binary eutectic system is a mixture of two components which do not interact to form
anew chemical compound but which, at certain ratios, inhibit the crystallization process
of one another resulting in a system with a lower melting point than either of the
components [12]. The melting point depression is expected due to the nonsymmetric
ions that have low lattice energy and charge delocalization stirring through hydrogen
bonding between the salt and the hydrogen bond donor[26]. Eutectic mixtures
containing APIs as part of the formulation hold excellent properties that complement
some of the obstacles of existing excipients and have been applied in pharmaceutical
studies to increase the drug solubility, permeation, and absorption [17]. The most used
components to formulate pharmacologically active eutectics are chemicals such as
sugars, alcohols, urea, natural metabolites, organic acids, and choline chloride
([N111200m)]Cl) [27] since cholinium serves many physiological functions due to its
incorporation in membrane components, neurotransmitters, and signaling molecules
[28]. Stott and co-workers used ibuprofen, along with terpenes, prepared a binary
eutectic mixture which exhibited an increase in transdermal delivery across the
abdominal cavity of caucasian humans. It was also observed that the eutectic
formulation showed a much higher flux as compared to neat ibuprofen, stressing the
importance of the HBA:HBD interactions and melting point depression [17]. Pereira et

al. also successfully combined terpene limonene with ibuprofen promoting a selective
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anticancer activity and increased ibuprofen solubility [29]. Recently our group observed
that was possible to formulate eutectic systems combining short-chain imidazolium and
cholinium-based ionic liquids with ibuprofen enhancing the NSAID solubility yet

maintained their anti-inflammatory activity [20].

All the 12 binary mixtures (API-IL:Ibu) were prepared in this work according to the
procedure summarized in Section 4.2.4.3. The eutectic system validation was first
achieved through the described lab benchtop procedure (dynamic visual method; cf.
Section 4.2.4.3) and then validated by DSC analysis. The DSC traces of all the ibuprofen-
based formulations studied in this work denoted a change in the structure of the material
from a glass-like state to a rubber-like state, or vice-versa, represented by a discontinuity
in the heat flux observed at lower temperatures (cf. Figure 4.9). This second order
transition allows the determination of the glass transition temperature (T;) and the
classification of all the prepared ibuprofen-based eutectics as glass formers when the

melting temperatures (Tw) are not present.

The DSC results at 1°C/min for the neat hydrogen-bond donor (ibuprofen) and
hydrogen-bond acceptors ([C2Cilm][Ibu], [CzomCilm][Ibu] and [Nuwon][Ibu]) were
previously reported by us and depicted in Table 4.7 along with the results for the binary
mixtures [C2Cilm][Ibu]:Ibu, [C2omCilm][Ibu]:Ibu and [N11120m][Ibu]:Ibu achieved in this
work. 10 out of the 12 prepared binary systems were validated as eutectic combinations
and were liquid at room temperature. Regarding the [CzomCilm][Ibu]:Ibu 2:1 system,
upon several heating-cold cycles corresponding to the eutectic system synthesis (cf.
Section 4.2.4.3), the two counterparts remained immiscible and the ibuprofen stayed
solid under constant stirring at 85°C +2°C making impossible its assessment. The binary
system [C2Cilm][Ibu]:Ibu 1:5 was firstly considered a eutectic combination through the
dynamic visual method procedure but the thermal characterization by DSC revealed
that the system is not a eutectic formulation since presented an identical DSC profile and
a very similar melting temperature to its components (cf. Figure 4.9 and Table 4.7).
Despite the [C2Cilm][Ibu]:Ibu 1:5 combination was classified as non-eutectic, it will be

used along the work.
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Table 4.7. Glass transition temperatures (Tg) and melting temperatures (Tm) of the neat hydrogen-bond
donor (ibuprofen), hydrogen-bond acceptors ([C2CiIm][Ibu], [C2omCilm][Ibu] and [Nuizon)][Ibu]) and the
resulted binary combinations (API-IL:Ibu) acquired at 1°C/min.

Compounds Tg (C°) Tm (C°)
Ibuprofen [6] -43.57 74.89
[CoCilm][Ibu] [6] -30.55 7244
[CoCilm][Ibu]:Ibu 2:1 -37.95
[C2CiIm][Ibu]:Ibu 1:1 -35.64
[CoCilm][Ibu]:Ibu 1:2 -37.96
[CoCilm][Ibu]:Ibu 1:5 -46.41 72.00
[CaomCilm][Ibu] [6] -13.97
[C2omCilm][Ibu]:Ibu 1:1 -32.27
[[CaomCilm][Ibu]:Ibu 1:2 -34.53
[C2omCilm][Ibu]:Ibu 1:5 -43.45
[N11120m][Ibu] [6] 70.89
[N11120m][Ibu]:Ibu 2:1 -32.50 36.55
[N11120m][Ibu]:Ibu 1:1 -33.79 44.83
[N11120m][Ibu]:Ibu 1:2 -37.88
[N11120m][Ibu]:Ibu 1:5 -41.61

Figure 4.9. shows the DSC traces for all the prepared mixtures [Nuzom][Ibu]:Ibu,
[C2Cilm][Ibu]:Ibu and [CaomCilm][Ibu]:Ibu at 1°C/min rate. [Nuzom][Ibu]:Ibu 2:1 and
[Nuzow][Ibu]:Ibu 1:1 are the only solid at room temperature of the 10 eutectic
formulations. The [Nuwnon][Ibu]dbu 2:1 achieves a glass transition with enthalpic
relaxation at -32.50°C in the heating part of the cycle. On heating above the Tg, exhibits
an exothermic crystallization peak (cold crystallization temperature) followed by an
endothermic melting peak at 36.55°C. The [Nunon][Ibu]:Ibu 1:1 achieves a glass
transition with enthalpic relaxation at -33.79°C in the heating part of the cycle. Upon
heating above the Tg, exhibits a transition at 29.15°C followed by an endothermic
melting peak at 44.55°C. These eutectics show thermal hysteresis and thus, depending
on the cooling-heating cycles, this mixture can be handled as liquid at room temperature.
Regarding the [Nunom][Ibu]:Ibu 1:2 and [Nunom][Ibu]:Ibu 1:5, they only depicted a
second order transition, Tg, at -37.88°C and -41.61°C, respectively, which allowed the

classification of these mixtures as eutectics.
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The DSC traces at 1°C/min for the eutectic systems based on [CoCilm][Ibu] and
[CaomCilm][Ibu] are liquid at room temperature (cf. Table 4.7.) and show no melting or
freezing behavior in the DSC measurements, even when slowly heated and cooled at a
scan rate of 1°C/min. Besides, by introducing the API-ILs into the eutectic system

technology it was possible to convert solid API-ILs into room temperature liquid
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Figure 4.9. DSC profile with TA Instruments Universal Analysis V4.5A software at 1°C/min of (A) ibuprofen
[6] and Nuzom][Ibu] [6] and [Nuom][Ibu]-based systems, (B) [C2Cilm][Ibu] [6] and [C2Cilm][Ibu]-based
systems and (C) [CzomCilm][Ibu] [6] and [CzomCilm][Ibu]-based systems.

The 'H NMR analysis was used to characterize the predominant hydrogen-bonding
interactions responsible for the eutectic formation between the neat hydrogen-bond
donor (Ibuprofen) and the hydrogen-bond acceptors ([C2Cilm][Ibu], [CaomCilm][Ibu]
and [Nuom][Ibu]). The 'H NMR has been previously used to characterize H-bonds
interaction in eutectic systems and ionic liquids showing its utility to investigate
structures and interactions at molecular level [30-32]. All the eutectic systems presented
sharp and well-defined signals allowing the confirmation of the ratios as the peak
integral values vary in accordance with the proportion of the eutectic formulation.
Additionally, through the '"H NMR the purity of the isolated compounds was verified
since their chemical shifts are in accordance with previous reports in the literature [6].

The 'H NMR complete analysis is displayed in the Supporting Information.

The strength of H-bonds affects the chemical shifts, therefore the chemical shifts in the
vicinity of ibuprofen carboxyl group (-COOH), viz. position H2 and H3 of the chemical
structure depicted in Table 4.8., were analyzed. As can be seen in Table 4.8., there is a
clear change in the chemical shifts for the position H2 in all the imidazolium and

cholinium API-ILs-based eutectics when compared to neat ibuprofen. Also, with the
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increase of ibuprofen molar ratio (2:1>1:1>1:2 and 1:5) the chemical shifts move upfield.
At position H3 the deviations of the chemical shifts are not so evident, yet a small change
upfield with the increase of HBA molar ratio was verified. The changes in the chemical
shifts corresponding to the positions H2 and H3 of the chemical structure of ibuprofen

corroborate the ibuprofen and API-IL interaction, as expected.

The '"H NMR of the neat [C2CiIm][Ibu] and [CaomCilm][Ibu] has been analyzed by us in
our previous work [6]. The deviations of the chemical shifts of the most acidic proton in
the imidazolium ring in the imidazolium-based eutectics present in this work were also
verified (cf. Table 4.512 in the Supporting Information). The H2proton of the
imidazolium cation in the eutectic formulations shows an upfield shift when compared
to its neat corresponding HBA. The same change occurred for the [C2CiIm][CiCO2]:Ibu
eutectic formulations in our previous work [20]. All the deviations of the proton
resonance verified in the HBD and HBA corroborate the major role of H-bonding in the
API-IL:Ibu eutectic systems formation. Also, the hydroxyl group (-COOH) of ibuprofen
was not detected in the "TH NMR in DMSO of the all the API-ILs-based eutectic systems

indicating a stronger H-bonding in these eutectic systems.

Table 4.8. 'H NMR chemical shifts (0) for the position H2 and H3 according to the chemical structure of
ibuprofen (right) for all the eutectic systems in DMSO.

Compounds H2 (d/ppm) H3 (d/ppm)
Ibuprofen [6] 3.63 1.35
[C2Cilm][Ibu]:Ibu 2:1 3.33 1.22
[C2CiIm][Ibu]:Ibu 1:1 342 1.25
[C2Cilm][Ibu]:Ibu 1:2 3.50 1.28
[C2Cilm][Ibu]:Ibu 1:5 3.57 1.31
[CoonyCilm][Ibu]:Ibu 1:1 - 1.26
[[CoomCilm][Ibu]:Ibu 1:2 3.57 1.32
[CoonyCilm][Ibu]:Ibu 1:5 3.57 1.31
[Nu1ziom][Ibu]:Ibu 2:1 3.40 1.23
[Nuziom][Ibu]:Ibu 1:1 - 1.26
[Ni1ziom][Ibu]:Ibu 1:2 3.51 1.28
[N1112com][Ibu]:Ibu 1:5 3.57 1.31

4.2.4.2 Cytotoxic profile and hemolytic activity of ibuprofen-based eutectic systems

The cytotoxicity of a eutectic system is dependent on the eutectic composition and
concentration [33]. Thus, the cytotoxic profiles for the eutectic formulations

[C2Cilm][Ibu]:Ibu, [CaomCilm][Ibu]:Ibu and [Nizom][Ibu]:Ibu were accessed in the
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human colon carcinoma cell line, Caco-2 (Figure 4.10 A, C, D), and the hepatocellular

carcinoma cell line, HepG2 (Figure 4.10 B, D, F).

The studied concentrations were above/in the rage of the pharmacokinetic parameter
maximum plasma concentration of ibuprofen (Cmax 0.175 mM; the highest level of
ibuprofen that can be obtained in the blood usually following multiple doses [22]), which
is above the possible intracellular concentrations. The dose-response cytotoxicity curves
of the eutectic and non-eutectic formulations are shown in Figure 4.10. Comparing the
viability curves of ibuprofen and the binary systems no significant changes were
verified, indicating that the use of the hydrogen-bond acceptors [C.Cilm][Ibul],
[CoomCilm][Ibu] and [Nuzon][Ibu] produced no significant effect on the ibuprofen

cytotoxicity profile.

The half-maximal inhibitory concentration (ICso) of the ibuprofen and ibuprofen-based
ionic liquids and ibuprofen was previously determined by our group for the Caco-2 cell
line . The ICso for the acidic ibuprofen was found to be 4.051 + 0.010 mM and for the
imidazolium-based ionic liquids such as [CzonCiIm]Cl and [C2CiIm]Cl was 137.4 +0.017
mM and 70.46 + 0.043 mM, respectively [6]. When the chloride anion was replaced by
the ibuprofenate anion the ICso of the ionic liquids [C2Cilm][Ibu] and [CaonCilm][Ibu]
became close to the neat ibuprofen being 5.682 + 0.005 mM and 5.523 + 0.007mM
accordingly [6]. Additionally, the [Nuz2om][Ibu] presented a ICso of 5.507 + 0.004 mM
when compared to the [N1120m]Cl with the half-maximal inhibitory concentration being
178.1 + 0.009 mM [6]. In our previous work we demonstrated that the ratio of ibuprofen
in the imidazolium and cholinium-based ILs eutectic formulations influence the
cytotoxicity in HepG2 where the cellular viability decreases upon the increase of
ibuprofen[20]. In this work, in all cases the cytotoxic profile is maintained regardless of
the use ratio used of API in the binary combinations and the cellular viability is
preserved up to 80% (cf. Figure 4.10). These results suggested that cytotoxicity is
influenced by the anion moiety of the IL present as HBA of the eutectic composition and

the ibuprofenate-based ILs can preserve the neat ibuprofen original cytotoxic profile.
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Figure 4.10. Cytotoxicity profiles for the eutectic systems containing pharmaceutically active ionic liquids
in Caco-2 (A,CE) and in HepG2 (B,D,F). Both cell lines were exposed for 24 h prior to the cytotoxicity
assessment. Ibuprofen data were acquired from previous work [6]. The vertical line represents the Cmax of
ibuprofen at 0.175 mM

Drug-induced immune hemolytic anemia (DIIHA) is a serious condition that can be a

rare side effect of commonly used over-the-counter medications [34]. After

administration, the drugs can quickly interact with the bloodstream erythrocytes and

disrupt their membranes leading to cell lysis and consequently acute toxicity [35].

Although the incidence of DIIHA is estimated to be 1 per million of the population, and

NSAIDs compromise less than 15% of the reported cases worldwide [34], the assessment

of hemolytic activity can lead to an understanding of what the toxic potential of a new
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formulation could be [36]. According to the guidelines of the European Medicines
Agency (EMA) in Europe, an in vitro hemolysis study is recommended to ensure that

there is no serious potential of pharmacologically mediated toxicity such as DIIHA [37].

In our previous work we have evaluated the red blood cell lysis through the hemoglobin
release in the plasma for ibuprofen, ibuprofen-based ILs and eutectics. Ibuprofen and
ibuprofen-based ILs did not reveal hemolytic activity against human erythrocytes up to
1.5 mM and 3 mM, respectively [29]. The ibuprofen-based eutectics with [C2Cilm]Cl,
[CoomCilm]Cl, [C2CiIm][CiCO2] and [Nuzow]Cl as hydrogen-bond acceptors were
previously analyzed, displaying no hemolytic activity against human erythrocytes up to
3 mM [20]. Vieira et al. [38] also disclosed that several imidazolium and cholinium-based
ILs are hemocompatible with ~0% hemolytic activity up to 3 mM. With this purpose, the
red blood cell lysis in peripheral human blood plasma obtained from voluntary donors
was evaluated for the API-IL:Ibu eutectic systems according to the method optimized by
Gaspar and co-workers [22,23]. In this study, the ibuprofen-based eutectic formulations
[C2Cilm][Ibu]:Ibu, [CoomCilm][Ibu]:Ibu and [Nuzow]:Ibu did not reveled hemolytic
activity against human erythrocytes up to 3 mM, which is 17-fold the Cmax of the neat
ibuprofen. Moreover, a structure-activity correlation was proposed by Orhan et al. in
which they suggest that an aromatic ring with a side chain containing a carbonyl group
attached to a nitrogen atom is a requirement for stabilizing the erythrocyte membrane,
and so chemical components with those characteristics decrease the risk of erythrocyte
lysis [39]. Furthermore, both hemolysis and cytotoxic profiles of the studied ibuprofen-

based eutectic systems are in agreement.

4.2.4.3 Anti-inflammatory activity: COXs and BSA inhibition

Inflammation is generally referred to as a complex biological response of vascular tissues
to harmful stimuli. As well, inflammation is associated with pain, and it involves in an
increase of protein denaturation, an increase of vascular permeability, and membrane
alteration, among others [40]. Thus, an easy and non-invasive method to predict the anti-
inflammatory effect of a new drug is to evaluate its capacity to prevent protein

denaturation. In this assay the eutectic systems were assessed to inhibit the model
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protein bovine serum albumin (BSA), similar to the albumin protein present in human
plasma, and consequently evaluate their anti-inflammatory properties and then
confirmed by the direct analysis of cyclooxygenases (COX-1 and COX-2) expression. The
inhibition profile of BSA denaturation for the ibuprofen-based systems used in this work

are disclosed in Figure 4.11 and Table 4.511 in Supporting Information.

A recent study made by our group disclosed that the inhibition BSA profile of the API-
ILs [C2Cidm][Ibu], [CoomCilm][Ibu], and [Niziom][Ibu] exhibited a similar trend to the
parent-API, or even presented an increased inhibition of BSA denaturation in the case of
the [CaomCilm][Ibu] [6]. Unlike the ibuprofen API-ILs based on the same cations
([CCiIm], [CoomCilm]t, and [Nunon]*), the ibuprofen-based eutectics based on the
HBA [C2CiIm]Cl, [CoomCilm]Cl, and [Ni2om)]Cl exhibited a slight reduction regarding
the inhibition of BSA denaturation [20]. In this work, no significant changes were found
between the inhibition profiles of BSA denaturation for the binary mixtures of API-ILs
and the API-parent indicating that with a fine-tunning of HBA, a eutectic system may

present similar anti-inflammatory properties of the parent API.
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Figure 4.11 Inhibition profile of BSA denaturation in [C2Cilm][Ibu]:Ibu (A), [CaomCilm][Ibu]:Ibu (B)
[Nuzom][Ibu]:Ibu (C) systems and compered to neat ibuprofen from previous work [6].

During the anti-inflammatory process elevated levels of prostaglandins (PGs) are
produced as a cardinal sign of inflammation. NSAIDs reduce or prevent the production
of PGs by direct inhibition of the cyclooxygenase (COX) enzymes [41]. Cyclooxygenase-
1 and cyclooxygenase-2 (COX-1 and COX-2) catalyze the bis-oxygenation of free

arachidonic acid to a hydroperoxyl endoperoxide (PGG:), and the peroxidase
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component reduces the endoperoxide to the corresponding alcohol (PGH:), the
precursor of PGs, prostacyclins, and thromboxanes. These lipid mediators play
important roles in inflammation and pain and in normal physiological functions. While
there are abundant data indicating that the inducible isoform, COX-2, is important in
inflammation and pain, the constitutively expressed isoform, COX-1, has also been
suggested to play a role in inflammatory processes but also as a constitutively enzyme

expressed in a variety of cell types and is involved in normal cellular homeostasis [41,42].

Gastrointestinal adverse effects observed with non-selective NSAIDs are due to the
inhibition of COX-1 enzyme. With the inhibition of COX-1 there is a decrease in the
synthesis of prostaglandins responsible for cytoprotection [41]. Therefore, the long-term
use of these drugs leads to severe gastric ulceration, hepatotoxicity, and renal
dysfunction. The benefits of NSAIDs therapeutic are mainly due to the inhibition of the
COX-2, while the adverse effects are observed due to COX-1 inhibition [43]. Thus, the
goal of achieving anti-inflammatory efficacy with the fewest possible side effects

through selectivity of COX-2 inhibition is of high significance.

The ibuprofen binary systems composed of [C:Cilm][Ibu], [CaomCilm][Ibu] and
[Nuzom][Ibu] at the molar ratios 1:1 and 1:5, as well as neat ibuprofen [6], were
evaluated for their ability to inhibit cyclooxygenases (COX-1, ovine; COX-2, human)
using a COX colorimetric inhibitor assay kit (see Section 4.2.4.8.), providing direct
insight into their anti-inflammatory properties. The results obtained are depicted in
Figure 4.12. and Table 4.9., indicating that under the same experimental conditions, the
ibuprofen-based eutectics generally maintained the anti-inflammatory activity of

ibuprofen (% COX inhibition).

A closer look to the results, through the COX-1/COX-2 selectivity allow us to better
understand the effect of the HBA and HBA:Ibu molar ratio in the COX-1/COX-2
selectivity of the ibuprofen-based eutectic systems. Lower COX-1/COX-2 selectivity
values indicate a greater selectivity for COX-2, and higher values indicate greater

selectivity for COX-1[6].

174



Chapter 4 | Ibuprofen-based Eutectic Systems
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Figure 4.12. Selective inhibition of COX-1 (ovine) and COX-2 (human) and COX-1/COX-2 selectivity at 3mM
for the eutectic systems and their neat hydrogen-bond donor (ibuprofen) [6] and hydrogen-bond
acceptors([C2Cilm][Ibu], [CaomCilm][Ibu] and [Nuizom][Ibu]) [6].

In our previous work, we disclosed that, under the same experimental conditions, the
ibuprofen-based ILs ([C:Cilm][Ibu], [CaomCilm][Ibu], and [Nuwon][Ibu])
maintained/upgraded the anti-inflammatory activity of ibuprofen [6]. Additionally,
ibuprofen-based eutectic systems with ILs-based HBA ([C2CiIm]Cl, [C2omCiIm]Cl and
[Ni11200m]Cl:) were also investigated. The [C2Cilm]Cl-based eutectics (1:1 and 1:5) and
[CoomCiIm]Cl:Ibu 1:1 presented a similar ibuprofen selectivity. However, the
[C2omCilm]Cl:Ibu 1:5 system demonstrated a higher increase of the inhibition of COX-1
(%), increasing the COX-1/COX-2 selectivity relatively to ibuprofen. The [Nii12c01)]Cl:Ibu
1:5 eutectic presented the best outcome with a lower COX-1/COX-2 selectivity indicating

a greater selectivity for COX-2 than ibuprofen [20].

In this study, the [CaomCilm][Ibu]:Ibu and [Nuizon)][Ibu]:Ibu binary systems presented
a similar COX-1/COX-2 selectivity (t-test, 1 tailed, confidence level 90%, p<0.05) and
slightly higher than neat ibuprofen. Differently, both [CoCilm][Ibu]:Ibu 1:1 and 1:5
systems presented the lowest COX-1/COX-2 selectivity (see Table 4.9) indicating a

greater selectivity for COX-2 than ibuprofen (t-test, 1 tailed, confidence level 90%,
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p<0.05). Although the [C2Cilm][Ibu]:Ibu 1:5 is not considered a eutectic formulation, it
presented a similar result to [C2CiIm][Ibu]:Ibu 1:1 implying a major rule on the HBA vs
HBD selection instead of a eutectic formation regarding the link to COX enzymes.

Table 4.9. Inhibition of COX-1 (ovine) and COX-2 (human) and COX-1/COX-2 selectivity for ImM of eutectic

systems containing pharmacologically active ionic liquids and near ibuprofen at the molar ratios 1:1 and 1:5
at 37°C<l.

Inhibition of COX-1 Inhibition of COX-

Compounds (ovine) (%) 2 (human) (%) COX-1/-2 selectivity

Ibuprofen 56.18 +2.60 65.13 + 4.25 0.863 + 0.069
[C2CiIm][Ibu]:Ibu 1:1 46.25+7.96 76.13 +4.52 0.607 £ 0.111
[C2CiIm][Tbu]:Tbu 1:5 49.19+12.19 80.80 + 3.69 0.609 +0.153
[C2omCiIm][Ibu]:Ibu 1:1 9244 +7.08 90.37 + 4.63 1.023 £ 0.094
[C20mCiIm][Ibu]:Ibu 1:5 77.31+2.29 72.82+7.63 1.062+0.116
[Nuzom][Ibu]:Ibu 1:1 86.03 +2.68 79.22 +4.57 1.086 + 0.071
[Nuzom][Ibu]:Ibu 1:5 90.53 +1.52 81.88 +3.85 1.106 +0.055

The COX-1/COX-2 selectivity of the ibuprofen-based eutectics and ibuprofen (see Table
4.9.) follows the order (t-test, 1 tailed, confidence level 90%, p<0.05): [Nui20m)][Ibu]:Ibu
1:5 > [Nurzom][Ibu]:Ibu 1:1 > [CxomCilm][Ibu]:Ibu 1:5 > [CoomCilm][Ibu]:Ibu 1:1 >
Ibuprofen > [C:Cilm][Ibu]:lbu 1:5 = [C:Cilm][Ibu]:Ibu 1:1. A lower COX-1/COX-2
selectivity value indicate a greater selectivity for COX-2 while a higher value indicate
greater selectivity for COX-1. Globally, the ibuprofen-based binary systems improve, or
at least maintain the COX-1/COX-2 selectivity (t-test, 1 tailed, confidence level 90%,
p<0.05) (cf. Figure 4.S9 in Supporting Information). These results provide strong
evidence of the API-based eutectics platform's potential for facilitating the development

of safer NSAIDs with improved gastric and renal safety profiles.

4.2.5 Conclusions

In this work, ten ibuprofen-based eutectic systems were successfully synthesized

conjugating ibuprofen (HBD) with three ibuprofen-based ionic liquids ([C2CiIm][Ibu],
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[C2omCilm][Ibu] and [Nuzon][Ibu]) in different molar ratio, namely 2:1, 1:1, 1:2 and 1:5.
All eutectic systems were characterized by DSC and NMR establishing their ability to
maintain stable and liquid at room temperature. The ibuprofen and API-ILs-based
eutectics and ibuprofen display similar cytocompatibility (in two human cell lines, Caco-
2 colon carcinoma cells and HepG2 hepatocellular carcinoma cells) and all forms are
hemocompatible. Subsequently, the anti-inflammatory properties of the eutectics API-
ILs-based binary mixtures were evaluated through the inhibition of BSA denaturation
and inhibition of cyclooxygenases (COX-1 and COX-2) enzymes, showing that the
ibuprofen eutectic formulations maintain the anti-inflammatory response of ibuprofen
with the opportunity to improve the selectivity towards COX-2 upgrading the safety of
the NSAIDs. These promising findings suggest that these new pharmaceutical forms can
be used for further pharmaceutical development solving the limited bioavailability of

poor soluble NSAIDs without affecting its pharmacologic effect.
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4.2.7 Supporting Information
to the loss of the drug therapeutic effect and even potentialize their systemic toxicity.

Characterization of the Ibuprofen-based Ionic Liquids

The prepared systems composed of pharmacologicaly active ionic liquids and ibuprofen
(ILs:Ibu), at the proportions 2:1, 1:1, 1:2 and 1:5 were completely characterized by 'H.
The quantitative integration of their characteristic 'H NMR resonance peaks unfold the
expected cation/anion correlations. Also, there were no peaks assigned to impurities in

the "H NMR spectra.

[C2CiIm][Ibul-based systems

7' 2' 6'

2:1

1H NMR (400 MHz, D20): /ppm = 8.61 (s, 2H,2’), 7.39 (s, 2H,5), 7.32 (s, 2H,4’), 7.19 (d, ] = 7.9 Hz, 6H,5), 7.14
(d, ] =7.9 Hz, 6H,6), 4.13 (q, ] = 7.3 Hz, 4H,7’), 3.79 (s, 6H,6), 3.56 (q, ] = 7.3 Hz, 3H,2), 2.40 (d, J = 7.1 Hz,
6H,8), 1.76 (dt, ] = 13.7, 6.9 Hz, 3H,9), 1.41 (t, ] = 7.4 Hz, 6H,8'), 1.31 (d, ] = 7.2 Hz, 9H,3), 0.79 (d, ] = 6.6 Hz,
18H,10).

1H NMR (400 MHz, DMSO): 8/ppm = 9.24 (s, 2H,2’), 7.78 (s, 2H,5'), 7.70 (s, 2H,4"), 7.15 (d, ] = 7.7 Hz, 6H,6),
6.99 (d,]=7.8 Hz, 6H,5),4.19 (q, ] = 7.3 Hz, 4H,7'), 3.84 (s, 6H,6’), 3.33 (d, ] = 7.1 Hz, 3H,2), 2.38 (d,] = 7.1 Hz,
6H,8), 1.78 (dq, ] = 13.3, 6.6 Hz, 3H,9), 1.41 (t, ] = 7.3 Hz, 6H,8'), 1.22 (d, ] = 7.1 Hz, 9H,3), 0.86 (d, J = 6.6 Hz,
18H,10).
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1:1

H NMR (400 MHz, D20): d/ppm = 8.61 (s, 1H,2), 7.39 (s, 1H,5"), 7.32 (s, 1H,4’), 7.19 (d, ] = 7.9 Hz, 4H,5),
7.14 (d,] =7.9 Hz, 4H,6), 413 (q, ] = 7.3 Hz, 2H,7’), 3.79 (s, 3H,6'), 3.59 (d, ] = 7.1 Hz, 2H,2), 2.40 (d, ] = 7.1 Hz,
4H,8), 1.82 - 1.69 (m, 2H,9), 1.40 (t, ] = 7.3 Hz, 2H,8), 1.32 (d, ] = 7.2 Hz, 6H,3), 0.79 (d, J = 6.7 Hz, 12H,10).

1H NMR (400 MHz, DMSO): 8/ppm = 9.19 (s, 1H,2’), 7.78 (s, 1H, 5), 7.70 (s, 1H, 4'), 7.16 (d, ] = 7.8 Hz, 4H, 6),
7.02 (d,] = 7.8 Hz, 4H, 5), 419 (q, ] = 7.3 Hz, 2H,7’), 3.84 (s, 3H, 6'), 3.42 (q, ] = 7.1 Hz, 2H,2), 2.39 (d, ] = 7.1
Hz, 4H,8), 1.80 (dp, ] = 13.7, 6.8 Hz, 2H,9), 1.41 (t, ] = 7.3 Hz, 3H,8’), 1.25 (d, ] = 7.1 Hz, 6H,3), 0.86 (d, ] = 6.6
Hz, 12H,10).

1:2

1IH NMR (400 MHz, D:20): d/ppm = 8.61 (s, 1H,2)), 7.39 (s, 1H,5'), 7.32 (s, 1H,4), 7.19 (d, ] = 7.8 Hz, 6H,5),
7.14 (d,] =7.8 Hz, 6H,6), 4.13 (q, ] = 7.3 Hz, 2H,7"), 3.79 (s, 3H,6'), 3.60 (t, ] = 6.9 Hz, 1H,2), 2.40 (d, ] = 7.2 Hz,
6H,8), 1.80 — 1.70 (m, 3H,9), 1.40 (t, ] = 7.4 Hz, 3H,8'), 1.32 (d, ] = 7.2 Hz,9H,3), 0.79 (d, ] = 6.7 Hz, 18H,10).

1H NMR (400 MHz, DMSO): d/ppm = 9.16 (s, 1H,2), 7.78 (s, 1H,5'), 7.70 (s, 1H,4"), 7.17 (d, ] = 7.8 Hz, 6H,6),
7.04 (d,]=7.8 Hz, 6H,5), 4.19 (q, ] = 7.4 Hz, 2H,7’), 3.84 (s, 3H,6’), 3.50 (q, ] = 7.1 Hz, 3H,2), 2.40 (d, ] = 7.2 Hz,
6H,8), 1.80 (hept, ] = 6.9 Hz, 3H,9), 1.41 (t, ] = 7.3 Hz, 3H,8), 1.28 (d, J = 7.1 Hz, 9H,3), 0.86 (d, ] = 6.6 Hz,
18H,10).

1:5

1H NMR (400 MHz, D:0): d/ppm = 8.61 (s, 1H,2), 7.39 (s, 1H,5), 7.32 (s, 1H,4’), 7.19 (d, ] = 7.9 Hz, 12H,5),
713 (d, J=7.8 Hz, 12H,6), 4.13 (q, ] = 7.4 Hz, 2H,7’), 3.79 (s, 3H,6'), 3.59 — 3.52 (m, 6H,2), 2.40 (d, ] = 7.2 Hz,
12H,8), 1.80 — 1.71 (m, 6H,9), 1.40 (t, ] = 7.3 Hz, 3H,8"), 1.31 (d, ] = 7.2 Hz, 18H,3), 0.79 (d, ] = 6.6 Hz, 36H,10).

1H NMR (400 MHz, DMSO): d/ppm = 9.13 (s, 1H,2"), 7.78 (s, 1H,5'), 7.70 (s, 1H,4’), 7.18 (d, ] = 7.8 Hz, 12H,6),
7.07 (d,J = 7.9 Hz, 12H,5), 419 (q, ] = 7.3 Hz, 2H,7"), 3.85 (s, 3H,6"), 3.57 (q, ] = 7.1 Hz, 6H,2), 2.41 (d, ] = 7.1
Hz, 12H,8), 1.81 (dp, ] = 134, 6.7 Hz, 6H,9), 1.42 (t, ]=7.3 Hz, 3H,8"), 1.31 (d, ] = 7.1 Hz, 18H,3), 0.86 (d, ] = 6.6
Hz, 35H,10).
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[C20mCilm][Ibul-based systems

7' 2' 6'

1:1

1H NMR (400 MHz, D:0): 8/ppm = 8.67 (s, 1H,2’), 7.43 (s, 1H,5), 7.37 (s, 1H,4’), 7.19 (d, ] = 7.9 Hz, 4H,6), 7.14
(d, ] =7.9 Hz, 4H,5), 423 (t, ] = 5.1 Hz, 2H,7), 3.83 (d, ] = 9.1 Hz, 5H,6’,8), 3.64 — 3.54 (m, 2H,2), 2.40 (d, J =
7.1 Hz, 4H,8), 1.82 - 1.70 (m, 2H,9), 1.32 (d, ] = 7.2 Hz, 6H,3), 0.79 (d, ] = 6.6 Hz, 12H,10).

1H NMR (400 MHz, DMSO): d/ppm = 9.17 (s, 1H,2’), 7.73 (s, 1H,5'), 7.69 (s, 1H,4"), 7.16 (d, ] = 7.8 Hz, 4H,6),
7.02 (d, ] =7.8 Hz, 4H,5), 4.21 (t, ] = 5.0 Hz, 2H,7"), 3.86 (s, 3H,6'), 3.71 (d, ] = 5.0 Hz, 2H,8), 2.39 (d, ] = 7.1 Hz,
4H,8), 1.80 (dt, ] = 13.5, 6.7 Hz, 2H,9), 1.26 (d, ] = 7.1 Hz, 6H,3), 0.86 (d, J = 6.6 Hz, 12H,10).

1:2

1H NMR (400 MHz, D20): d/ppm = 8.67 (s, 1H,2"), 7.43 (s, 1H,5'), 7.37 (s, 1H,4), 7.19 (d, ] = 7.8 Hz, 6H,6), 7.14
(d, ]=7.9 Hz, 6H,5), 4.23 (t, | = 5.0 Hz, 2H,7'), 3.83 (d, ] = 9.3 Hz, 5H,6',8'), 3.57 (q, ] = 7.2 Hz, 3H,2), 2.40 (d, |
=72 Hz, 6H,8), 1.79 - 1.71 (m, 3H,9), 1.32 (d, ] = 7.2 Hz, 9H,3), 0.79 (d, ] = 6.6 Hz, 18H,10).

1H NMR (400 MHz, DMSO): 8/ppm = 9.16 (s, 1H,2’), 7.73 (d, ] = 2.0 Hz, 1H,5'), 7.69 (s, 1H,4), 7.17 (d,] = 7.8
Hz, 6H,6), 7.04 (d, ] = 7.8 Hz, 6H,5), 4.21 (t, ] = 5.1 Hz, 2H,7’), 3.86 (s, 3H,6’), 3.72 (t, = 5.1 Hz, 2H,8’), 3.49 (q,
J=7.1Hz, 3H,2), 2.40 (d, ] = 7.1 Hz, 6H,8), 1.80 (dt, ] = 13.5, 6.7 Hz, 3H,9), 1.28 (d, ] = 7.1 Hz, 9H,3), 0.86 (d, ]
= 6.6 Hz, 18H,10).

1:5

1H NMR (400 MHz, D20): /ppm = 8.67 (s, 1H,2’), 7.43 (s, 1H,5), 7.37 (s, 1H,4), 7.20 (d, J = 7.8 Hz, 12H,6),
7.15 (d, J = 7.8 Hz, 12H,5), 4.23 (s, 2H,7’), 3.83 (d, ] = 9.1 Hz, 5H,6,8'), 3.61 (d, ] = 7.4 Hz, 6H,2), 2.40 (d, ] = 7.2
Hz, 12H,8), 1.80 — 1.69 (m, 6H,9), 1.33 (d, ] = 7.2 Hz, 18H,3), 0.79 (d, ] = 6.7 Hz, 36H,10).

1H NMR (400 MHz, DMSO): 8/ppm =9.13 (s, 1H,2’), 7.73 (s, 1H,5), 7.69 (s, 1H,4), 7.18 (d, ] = 7.9 Hz, 12H,6),
7.07 (d,]=7.9 Hz, 12H,5), 421 (t, ] = 5.1 Hz, 2H,7’), 3.86 (s, 3H,6'), 3.72 (t, ] = 5.0 Hz, 2H,8'), 3.57 (q, ] = 7.1 Hz,
6H,2), 2.41 (d, ] = 7.2 Hz, 12H,8), 1.81 (hept, ] = 6.7 Hz, 6H,9), 1.31 (d, ] = 7.1 Hz, 18H,3), 0.86 (d, ] = 6.6 Hz,
36H,10).
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[Nuzow][Ibu]-based systems
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2:1

H NMR (400 MHz, D20): 8/ppm = 7.19 (d, ] = 8.0 Hz, 6H,6), 7.13 (d, ] = 7.9 Hz, 6H,5), 3.97 (d, ] = 49 Hz,
4H,5), 355 (q, ] = 7.2 Hz, 3H,2), 343 (t, ] = 5.0 Hz, 4H,4'), 3.1 (s, 18H,1",2",3), 2.40 (d, ] = 7.1 Hz, 6H,8), 1.75
(dt, J=13.5, 6.7 Hz, 3H,9), 1.31 (d, ] = 7.2 Hz, 9H,3), 0.79 (d, ] = 6.6 Hz, 18H,10).

1H NMR (400 MHz, DMSO): d/ppm = 7.15 (d, ] = 7.8 Hz, 6H,6), 7.00 (d, ] = 7.8 Hz, 6H,5), 3.83 (dd, ] = 6.4, 3.7
Hz, 2H,5'), 3.40 (t, ] = 5.1 Hz, 3H,2), 3.34 (q, ] = 7.1 Hz, 2H, 4), 3.10 (s, 9H,1,2,3'), 2.38 (d, ] = 7.1 Hz, 6H,8),
1.78 (dq, J = 13.6, 6.8 Hz, 3H,9), 1.23 (d, J = 7.1 Hz, 9H,3), 0.86 (d, ] = 6.6 Hz, 18H,10).

1:1

1H NMR (400 MHz, D20): d/ppm = 7.19 (d, J = 7.9 Hz, 4H,6), 7.13 (d, ] = 7.9 Hz, 4H,5), 3.97 (d, ] = 5.2 Hz,
2H,5'), 3.54 (q, ] =7.2 Hz, 2H,2), 3.42 (m, 2H4'), 3.11 (s, 9H, 1",2,3'), 2.40 (d, ] = 7.1 Hz, 4H,8), 1.75 (dt, = 13.6,
6.9 Hz, 2H,9), 1.31 (d, ] = 7.2 Hz, 6H,3), 0.79 (d, ] = 6.6 Hz, 12H,6).

1H NMR (400 MHz, DMSO): d/ppm = 7.16 (d, ] = 7.8 Hz, 4H,6), 7.02 (d, ] = 7.8 Hz, 4H,5), 3.82 (m, 2H,5'), 3.10
(s, 9H,1',2,3"),2.39 (d, ] = 7.1 Hz, 4H,8), 1.80 (dp, ] = 13.4, 6.6 Hz, 2H,9), 1.26 (d, ] = 7.1 Hz, 6H,3), 0.86 (d, ] =
6.5 Hz, 12H,10).

1:2

1H NMR (400 MHz, D20): d/ppm =7.19 (d, ] = 8.0 Hz, 6H,6), 7.14 (d, ] = 7.9 Hz, 6H,5), 3.97 (s, 2H,5'), 3.59 (d,
] =7.0 Hz, 3H,2), 3.46 - 3.40 (m, 2H,4’), 3.11 (s, 9H,1’,2',3’), 2.40 (d, ] = 7.1 Hz, 6H,8), 1.84 — 1.67 (m, 3H,9), 1.32
(d,]=7.2Hz, 9H,3), 0.79 (d, ] = 6.7 Hz, 18H,10).

1H NMR (400 MHz, DMSO): d/ppm = 7.17 (d, ] = 7.8 Hz, 6H, 6), 7.04 (d, ] = 7.8 Hz, 6H, 5), 3.83 (d, ] = 5.5 Hz,
2H,5'),3.51 (q,] =7.1 Hz, 3H, 2), 3.39 (t, ] = 5.1 Hz, 2H,4’), 3.10 (s, 9H, 1',2,3), 2.40 (d, ] = 7.1 Hz, 6H, 8), 1.80
(dt, J=13.5,6.7 Hz, 3H,9), 1.28 (d, ] = 7.1 Hz, 9H,3), 0.86 (d, ] = 6.6 Hz, 18H, 10).
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1:5

1H NMR (400 MHz, D20): d/ppm =7.19 (d, ] = 7.9 Hz, 12H,6), 7.14 (d, ] = 8.0 Hz, 12H,5), 3.97 (s, 2H,5'), 3.59
(d,]=7.0Hz, 6H,2), 343 (s, 2H,4’), 3.11 (s, 9H,1/,2",3"), 2.40 (d, ] = 7.1 Hz, 12H,8), 1.80 — 1.71 (m, 6H,9), 1.32
(d,]=7.2Hz, 18H,3), 0.79 (d, ] = 6.8 Hz, 36H,10).

H NMR (400 MHz, DMSO): d/ppm =7.18 (d, ] = 7.8 Hz, 12H,6), 7.07 (d, ] = 7.8 Hz, 12H,5), 3.83 (s, 2H,5"),
3.57(q,]=7.1Hz, 6H,2),3.39 (t, ] = 5.2 Hz, 2H,4’), 3.10 (s, 9H,1",2,’3’), 2.41 (d, ] = 7.1 Hz, 12H,8), 1.81 (dp, ] =
13.6, 6.8 Hz, 6H,9), 1.31 (d, ] =7.0 Hz, 18H,3), 0.86 (d, ] = 6.5 Hz, 36H,10).

Table 4.S9. "H NMR chemical shifts for the position H2” according to the chemical structure of [C2CiIm][Ibu]
and [CzonCilm][Ibu] (right) for the neat ionic liquid and its eutectic systems in DMSO.

Compounds H2’

[C2CiIm][Ibu] 9.48
[C2CiIm][Ibu]:Ibu 2:1 9.24 /7\ /2\/6
[C2Cilm][Ibu]:Ibu 1:1 9.19 ¢ lv“\:/”y
[C2Cilm][Ibu]:Ibu 1:2 9.16 s
[C2CiIm][Ibu]:Ibu 1:5 9.13

[C2on)Cilm][Ibu] 9.31
[C2omCilm][Ibu]:Ibu 1:1 9.17 NN /\ P
[C20mCiIm][Ibu]:Ibu 1:2 9.16 ' N/
[CaomCilm][Ibu]:Ibu 1:5 9.13 )
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Table S10. Inhibition of BSA denaturation in PBS pH 7.4 at different concentrations for ibuprofen-based
eutectic systems. The presented value is the average of at least two independent measures + standard
deviation.

Concentration Inhibition of BSA Concentration Inhibition of BSA
(mM) denaturation (%) (mM) denaturation (%)
[C2CiIm][Ibul:Ibu 2:1 [C2CiIm][Ibul:Ibu 1:1
0.536 10.18 +1.31 0.574 2228 +1.74
1.251 24.04 +1.38 1.339 41.40+1.94
1.788 53.16 +2.68 1.913 54.21+1.29
2.681 56.84 +0.86 2.870 68.60 +0.25
[C2CiIm][Ibul:Ibu 1:2 [C2CiIm][Ibul:Ibu 1:5
0.617 23.33+1.24 0.668 24.16 +2.28
1.440 40.88 +1.51 1.558 43.41 +0.96
2.058 69.82 +0.99 2.226 65.20 +1.45
3.087 69.65 +1.38 3.339 61.49 £3.31
[Cz009CiIm][Ibul:Ibu 1:1 [C2omCilm][Ibul:Ibu 1:2
0.557 31.05+1.87 0.604 46.84 +1.14
1.299 47.72 +2.37 1.409 52.98 +1.79
1.856 60.18 £2.16 2.014 68.42 +1.49
2.784 67.72 £2.03 3.020 69.30 +£3.23
[C2000CiIm][Ibul:Ibu 1:5 [Nuoml[Ibul:Ibu 2:1
0.660 55.56 +2.65 0.545 6.49 +0.50
1.540 55.86 +1.75 1.273 20.88 +1.63
2.200 67.90 +£1.15 1.818 70.53 £ 0.74
3.300 75.15+2.15 2.727 68.42 +1.14
[Nuzon][Ibul:Ibu 1:1 [Nuzonl[Ibul:Ibu 1:2
0.582 14.01 +2.79 0.623 0.19 £0.00
1.357 45.14+2.18 1.454 11.67 +2.45
1.939 57.78 +1.93 2.078 33.85+2.62
2.909 69.07 +0.83 3.117 72.96 +1.20
[Nuzow][Ibul:Ibu 1:5
0.671 1.36 £0.58
1.566 15.08 +0.88
2.238 47.47 +1.91
3.356 81.13 +3.45
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Figure 4.59. Selective inhibition of COX-1 (ovine) and COX-2 (human) and COX-1/COX-2 selectivity at 3mM
for the eutectic systems based on ILs ([C2CiIm]Cl, [C2omCiIm]Cl and [Niii20m)]Cl) [S1] and for the eutectic
systems based on API-ILs ([C2CiIm][Ibu], [C2omCilm][Ibu] and [Nuizom][Ibu]).
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5.1 Abstract

Ibuprofen is a non-steroidal anti-inflammatory drug (NSAID) generally used to treat
inflammation, fever, and mild-to-moderate pain. The oral delivery route has been the
most widely used, however there are major gastrointestinal side effects associated with
their long-term use. Thus, transdermal dosage forms are desirable for the chronic use of
this drug. The efficacy of transdermal formulations depends greatly on its capacity to
facilitate the drug penetration through the skin. Ionic liquids are currently defined as
organic salts with melting points below 100 °C, and as salts they may stay as ion pairs or
clusters with increasing lipophilicity promoting a rapidly crossover in biological
membranes. Eutectic systems were introduced as an alternative to ionic liquids and are
defined as a mixture of two or more components which interact trough hydrogen
bonding and lead to an overall decrease in the melting temperature of the system. In the
present work, the use pharmacologically active ionic liquids based on ibuprofen (API-
ILs) and eutectic systems with API-ILs and ibuprofen as counterparts were evaluated to
increase skin permeation of the acidic ibuprofen. The assessment of ionicity, through
measurements of density, viscosity, and conductivity, was carried out to confirming the
formation of ion-pairs or clusters, namely for the molar ratio 1:5 of the Ibuprofen-based
eutectic formulations. Besides, an in vitro skin permeation testing was carried out
through Skin Parallel Artificial Membrane Permeability Assays (Skin PAMPA) and
results showed that the ibuprofen-based formulations (API-ILs or eutectic systems)
presented similar permeation profile than ibuprofen and higher permeation than the

commercially used sodium ibuprofen salt.

Keywords: Ibuprofen, Ionic liquids, Eutectic Systems, Density, Viscosity, Conductivity,

Walden-plot, Effective Permeability Coefficient, Skin PAMPA
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Membrane Permeability of Ibuprofen: Interplay of Ionic Liquids and Eutectics on
Ionicity and Skin-PAMPA Permeability. Journal of Molecular Liquids 2023 (Submitted)

Own experimental contribution: Sample preparation; viscosity, density and

conductivity measurements, Skin PAMPA assay

Own written contribution: Viscosity, density and conductivity analysis, Walden plot
interpretation and Skin PAMPA analysis.

Other contributions: Experimental design and data analysis.
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5.2 Introduction

Ibuprofen (Ibu) is a non-steroidal anti-inflammatory drug (NSAID) with anti-
inflammatory, analgesic, and antipyretic properties commonly indicated for the
treatment of fever and mild-to-moderate pain. The anti-inflammatory properties of
ibuprofen arise from the non-selective inhibition of the enzymes cyclogenase-1 (COX-1)
and cyclogenase-2 (COX-2), which is required for the synthesis of prostaglandins via the
arachidonic acid pathway. COXs are needed to convert arachidonic acid to
prostaglandin H2 (PGH2) in the body. PGH2 is then converted to prostaglandins. The
inhibition of COXs by ibuprofen, therefore, lowers the level of prostaglandins and
ultimately reducing inflammation [1]. The oral route of administration is the most
common and preferred route of ibuprofen delivery due to easy patient adherence and
administration. However, the oral drug bioavailability depends on several factors such
as aqueous solubility, dissolution rate, gastrointestinal permeability, first-pass and pre-
systemic metabolism which can limited an efficient mode of delivery influencing drug
absorption and as consequence the pharmacological effects [2]. When administered
orally, ibuprofen can cause well documented and serious gastrointestinal side effects
which include gastroduodenal haemorrhage, gastric outlet obstruction, gastroduodenal
small or large bowel perforation, large or small bowel haemorrhage, acute
gastrointestinal haemorrhage, symptomatic gastric or duodenal ulcer or anaemia [3].
Thus, a transdermal drug delivery system is considered a possible solution to overcome
the side effects of ibuprofen oral delivery route, particularly the avoidance of direct
gastrointestinal adverse events, since the transdermal route can provide a direct site
delivery of a drug yet enhance therapeutic efficacy and a rapid onset [2]. Gaur et al. [4]
investigated the transdermal application of a liposomal ibuprofen gel formulation
containing Carbopol 934. The liposomal drug nanoparticles showed maximum skin
permeation with excellent maximum plasma concentration (Cmax). The formulation
containing 7:3:1 molar ratio of phosphatidylcholine, cholesterol, and dicetyl phosphate
was found to be optimal for nanoliposome preparations for controlled delivery of
ibuprofen. The potential use of surfactants and/or phospholipids vesicles in the

transdermal delivery of ibuprofen as drug encapsulated vesicles has been studied.
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Several vesicles designed with various ratios of soy lecithin, span 80 and tween 80 were

stable and considered a promising prolonged delivery system [5].

Ionic liquids (IL) are salts composed by cations and anions with a melting point below
the conventional temperature of 100 °C. Their key physicochemical properties, such as
thermal stability, density, viscosity, melting point, surface tension, solubility,
hygroscopicity, and even toxicity and biodegradability [6], can be tailored, making ILs
task-specific designer materials suitable for the biotechnology and pharmaceutical
fields. Several research studies were conducted to shown that ILs can enhance
permeation of drugs through the skin [7,8] and the best documented case is the activity
of 1-octyl-3-methylimidazolium-based ILs which act by disrupting structural integrity
by inserting into the membrane[9]. It was also established that ILs possess the ability to
fluidize cell membranes, particularly seen with hydrophilic imidazolium-based ILs [10],

sustained promising information for the use of ILs as membrane permeation enhancers.

Converting an active pharmaceutical ingredient (API) into a salt (i.e. a ionic liquid) as
shown great potential for drug delivery by eliminating polymorphism, tailoring
solubility, improving thermal stability, increasing dissolution, controlling drug release,
modulating the surfactant properties, enhancing permeability of APIs and modulating
cytotoxicity [7,11,12]. The development of ILs-based on active pharmaceutical
ingredients (API-ILs) has arisen as a possible solution to some of the problems that
crystalline solid APIs present leading to lower melting temperatures and attend to
improve bioavailability [13]. To explore the feasibility of transforming NSAIDs into ILs
to improve transdermal delivery Hao Wu and co-workers studied the conversion of
ibuprofen into ILs with nine structurally diverse cationic counterions, five of which were
aromatic counterions and the other four were alkyl counterions [12]. The imidazolium
counterions appeared to offer high aqueous solubility, with low values of partition
coefficients, while counterions with long alkyl chains resulted in lower aqueous
solubility and high values of partition coefficients. The ammonium-based ionic liquids,
didecyldimethylammonium ibuprofenate, [Nii1010][Ibu], and tetrahexylammonium
ibuprofenate, [Ness66][Ibu], were significantly more permeable than the neutral free form

of ibuprofen. Furthermore, they correlated the higher transdermal permeability with

195



Chapter 5 | Enhanced Membrane Permeability of Ibuprofen: Interplay of Ionic Liquids and Eutectics on Ionicity and
Skin-PAMPA Permeability

higher degree of ionic association were hydrophobic molecular interaction between
ibuprofen and alkyl counterions favoured the ionic association and ion pair formation,
and ultimately the transdermal permeation [12]. Recently, our group reported on the
synthesis of three pharmacology active ionic liquids conjugating the ibuprofenate anion
with imidazolium cations (i.e., [C2Cilm][Ibu] and [CzomCilm][Ibu]) and a cholinium
cation (i.e., [Nuzom][Ibu]). An upgrade to the aqueous solubility (water and biological
simulated fluids) for the ibuprofen-based ILs relative to the ibuprofen neutral and
commercial ibuprofen salt form (i.e., sodium ibuprofen) was verified. Cytotoxicity tests
in two immortalized human cell lines (Caco-2, colon carcinoma cells and HepG2,
hepatocellular carcinoma cells) and hemocompatibility assays substantiated the
biocompatibility of the ibuprofen-based ILs. Their pharmacological action was assessed
through the inhibition of bovine serum albumin (BSA) denaturation and inhibition of
cyclooxygenases (i.e., COX-1 and COX-2), showing that all prepared API-ILs,
[C2Cilm][Ibu], [CaomCilm][Ibu] and [Nuzom][Ibu], maintained the anti-inflammatory
response of ibuprofen with improved selectivity towards COX-2, allowing for the
development of safer NSAIDs [13]. Although the API-ILs proven to be useful for
transdermal delivery, they often appear to be solid at room temperature which is a main

through back to a transdermal formulation [2,13].

Eutectic systems have been explored as alternative pharmaceutical solvents and
permeation enhancers due to their strong deviations from the ideal solid-liquid phase
behaviour. Eutectic systems are a mixture of at least two compounds, a salt (hydrogen
bond acceptor, HBA) and a hydrogen bond donor (HBD), which can self-associate and
it is characterized by a depression in the melting temperature in comparison to each
individual components [14]. Sarraguca et al. [15] synthesized two eutectic combinations
using chlorpropamide (CLP) and tolbutamide (TLB) with tromethamine (TRIS) and
water, CLP:TRIS:H20 1:2:6 and TLB:TRIS:H:0 1:2:8, respectively, and proven to be stable
for at least one week at room temperature [15]. The neat parent drugs (CLP and TLB)
presented low solubility in water and high permeability, however with a of a eutectic
combination the drugs solubility was increased by 188-fold for CLP and by 120-folf for
TLB and both maintaining a similar high permeability profile to the parent drugs.

Regarding the cytotoxic studies, both, CLP:TRIS:H20 1:2:6 and TLB:TRIS:H20 1:2:8
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proven to be considered safe for human consumption and can be further used in
pharmaceutical formulations to improve aqueous solubility [15]. Also, Pedro and
coworkers [16] developed a alginate-based hydrogel loaded with ibuprofen solubilized
in a eutectic solvent composed of arginine and glycerol (Arg:Gly) at the molar fraction
1:4, respectively. Although the solubility of ibuprofen was slightly improved in a
aqueous solution of Arg:Gly (60% w/w), the prepared formulation could be stable for at
least 15 days, it has a cytotoxic profile similar to ibuprofen and provide a small in the
anti-inflammatory activity of the parent drug. By incorporating the ibuprofen solution
in an alginate gel the amount of ibuprofen permeated achieved using the is 8.5-fold
higher than the amount obtained for commercial formulations. Silva et al. [17]
constructed hydrophobic eutectics based on menthol and saturated fatty acids with
different chain lengths, including stearic acid, myristic acid and lauric acid, and
evaluated their toxicity and antibacterial activity in human immortal keratinocyte line
(HaCaT) cells. The results revealed that the synergistic effect of menthol and stearic acid
on enhancing antibacterial activity and promoting wound healing, whereas the whole
mixture exhibited no cytotoxicity, demonstrating the promising application of
menthol:stearic acid based eutectics in wound healing. Three other eutectic systems were
prepared by complexation of APIs (i.e., ibuprofen, benzoic acid and phenylacetic acid)
with menthol, possessed the characteristics of high solubility and high permeability,
improving the bioavailability of the APIs [18]. In another study, seven terpenoids,
including L-menthol, LD-menthol, D-limonene, L-menthone, 1,8-cineole, thymol and
cymene were selected to be mixed with ibuprofen to prepare the eutectic systems [19].
Among them, the combination of ibuprofen and thymol maximizes permeability and
produces a synergistic effect in penetration experiment. An ibuprofen-based eutectic
conjugated with limonene at a molar ratio 1:4 also effectively inhibit the proliferation of
human colon cancer cell line (i.e, HT29) without affecting the viability of healthy cells
providing an anti-cancer pharmacological response [20]. The eutectic system not only
retains the therapeutic effects of limonene and ibuprofen, but also increases the solubility
of the two components and reduces the side effect of limonene on the viability of normal

cell lines. The specific mechanism may be related to the synergistic or additive effects
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caused by the hydrogen-bonded supramolecular arrangements between the two

components.

Recently, our group developed pharmacologically active eutectic systems conjugating
ibuprofen (HBD) with 1-ethyl-3-methylimidazolium chloride ([C2Cilm]Cl), 1-(2-
hydroxyethyl)-3-methylimidazolium chloride ([C20mCilm]Cl), 1-ethyl-3-
methylimidazolium acetate, ([C2CiIm][CiCOz]) or cholinium chloride ([Nu20m]Cl) in
different molar ratios (viz. 2:1. 1:1, 1:2 and 1:5) [14]. An upgrade of the aqueous solubility
in water and biological simulated fluids was obtained when compared to the neat
ibuprofen and it salt form (i.e., sodium ibuprofen). Moreover, the Ibu-based eutectics
and ibuprofen displayed similar cytotoxic profiles in colon carcinoma cells (Caco-2) and
hepatocellular carcinoma cells (HepG2) and all forms were hemocompatible. The
pharmacological action of the prepared Ibu-based eutectic formulations was evaluated
through the inhibition of BSA denaturation and inhibition of COX-1 and COX-2 enzymes
and all the eutectics maintain the anti-inflammatory response of ibuprofen with the
opportunity to improve the selectivity towards COX-2 in some formulations.
Additionally, the permeation potential of the Ibuprofen-based eutectics was evaluated
via Walden plot confirming the formation of large charged or non-charged aggregates,
or the existence of ionic networks, that increase the potential for these liquids to
penetrate membranes more efficiently than ibuprofen. Also, by combining the API-ILs
properties with the eutectic systems fundamentals, ten API-IL-based eutectic systems
were successfully synthesized with 1-ethyl-3-methylimidazolium ibuprofenate
([C:CiIm][Ibu]), 1-(2-hydroxyethyl)-3-methylimidazolium ibuprofenate
([C2omCilm][Ibu]) and cholinium ibuprofenate ([Nu2om)][Ibu]) as HBA and ibuprofen
at the molar ratios 2:1. 1:1, 1:2 and 1:5 [21]. The eutectic systems showed the ability to
maintain stable and liquid at room temperature. Likewise, in colon carcinoma cells
(Caco-2) and hepatocellular carcinoma cells (HepG2) the API-ILs-based eutectics played
similar cytocompatibility and all forms were hemocompatible. The pharmacological
activity was evaluated by the inhibition of cyclooxygenases (COX-1 and COX-2)
enzymes and inhibition of BSA denaturation and all the eutectics preserve the NSAID

anti-inflammatory response, were in some cases the COX-2 selectivity was improved.
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The prediction of skin permeability is of greatly importance prior to any drug
formulation mainly due to the capacity of the skin to limit the body's accumulation of
substances by percutaneous transport. The epidermal skin barrier is the major factor in
this process and can reduce overall rates of accumulation by several orders of magnitude
[22]. Thus, Skin Parallel Artificial Membrane Permeability Assays (Skin PAMPA) was
developed for a quick, reliable, and cost-effective permeability model for the prediction
of transdermal penetration of compounds. To match the permeability of the rate-limiting
barrier in human skin, synthetic certramides, which are analogs of the ceramides present
in the stratum corneum, were selected for the Skin PAMPA model. Thus, the final Skin
PAMPA membrane lipid mixture contains certramide, free fatty acid, and cholesterol to
better predict transdermal permeability. The PAMPA sandwich consists of two 96-well
plates whereas one plate is formed to sit precisely under the plate that contains the
porous lipid-impregnated filter disk (Figure 5.1). The wells of the bottom plate are
typically filled with donor solution (API), and the wells of the top plate are filled with
acceptor solution (buffer or mixtures of organic solvent and buffer). The plates are then
piled up as shown at the left of Figure 5.1 and then incubated. By comparison to data
from three different human skin databases, Skin PAMPA demonstrated its high

prediction capability [23].

Skin PAMPA Sandwich

Acceptor Well
— Ibuprofen-based formulations

— Synthetic membrane

Donnor Well

Figure 5.1 Parallel Artificial Membrane Permeability Assay (PAMPA) 96-well setup
(left); a single well of PAMPA (right).
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Recently, Wu and co-workers [24] explored the feasibility of transdermal delivery of
ibuprofen using ionic liquid technology. To evaluate transdermal potential, in vitro skin
permeation testing was carried out via Skin Parallel Artificial Membrane Permeability
Assays (Skin PAMPA) for the ibuprofen, sodium ibuprofen salt ([Na][Ibu]) and the API-
ILs 1-butyl-3-methylimidazolium ibuprofenate ([C«Cilm][Ibu]), 1-1-(2-hydroxyethyl)-3-
methylimidazolium  ibuprofenate  ([CaomCilm][Ibu]), lidocaine Ibuprofenate
([Lid][Ibu]), procainium Ibuprofenate ([Pro][Ibu]), ranitidine Ibuprofenate ([Ran][Ibu]),
Didecyldimethylammonium ibuprofenate  ([Ni11010][Ibu]), tetrahexylammonium
ibuprofenate ([Nssss][Ibu]), tetrabutylphosphonium ibuprofenate ([Pss44][Ibu]) and
tributyl(tetradecyl)phosphonium ibuprofenate ([Pess14][Ibu]). The overall aqueous
solubility and octanol-water partition coefficients (LogP) values were correlated with
lower aqueous solubility obtained at higher LogP values. It was concluded that
imidazolium counterions appeared to offer high aqueous solubility, with low values of
partition coefficients, while counterions with long alkyl chains resulted in lower aqueous
solubility and high values of partition coefficients. Also, the percentage of drug
permeated at the end of 12 h study through the Skin PAMPA was in the following order:
[Nssse][Ibu] (52.67%) > [N111010][Ibu] (41.12%) > [Pess4][Ibu] (9.98%) > [Ibu] (9.93%) >
[Lid][Ibu] (6.85%) > [Pro][Ibu] (6.67%) > [P4,4,4,4][Ibu] (6.65%) > [Ran][Ibu] (6.32%) >
[CCaIm][Ibu] (6.21%) > [C2omCilm][Ibu] (4.50%) > [Na][Ibu] (1.66%). The permeation of
[N1,11010][Ibu] and [Nssss][Ibu] through the membrane was much higher than ibuprofen.
The rest ILs showed similar or slightly lower permeation than ibuprofen, but all the ILs
showed higher permeation than the commercially available sodium ibuprofen
([Na][Ibu]). Further, the authors correlated the higher transdermal permeability with
higher degree of ionic association calculated through the ionic conductivity where they
acknowledged the hydrophobic molecular interaction between ibuprofen and alkyl
counterions which favoured the ionic association and ion pair formation, and ultimately

the transdermal permeation.

In the present work, we have further investigated the benefits of using ILs as active

pharmaceutical ingredients (API-ILs) and eutectic systems to modulate the permeability
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of ibuprofen. The characterized in terms of viscosity, conductivity, density and ionicity
(via Walden plot) was achieved for the eutectics systems based on 1-ethyl-3-
methylimidazolium ibuprofenate ([C2Cilm][Ibu]), 1-(2-hydroxyethyl)-3-
methylimidazolium ibuprofenate ([CzomClIm][Ibu]) and cholinium ibuprofenate
([Nuzom][Ibu]) as HBA and ibuprofen as HBD at different molar ratio (i.e, 2:1, 1:1, 1:2,
and 1:5), to probe the formation of larger charged or non-charged aggregates, or the
existence of ionic networks, that increase the possibility for these liquids to penetrate
membranes more efficiently. However, the Walden plot analysis it is only used as a
qualitative and semiquantitative measurement. The Skin Parallel Artificial Membrane
Permeability Assay (Skin PAMPA) was further used to accurately predict transdermal
absorption. The ibuprofen-based API-ILs ([C2Cilm][Ibu], [CaomClIm][Ibu] and
[Ni1120m][Ibu]) were also characterized through the Skin PAMPA assay along with the
[C2Cilm][Ibu]:Ibu, [CaomClIm][Ibu]:Ibu and [Nizom)][Ibu] at molar ratios 2:1, 1:1, 1:2
and 1:5. The ibuprofen-based eutectics based on 1-ethyl-3-methylimidazolium chloride
([C2CiIm]Cl), 1-(2-hydroxyethyl)-3-methylimidazolium chloride ([CaonCilm]Cl), 1-
ethyl-3-methylimidazolium acetate ([C2CiIm][CiCOz]) and cholinium chloride
([N11120m]Cl) as HBA and ibuprofen as HBD at different molar ratio (i.e, 2:1, 1:1, 1:2, and
1:5) was also evaluated through the Skin-PAMPA assay. The relationship between the
formation of ion-pairs or clusters obtained in previous works along with the current data

and skin permeability was explored.

5.3 Materials and Methods

5.3.1 Materials

Ibuprofen (>98% mass fraction purity) was acquired from TCI and ibuprofen sodium salt
(298% mass fraction purity) from Sigma-Aldrich. Both pharmaceuticals were used
without further purification. The ionic liquids 1-ethyl-3-methylimidazolium chloride
([C:GIm]CL; >98% mass fraction purity); 1-(2-hydroxyethyl)-3-methylimidazolium
chloride ([CzomCiIm]Cl; >99% mass fraction purity); 1-ethyl-3-methylimidazolium
acetate ([C2CiIm][CiCOz]; > 95 % mass faction purity) were acquired at IoLiTec and

cholinium chloride ([Nu2om]CL; 298% mass fraction purity) at Sigma-Aldrich. The
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pharmacologically active ionic liquids 1-ethyl-3-methylimidazolium ibuprofenate
([C:CiIm][Ibu]), 1-(2-hydroxyethyl)-3-methylimidazolium ibuprofenate
([C2omCilm][Ibu]) and cholinium ibuprofenate ([Nui2om)][Ibu]) were prepared through
two-step anion exchange reaction methodology and fully characterized as described in
our previous work [13]. To avoid volatile impurities all the ionic liquids and cholinium
chloride were dried under a 3-10-2 Torr vacuum for at least 48 hours prior to any use and
the water content, determined by Karl Fischer titration, was less than 0.05 wt%. The
pharmacologically active ionic liquids (API-ILs), conventional ionic liquids (ILs), and the
salt cholinium chloride were used as HBA to formulate eutectic systems with ibuprofen
as HBD at the molar ratios 2:1; 1:1; 1:2 and 1:5. Milli-Q water (Milli-Q Integral Water
Purification System) was used in all experiments throughout the work. The chemical
structure and molecular weight of the ibuprofen, cholinium chloride salt and the six

ionic liquids used along the work can be found in Table 5.1.

5.3.2 Preparation of Ibuprofen-based eutectic systems

For the preparation of the eutectic systems we have used a similar procedure to the one
recently implemented by us [14,21,25] , mixing a salt (the ILs [C2CiIm]Cl, [CzonCiIm]Cl
and [C2CiIm][C1COz], the salt [N1112¢0m)]Cl or the API-ILs [C2Cilm][Ibu], [CzomCilm][Ibu]
and [Nunomn][Ibu]) with ibuprofen as hydrogen-bond donor (HBD) at different molar
ratios, namely 2:1, 1:1, 1:2 and 1:5. The ibuprofen-based systems were prepared in
crimped seal glass vials using an analytical high precision balance with 0.01 mg
resolution (Sartorius, Germany) at atmospheric pressure and under control of moisture
content (i.e. sealed under nitrogen atmosphere). To ensure that all components were
blended, three heating (up to 85°C +2°C) / cooling (down to 5°C +2°C) cycles were
performed under constant stirring. Samples were kept in well-sealed glass vials after
preparation and fresh samples were always used for analysis to avoid structural change

or environmental effects on their physical properties.

A dynamic visual method implemented by us [14,21,25] (lab benchtop procedure) was
attained, after the three heating/cooling cycles, to determine the solid-liquid transitions
of the prepared mixtures. Firstly, the mixtures were cooled down to -40 °C, for at least
30 min, and examined. If the mixture remained in the liquid state, the melting
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temperature was considered below -40°C. If crystals were detected, the mixtures were
heated up to achieve a complete liquid phase. For this last case, a second run was
attained to confirm the solid-liquid transition. This procedure was carried out with
successive increment of 5°C in the heating/cooling runs until the solid-liquid transition

was determined, and the prepared mixtures pre-validated as eutectic mixtures.

Table 5.1. Designation, chemical structure, and molecular weight (Mw) of ibuprofen,

cholinium salt and all the ionic liquids used along in this work.

M
(g/mol)

I 2-(4-Isobutylphenyl) propionic acid 206.29
™ Ibuprofen (Ibu) ’

Structure Designation and acronym

LT 1-Ethyl-3-methylimidazolium chloride 146.62
o N [C:CiIm]C] '
= . 1-(2-hydroxyethyl)-3-methylimidazolium
o=l hloride 162.62
Nt ¢
o [CoomCiIm]Cl
— )L 1-Ethyl-3-methylimidazolium acetate
e . Ao 170.21
N\t [CoCiIm][C1CO2]
- Cholinium chloride
Ho/\/cr\ [N1112(OH)]C1 139.62
e I 1-Ethyl-3-methylimidazolium ibuprofenate
N [C2Cilm][Ibu] 316.44
8 1-(2-hydroxyethyl)-3-methylimidazolium
e o ibuprofenate 332.44
N [CaomyCiIm][Ibu]

-] Cholinium ibuprofenate
K w AN 309.44

The ibuprofen-based eutectic systems were previously characterized by 'H NMR

technique to verify that the HBA (ILs, cholinium chloride or API-ILs) and ibuprofen
(HBD) have not reacted, and to check the molar ratio [14,21]. Also, the DSC traces of all
prepared mixtures and their counterparts were obtained in our previous works to
determine the different phase transitions and guarantee the eutectic formulation [14,21].

In Table 5.51 are summarized the glass transition temperature (T;) and melting

203



Chapter 5 | Enhanced Membrane Permeability of Ibuprofen: Interplay of Ionic Liquids and Eutectics on Ionicity and
Skin-PAMPA Permeability

temperature (Tn) of the ibuprofen-based eutectic and non-eutectic systems, ibuprofen,

and all hydrogen-bond acceptors.

5.3.3 Density, Viscosity and Conductivity measurements

The measurements of density and viscosity were achieved using an automated SVM
3000 Anton Paar rotational Stabinger (Viscosimeter and Densimeter) between the
temperature range of 15°C to 50°C at atmospheric pressure. The SVM 3000 uses a Peltier
with an error on temperature of +0.02 C°. The reproducibility of the dynamic viscosity
is +1% and the density is +0.0002g-cm-. Samples were measured in duplicates and the
reported result is the average value. The expanded uncertainty with 0.95 level of
confidence of the measurements is estimated to be 2% for the viscosity and 0.1% for the

density.

The conductivities measurements were obtained at the temperature range 15 to 50°C
+0.3°C with a METTLER TOLEDO fiveeasy plus Model FP30. The conductivimeter was
calibrated at each temperature with certified 0.01 D and 0.1 D KCl (D = demal) standard
solutions supplied by Radiometer Analytical. This conductivimeter uses an alternating
current of 9 to 12 V and a frequency of 1 W in the range of conductivities measured in
this work. The eutectic systems were exclusively prepared prior to the experiment and
then kept in a glass cell containing a magnetic stirrer during all measurements.
Furthermore, the conductivity outcomes are the average of at least two conductivity
measurements. The apparatus gives conductivity values with an estimated expanded

uncertainty with 0.95 level of confidence of +2% .

5.3.4 Skin Parallel Artificial Membrane Permeability Assay (Skin PAMPA)

The skin permeation tests were performed using Skin Parallel Artificial Membrane
Permeability Assays (Skin PAMPA) that was purchased from Pion Inc. (Billerica, MA).
Standard Prima buffers (P/N 110151) were prepared at pH 6.5 and 7.4 to serve as the
acceptor and donor solutions according to the manufacturing guidelines. Both Prima
buffers pH 6.5 and 7.4 where carefully chosen since they mimic the pH environment of
the skin and the blood, respectively [26]. Prior to the experiment, the Skin PAMPA

sandwiches were overnight submersed in hydration solution (P/N 110255). The sample
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solutions of ibuprofen were prepared at 250 mM, 125 mM and 50 mM in DMSO. Due to
the low solubility of sodium ibuprofen in DMSO, it was measured only at 20 mM. The
sample solutions of ionic liquids and eutectic systems were prepared at 125 mM and 250
mM. To star the Skin PAMPA assay, the samples solutions were prepared in the Deep-
Well plate were 5 mL of each sample solution was further added in to 1 mL of Prima
buffer (cf. pH 6.5 and 7.4). A sample of each solution prepared in the Deep-Well plate
was primarily measured using a micro-plate reader (Multiskan GO from ThermoFisher
Scientific) to obtain the initial concentration prior to the experiment. The micro-plate
measurements were performed in a wavelength interval between 200 and 500nm and at

25°C.

After the solutions were diluted in the Prisma Buffers according to the manufacture’s
guidelines, 180 mL were transferred from the Deep-Well plate to the Donor plate. The
acceptor plate was filled with 200 mL of Prima buffer at pH 7.4 and then slowly and
gently placed on top of the Donor plate to form the Skin PAMPA sandwich according to
the scheme in Figure 5.1 To avoid drying out of the membranes, the sandwich apparatus
was form within 4 to 5 minutes. The Skin PAMPA sandwich was incubated at 25 °C for
5 hours and a wet filter paper was placed under the lid to maintain a high relative
humidity in order to minimize evaporation. After incubation, the samples in the Donor
and Acceptor plates were measured using a micro-plate reader (Multiskan GO from

ThermoFisher Scientific) in a wavelength interval between 200 and 500nm and at 25°C.

The effective permeability coefficient (Pe, cm/s) was calculated according to Chen et al.
[27] for the acceptor and donor plates for the ibuprofen, sodium ibuprofen and each
ibuprofen formulation at the pH 6.5 and pH 7.4 according to Equation 5.1 and Equation
5.2

c
“In[1- Acceptor

Pe — Cequilibrium (Eq. 5.1)

1 1
AX + Xt
Vponor VAcceptor

CponorXVponort Cacceptor XV Acceptor

Cequilibrium -

(Eq.5.2)

Vponor+Vacceptor
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where A is the effective filter area (=f X 0.3 cm? where f is 0,76 and is the apparent
porosity of the filter), Vpopor is the donor well volume (0.18 mL), Vacceptor is the acceptor
well volume (0.2 mL), t is the incubation time in seconds, the Cacceptor is the compound

concentration in the acceptor well, and Cequilibrium is the concentration at equilibrium.

5.4 Results and Discussion

5.4.1 Ionicity of ibuprofen-based eutectic systems and their membrane

transport potential

The drug transport through biological membranes is among other factors mainly driven
by the physico-chemical properties of the API (i.e, molecular weight, melting
temperature, density, fluidity, ionicity) [28]. A design strategy for the improvement of
membrane transport of an API can aim for modulating their overall chemical structure
to increase the chances of trans-epithelial transport. The approach to increase the
membrane transport potential by counterion mediated charge shielding of the API,
resulting in neutral aggregates has been reported before for ampicillin ILs with
ammonium and imidazolium counterions [29]. The resulting ion pairing was reported
to increase membrane transport while also improving ampicillin aqueous solubility
(water and simulated biological fluids). 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, as demonstrate

improved partitioning and membrane transport [30].

The ideal eutectic system consists of non-associated ions that may not diffuse
independently of each other in the liquid, and to some extent the occurrence of
aggregates or clusters due to the relative high concentration of salts [31]. In this context,
the concept of ionicity, as the effective fraction of ions available to participate in
conduction, is of upmost relevance. Ionic interactions could significantly affect other
physical properties, such as mobility, which is one of the factors that influences the
efficiency of permeation of pharmaceutical formulations for transmembrane transport.
The ionicity is a correlation between the molar ionic conductivity and fluidity (inverse

viscosity) which gives information about the mobility and the possible formation of
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aggregates. Thus, this property is mainly a measure of the formation of aggregates due
to the decrease of fluidity and conductivity, yet the high capacity of an IL to create
aggregates can facilitate the transport of several molecules. A Walden plot is a common
method for ionicity study which is based on Walden rule and relates the molar
conductivity to its fluidity (i.e. inverse of viscosity) [32]. Furthermore, the validity of
applying the Walden plot to address the ionicity of eutectics was proven by comparing
these values with the ionicity calculated by using the self-diffusion coefficients using the

PFG-NMR method [33].

The transport properties (i.e. viscosity (77) and conductivity (k)) and density (p) were
obtained for the for the eutectic systems composed of an API-IL ([C2Cilm][Ibu];
[C2omCilm][Ibu] and [Nuzom][Ibu]) as hydrogen-bond acceptor (HBA) and ibuprofen
as hydrogen-bond donor (HBD) at different molar ratios, namely 2:1, 1:1, 1:2 and 1:5 (cf.
Section 5.3.2 and Table 5.51 in Supporting Information). The density of the ibuprofen-
based systems was measured in a range of temperatures from 15°C to 50°C (cf. Section
5.3.3) and the results are reported in Table 5.52 and plotted in Figure 5.51-5.54 on
Supporting Information.

Density is one of the fundamental physical properties of liquids. Most of the reported
hydrophilic eutectic solvents present higher densities than water with values ranging
between 1.0 and 1.3 g.cm™ at 25 °C, while eutectic solvents based on metal salts have
densities in the 1.3-1.6 g.cm™® range [34]. Contrarily, lower densities than water are
obtained for more hydrophobic eutectics [35]. Moreover, the density depends on the
choice of the hydrogen bond donor [14,35]. The density of the ibuprofen-based eutectic
systems (i.e. [C2Cilm][Ibu]:Ibu, [CzomCilm][Ibu]:Ibu and [Nuon][Ibu]:Ibu; cf. Table
5.51 on Supporting Information) showed densities higher than water at 25 °C, in the
1.0137-1.05787 g.cm™ range (c.f. Table 5.52 and plotted in Figure 5.51-S4 on Supporting
Information) imposing that they would represent also a hydrophilic behaviour. The
same trend was obtained for the IL-based eutectic systems (i.e. [C2Cilm]ClIbu,
[C2CIm][C1CO2):Ibu, [CoomCilm][Ibu]:Ibu and [Nuzom][Ibu]:Ibu; cf. Table 5.51 on
Supporting Information). The densities raging from 1.0185 to 1.10065 g.cm™ [14]
corresponding to the [C2CiomIm]Cl:Ibu and to [Nuizom]ClL:Ibu, respectively. The density

for all the investigated eutectics shows a linear dependence on temperature as seen in
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Figure 5.54 on Supporting Information. Also, the density decreases with the increasing
temperature (cf. Figure 5.54 on Supporting Information) due to thermal expansion

which is expected and in agreement with previously reported eutectics [75].

Viscosity is an important parameter that can describe the flow behaviour which can
influence the mass transport and the hydrodynamic applications of a compound [36].
Generally, eutectic systems can exhibit a relatively high viscosity, which could be
attributed to the extensive hydrogen bond network inside them causing lower mobility
of free species [35,37]. The viscosity profiles of the ibuprofen-based eutectic systems (i.e.
[C2CiIm ] CLIbu, [C2GiIm][CiCO2]:Ibu, [CoomCilm][Ibu]:Ibu and [Ni11z0m][Ibu]:Ibu) were
measured in a range of temperatures from 15 °C to 50 °C, and the values are reported in
Table 5.52 and plotted in Figures 5.51-5.54 on Supporting Information. Also, the
viscosity was exponentially dependent on the temperature, following the Arrhenius
equation (Equation 5.3):
Iny =Ingp+ 2 (Eq. 5.3)

where 1o is a constant, E; is the activation energy, R is the universal gas constant (8.314
J/mol), and T represents the absolute temperature (J). The activation energy of viscosity
(Ey) and the nofor the IL-based eutectic formulations ([C2CiIm]Cl:Ibu, [CzomCilm]Cl:Ibu,
[C:CiIm][CiCOz]:Ibu) and [Nuizom]Cl:Ibu [14] and for the API-IL-based eutectic
formulations [C2Cilm][Ibu]:Ibu, [C2omCilm][Ibu]:Ibu and [Nii2om][Ibu]:Ibu at different
molar ratios (i.e. 2:1, 1:1, 1:2 and 1:5) are reported in Table 5.2. Also, Figure 5.S5 on
Supporting Information shows that the viscosities of the eutectic’s alloys with different
compositions and at different HBAs increase with decreasing temperature according to

the Arrhenius-type empirical equation.
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Table 5.2. Activation energy of density (En) and its constant (no) and activation energy of

conductivity (Ea) and its constant (so) according to the Arrhenius equation for the IL-based

eutectic formulations
[N1112¢01)] Cl:Ibu

for

([C2CiIm]ClLIbu,
the

eutectic

[C20omCiIm]ClL:Ibuy,

API-IL-based formulations

[C2CiIm][C1CO2]:Ibu)
[C2Cilm][Ibu]:Ibu,

[CoomCilm][Ibu]:Ibu and [N1i120m][Ibu]:Ibu at different molar ratios (2:1, 1:1, 1:2 and 1:5).

and

Molar Ratio En(KJ-mol-) 1o Ea (KJ-mol-) o

[C2CiIm]ClL:Ibu [14]

2:1 67.54 5.23x10-° -77.26 3.00x10%>

1:1 63.20 2.11x108 -70.98 1.65x1014

1:2 60.88 3.77x108 -72.00 1.38x101

1:5 59.54 3.62x108 -79.40 8.19x10

[C20omCilm]ClL:Ibu [14]

1:1 68.57 6.77x10 -76.58 6.25x1014

1:2 66.22 9.39x10~ -80.11 1.41x1015

1:5 61.76 1.88x10-8 -74.86 4.30x1013

[C2CiIm][C1CO2]:Ibu [14]

2:1 46.51 2.57x10-6 -49.16 2.28x101

1:1 49.31 1.18x10-¢ -53.21 5.70x101

1:2 55.00 2.17x107 -61.70 4.53x1012

1:5 58.58 5.57x108 -75.80 2.54x1014
[N11120m]Cl:Ibu [14]

1:5 61.02 3.00x108 -68.30 2.61x1012
[C2Cilm][Ibu]:Ibu

2:1 87.50 4.10x1012 -80.38 1.88x1015

1:1 68.04 1.99x10 -76.29 3.76x1014

1:2 79.17 6.68x10-11 -77.70 3.16x101

1:5 74.35 4.92x10° -74.25 8.19x1013

[CoonCilm][Ibu]:Ibu

1:1 92.25 2.03x10-12 -91.72 2.91x1016

1:2 85.09 1.60x10-1 -81.84 6.36x1014

1:5 78.34 7.24x10-1 -83.04 6.70x1014
[N11120m][Ibu]:Ibu

2:1 84.13 5.01x10-1 -86.87 3.20x10%

1:1 77.19 3.29x10-10 -85.96 2.32x1015

1:2 76.55 2.80x10-10 -83.74 9.74x1014

1:5 76.05 1.48 x10-10 -79.70 1.50x1014
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Figure 5.2 Viscosity activation energies (E;) for the eutectic systems calculated from Arrhenius

equation (i.e., Eq. 5.1) for the IL-based eutectic systems and API-ILs-based eutectic systems.

As shown in Figure 5.2, the values of E; exhibit a general linear relationship with the
reversed temperature with the exception of [CoCilm][Ibu]:Ibu eutectics where the
viscosity activation energies (E) of [C2Cilm][Ibu]:Ibu 1:1 show the lowest value (68.04
KJ-mol?, c.f. Table 5.2) followed by a increse of the E; at higher concentrations of
ibuprofen. Fronduti and co-workers [38] also observed the same trend for the eutectics
based on glycolic acid (GA) and betaine (TMG) at different molar ratios, namely
GA:TMG 3:1; 2.5:1; 2:1 and 1.5:1. From the analysis of the activation energies of viscosity,
it emerges that the eutectic point showed the lowest value in the set at GA:TMG 2:1. This
result was further correlated with the solid-liquid phase curves determination for the
mixtures of GA:TMG. Thus, it is possible that the [C2CiIm][Ibu]:Ibu 1:1 its corresponding
to the “true” eutectic point of the mixtures [C2Cilm][Ibu]:Ibu. Besides, the activation
energies of viscosity (i.e. Eq) decreases with the increase of the ibuprofen molar ratio with
the exception of the [C2CiIm][CiCOz]:Ibu mixtures where the E; follows the opposite
trend (i.e., [C2CiIm][Ibu]:Ibu 2:1 < 1:1< 1:2 < 1:5) since the viscosity if the eutectic
combination of 1:5 is higher than the 2:1[14]. This could be explained by the difficulty of
moving ions from one position to another and the intensity of interchain interactions
between the ibuprofen and the API-IL with the increase of the ibuprofen molar ratio

[38,39].

210



Chapter 5 | Enhanced Membrane Permeability of Ibuprofen: Interplay of Ionic Liquids and Eutectics on Ionicity and
Skin-PAMPA Permeability

The molar conductivity of the imidazolium and cholinium-based eutectic systems
[CoCilm][Ibu], [CeomCilm][Ibu] and [Nuom][Ibu] as hydrogen-bond donors and
ibuprofen as HBA at the molar ratios 2:1, 1:1, 1:2 and 1:5) was measured in the range of
temperatures from 15 °C to 50 °C and the results are given in Table 5.52 and plotted in
Figures 5.51-5.54 on Supporting Information. The conductivity generally increases as
the temperature increases due to a decrease in the viscosity since ions obtain more kinetic
energy to overcome the intermolecular force and move easily [35,36]. The values of

molar conductivity were fitted by the linearized Arrhenius equation (Equation 5.4):

E
Inoc =Inoy + é (Eq. 5.4)

where oy is a constant, E, is the activation energy, R is the universal gas constant (8.314
J/mol) , and T represents the absolute temperature. The activation energies of ionic
conductivity (Es) for the IL-based eutectic formulations (i.e., [C2CiIm]Cl:Ibu,
[C20mCiIm]CliIbu, [C2CiIm][CiCOz]:Ibu) and [Nizom]CLIbu [14] and for the API-IL-
based eutectic formulations (i.e., CCilm][Ibu]:lbu, [CeomCilm][Ibu]:Ibu and
[Nuzom][Ibu]:Ibu) at different molar ratios, namely 2:1, 1:1, 1:2 and 1:5, are reported in
Table 5.2 and plotted in Figure 5.3. The ionic conductivity is affected by the hydrogen
bond acceptor/hydrogen bond donor molar ratio, the nature of both the organic salt and

the hydrogen bond donor as well as the salt’s anion and water addition [38].

As shown in Figure 5.3, the values of the conductivity activation energies (E.) exhibit a
general linear relationship with the increase of molar ratio of ibuprofen since the
differences observed are not so significant as observed for the viscosity energies values
(i.e. E4is -80.30 KJ-mol, -76.29 KJ-mol* and -77.70 KJ-mol"! for the [C2Cilm][Ibu]:Ibu at
2:1, 1:1 and 1:2, respectively; cf. Table 5.2).
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Figure 5.3 Conductivity activation energies (E.1) for the eutectic systems calculated from
Arrhenius equation (i.e., Eq. 5.2) for the IL-based eutectic systems and API-ILs-based eutectic
systems.

The Walden plot is a convenient and versatile tool for ionicity studies, mainly used as a
qualitative and semi-quantitative measurement, that can be implemented in this field to
evaluate the ionicity of eutectics [40,41]. Figure 5.4 is a plot based on the classical concept
of the Walden plot for the eleven ibuprofen-based eutectics (Section 5.3.2 and Table 5.51
in Supporting Information). Angel and coworkers [42,43] introduced the AW value, the
vertical deviation to the reference (ideal) line of slope 1 (black line in Figure 5.4) that
indicates the region of fully dissociated ions like a dilute solution of 0.01 M KCl, to
characterize the medium according to this value. In this framework, “good ionic” liquids
are fully dissociated and show a AW < 1. ILs with AW = 1 exhibit only 10% of the ionic
conductivity as would have been expected at the ideal line of 0.01 M KClI (blue line in

Figure 5.4).

One of the most attractive advantages of API-based eutectics when compared to the API-
ILs technology is that that the properties of the parent API could be fine-tuned by simply
changing the components and/or the molar ratio of HBA to HBD with no losses during
synthesis process, no need for subsequent purification steps and normally approaching
yields with a 100% pure product [14,21]. Also, eutectics systems show IL-like behaviour,
but they cannot be purely ionic because eutectics form across a range of stoichiometries.
Duarte et al. [18] synthetized menthol-based eutectic systems with APIs as HBD, namely

menthol:ibuprofen (3:1); menthol:benzoic acid (3:1) and menthol:phenylacetic acid (2:1
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and 3:1). The solubility of the APIs when in the eutectic formulation was improved up
to 12-fold, namely for the system containing ibuprofen. Furthermore, permeability
measurements were conducted using the Franz-type diffusion method and different
diffusion profiles were obtained for the systems studied. While the diffusion is much
higher in the case of the eutectic systems containing ibuprofen and benzoic acid, the
diffusion of phenylacetic acid is only slightly enhanced when the API is in the eutectic
form. Also, for the menthol: phenylacetic acid 3:1, the equilibrium is reached at a lower
concentration that for the pure API highlighting the interest in eutectic systems as new
formulations for improved membrane transport properties. Additionally, melting point
depression has been linked with enhanced transdermal delivery [44,45]. The authors
proposed the existence of an inverse relationship between the melting point of drug and
its lipophilicity where the depression of melting point can increase transdermal drug
delivery rate due to an increase in the transdermal drug flux [44,45]. Moreover, Kasting
and co-workers suggested that melting point depression is associated with an increase
in the solubility of drug in a lipidic solution. According to these authors, the ILs-based
eutectics can subsequently speed drug input rate into the skin with subsequent increase

in the transdermal concentration gradient [45,46].

The existence of protic pharmaceutically active ILs that rapidly transported through a
model membrane, most likely as hydrogen bonded complexes has been shown by
MacFarlane et al [47]. The authors hypothesize that those ILs behave more like “neutral”
species and hence cross the membrane faster than the more “ionic” drugs. Also, it was
verified that the enhanced permeation and the formation of associated species is related
to the position of these ILs, sitting well below, relative to ideal line on the Walden plot.
In Figure 5.4 is represented the Walden plot and all the ibuprofen-based mixtures are
visible low the ideal line of the Walden plot (i.e. AW = 0.5, black line in Figure 5.4). The
[C2CiIm][Ibu]:Ibu 2:1 is the eutectic more close to the ideal line meaning that in this
formulation is fully dissociated and behave like a “good ionic” liquid, and none or only
a few ion pairs are expected to exist. However, the remaining eutectics at the molar ratios
HBA:Ibu 2:1, 1:1 and 1:2 stand near the second representative line in the Walden plot
corresponding to a AW = 1.0, meaning this group behave like “poor ionic” liquids, where

hydrogen-bonds and other specific interactions are more pronounced. For the eutectics
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HBA:Ibu 1:5 the vertical deviation is greater than 1.0 (AW > 1.0) and are described as
liquid ions pairs or “subionic liquids”. In these liquids, ion conductivity is substantially
less, based on ion pairs, the formation of larger charged or non-charged aggregates, or
the existence of ionic networks. Thus, the possibility of much stronger correlations that
are not presented in the ideal cases, such ion pairing, or even large aggregates or
networks of ions need to be considered for this group of eutectics. Although the
[C2Cilm][Ibu] 1:5 was earlier classified as non-eutectic combination, it falls into the same

“HBA:IBU 1:5” category.

1 — AW=1
—— 0.01 M KCI
ol e [C,C/Im][lbu]:lbu 2:1

[C,C,Im][Ibu]:1bu 1:1
e [C,C/Im][lbu]:lbu 1:2
o [C,C/Im][lbu]:lbu 1:5

log [A (Scmzmol'l)]

o HB'lA_35'bU 1 [Cyo)CyImI[Ibu]:bu 1:1

s [CyonCIm][Ibu]:1bu 1:2

ST 5 [CyopCyimllibul:lbu 1:5
4 2:|1_|,BA:I n [Ny onllibu]:bu 2:1
[Ny1190m)[1bu]:1bu 1:1
5 . . . . = [Nyppomllibu]:lbu 1:2
-5 -4 -3 -2 -1 0 1o [Njyponllibul:lbu 1:5

log[L/viscosity (Poise™)]

Figure 5.4 Walden plot representation for the eutectic systems [C2Cilm][Ibu]:Ibu,
[C20mClIm][Ibu] and [Nuwown][Ibu] at the different molar ratios. The straight black line
symbolizes the ideal electrode composed of a solution of KCL.

5.4.2 Skin permeation prediction (Skin PAMPA)

The application of ILs in drug delivery is still in its early stages, but the potential
consequences are significant given the excellent initial results for transdermal delivery
[48]. The conversion of a API into a IL (API-IL) or a eutectic formulation (HBA:Ibu)
provide a versatile platform to adjust properties of ionizable APIs (e.g. thermal stability,
solubility, toxicity, pharmacologic response) [13,14]. Numerous investigations have been
carried out to evaluate the benefit of API-ILs and eutectics for the API's permeability,
however the permeation analysis through the Skin PAMPA assay is not yet very
explored. In most cases, animal skins or artificial permeation models (i.e. Franz diffusion

cell) are used to test API-IL skin permeability. Shamshina and co-workers [49] developed
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a several API-ILs based on different APIs and they found that the ILs formulations
penetrated more quickly than free APIs. For instance, the lidocaine ibuprofenate
([Lid][Ibu]) was tested in a topical in vivo pharmacokinetic investigation using rats, and
the [Lid][Ibu] was transported and faster absorbed than the lidocaine chloride and
lidocaine docusate salts. Janus et al. [50] performed permeation experiments in a Franz
diffusion cell and reported that L-valine propyl and isopropyl ester carrying
ibuprofenate had a greater rate of delivery than free ibuprofen through the skin in an

investigation of ibuprofen ILs with L-valine alkyl esters.

To compare the skin permeability of ibuprofen-based formulations (i.e. ILs and eutectics)
with ibuprofen and ibuprofen sodium salt, in vitro permeation tests with Skin PAMPA
were carried out. The effective permeability coefficient (Pe, cm/s) was calculated
according to Chen et al. [26] (cf. Equations 5.1 and 5.2, Section 5.3.4) for both the
ibuprofen and ibuprofen-based formulations. Table 5.3 summarize the effective
permeability coefficient (Pe) at 250 mM obtained from Skin PAMPA and Figure 5.5
illustrates the permeability profile for the ibuprofen-based formulations at pH 6.5 and
pH 7.4. Both samples were also tested and analysed at 125 mM however, all the
ibuprofen-based formulations were bellowing the detection limit at pH 6.5 not being
possible to calculate the effective permeability coefficient (Pe) at this range of

concentration and pH with the exception of the neat ibuprofen (cf. Table 5.3).

Measuring the permeability in vitro is a way to overcome the variations int the carrier-
mediated transport in vivo. This in vitro permeability is not constrained by active
transport processes and therefore is a concentration-independent and less variable
measurement [51]. The Pe of ibuprofen at 250 and 125 for both pHs presented the same
order of magnitude (t-test, 1 tailed, confidence level 90%, p<0.1) reenforcing that in the
Skin PAMPA method the permeability is concentration-independent for the tested

ibuprofen-based formulations at the same pH range.
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Table 5.3. Effective permeability coefficient (Pe) and LogPe values from the Skin-PAMPA at pH 6.5
and pH 7.4 for ibuprofen at 250mM and 125 mM and ibuprofen-based API-ILs and ibuprofen-

based eutectics at 250mM, at 25°C.

pH 6.5 pH7.4

LogP LogP
Compounds Pe (cm/s) o8¢ Pe (cm/s) 08 ¢
(cm/s) (cm/s)
Ibuprofen 1.41x10°+ 1.94x10 -4.851 1.22x10°%+ 7.14x107 -4.913
Ibuprofen (125mM) 2.09 x10°+ 3.41x10°> -4.681 2.16x105+ 3.96x10> -4.666
[CoCilm]([Ibu] 1.09%x10-°+ 4.84x107 -4.962 9.85x100+ 7.72x107 -5.007
[C20mCiIm][Ibu] 1.15x105+ 4.25x107  -4.941  9.55x10 +8.99x107  -5.020
[Ninizom][Ibu] 1.10x105+2.63x107 4959  1.40x105+3.84x107  -4.855
[CoCilm]CLiIbu 2:1 1.56x10°>+ 3.03x107 -4.807 1.00x10°+ 5.62x107 -4.998
[CoCilm]CLIbu 1:1 1.79%x10°+ 2.19x10-¢ -4.748 1.74x10°+2.39x10-° -4.759
[C2CiIlm]Cl:Ibu 1:2 1.26x10°+ 7.74x107 -4.900 8.62x10°+ 3.05x108 -5.065
[C2Cilm]Cl:Ibu 1:5 1.22x10°+ 1.69x10-¢ -4.913 1.04x10°+ 6.47x107 -4.985
[CaomCilm]Cl:Ibu 1:1 1.67x10°+ 6.03x107 -4.777 1.46x10°+7.18x107 -4.837
[C2omCiIm]ClLIbu 1:2 1.38x10°+ 4.06x107 -4.862 1.37x10%+ 1.44x10° -4.863
[C2omCiIm]ClLIbu 1:5 1.96x10°+9.48x107 -4.708 1.18x10%°+ 1.92x10° -4.929
[N1112¢0m)]Cl:Ibu 1:5 1.88x10°+ 1.60x10-¢ -4.726 1.18%x10°+ 1.07x10-¢ -4.928
[C2CiIm][Ci1COz]:Ibu 2:1 2.21x105+1.28%x10° -4.656 1.95x10°%+ 2.17x10° -4.710
[C2CiIm][Ci1CO2]:Ibu 1:1 1.38x105+ 2.75x10° -4.860 1.36x10°%+ 3.89x10° -4.867
[CCiIm][CiCO2]:Ibu 1:2 1.40x10°+2.78x10-¢ -4.853 1.11x10%+9.24x107 -4.954
[CCiIm][CiCO2]:Ibu 1:5 1.46x10°+ 1.61x10-° -4.837 1.15x10%+ 5.47x107 -4.941
[C2CiIm][Tbu]:Tbu 2:1 1.30x105+2.15x10%  -4.887  1.05x105+6.17x107  -4.978
[C2CiIm][Tbu]:Ibu 1:1 1.14x105+ 8.16x107  -4.943  8.76x10°+2.37x107 -5.057
[CoCilm][Ibu]:Ibu 1:2 1.03x10°+ 1.15x10-° -4.986 8.93x10¢+ 5.18%x107 -5.049
[CoCilm][Tbu]:Ibu 1:5 1.14x10°+ 8.80x107 -4.944 7.56x10°+ 1.39x10° -5.121
[C2omCilm][Ibu:Ibu 1:1  1.02x105+2.95x106  -4.991  9.73x104+7.30x107  -5.012
[CaomCilm][Ibu]:Ibu 1:2 1.01x10°+2.41x10-° -4.994 9.06 x10¢+7.07x107 -5.043
[CaomCilm][Ibu]:Ibu 1:5 1.07x10°+2.24x10¢ -4.971 9.00x10-+ 3.02x107 -5.046
[Nuzom ] [Ibu]:Ibu 2:1 1.32x10°+ 1.06x10*° -4.880 1.22x10%+ 5.21x10*° -4.913
[Nu12on][Ibu]:Ibu 1:1 1.65x10°+2.24x10¢ -4.783 7.32x106+ 1.17x10*° -5.136
[Nu1ziom | [Ibu]:Ibu 1:2 1.49%x10°+2.00x10-° -4.828 1.14x10%+ 1.21x10 -4.943
[Nuzon][Ibu]:Ibu 1:5 1.34x10°+ 8.77x107 -4.872 1.45x10°%+ 5.73x10° -4.840

In Figure 5.5 (cf. Table 5.3) it is clearly demonstrated that the ibuprofen-based

formulations showed similar or slightly higher permeation in both pH 6.4 and pH 7.5,
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than ibuprofen in their ionized status (pKa=4.4 [52]). However, the main advantage of
using the ILs and eutectics platform to modulate the permeability of NSAIDs is that
ibuprofen remain solid at room temperature while all the eutectic systems are liquid at
room temperature with the exception of [Nuzom][Ibu]:Ibu 2:1 and [Nu2om][Ibu]:Ibu 1:1
(Tw=36.55 °C and T»=44.83 °C, respectively) [14,21]. Also, the API-IL[CzomCilm][Ibu] is

easily handle liquid at room temperature (T»=—13.97 °C) [13].

The ibuprofen-based eutectics [CoCiIm]CLIbu 2:1, [CoomyCiIm]ClIbu  1:1,
[C2omCilm]CLl:Ibu 1:5, [Nuwzow]ClIbu 1:5 and [C2CiIm][CiCO:):Ibu 2:1 at pH 6.4
increased the effective permeability coefficient (Pe) when compared to the neat
ibuprofen (t-test, 1 tailed, confidence level 90%, p<0.1). The Pe was also higher for the
[CoomCiIm]Cl:Ibu  1:1, [CoonyCilm]CLIbu 1:5 and [C:CiIm][CiCOz]:Ibu 2:1 when
compared to ibuprofen at pH 7.4 (t-test, 1 tailed, confidence level 90%, p<0.1). The rest
of the ibuprofen-based formulations showed a similar permeation than ibuprofen (cf.

Table 5.3 and Figure 5.5).

The major impact in ibuprofen permeability is clearly attained by the eutectic’s
formulations attributed to the extensive hydrogen bond network causing a higher
permeability through Skin PAMPA membrane. With the ibuprofen-based eutectics, the
permeability profile of ibuprofen is increased or at least maintained (t-test, 1 tailed,
confidence level 90%, p<0.1). For the imidazolium-based formulations, both
[C:Cim]Cl:Ibu 2:1 (1.56%10% + 3.03%x107 ) and [C2Cim]Cl:Ibu 1:1 (1.79%105 + 2.19%x10°)
are higher than the [C2Cilm][Ibu] (1.09%10-+ 4.84x107). Also, the [C2CiIm][C:CO2]:Ibu
2:1 and 1:5 (2.21x10-° + 1.28x10¢ and 1.46x10°+ 1.61x10°¢, respectively) has higher Pe
values when compared to the [C2CiIm][Ibu]. Regarding the [CaomCilm]Cl:Ibu eutectics,
all the molar ratios in this study (i.e. 1:1, 1:2 and 1:5) presented higher Pe then the
[CaomCilm][Ibu] (cf. Table 5.3). The [Niuzom]ClIbu 1:5 (1.88x10° + 1.60x10°) also
improved the permeability of ibuprofen when compared to [Nuzom][Ibu] (1.10x105 +
2.63x107). In case of the eutectics with API-ILs as HBA, the [Nuizom][Ibu]:Ibu (i.e. 2:1,
1:1, 1:2 and 1:5) was the only one with higher permeability (t-test, 1 tailed, confidence
level 90%, p<0.1) then the corresponding [Nuzon][Ibu] (cf. Table 5.3). All the rest of
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eutectic formulations showed a similar permeation than the corresponding HBA (i.e.
API-IL).

LogPe (cm/s)

LogPe (cm/s)

Figure 5.5 Effective permeability (LogPe) obtained from Skin PAMPA of ibuprofen, ibuprofen-
based API-ILs and ibuprofen-based eutectics at 250 mM for pH 6.5 (A) and pH 7.4 (B), at 25°C.

For the pH 7.4, the [C2Cim]ClL:Ibu 1:1 (1.74%x10° + 2.39x10°) and [C2CiIm][CiCO2]:Ibu
2:1(1.95x105 + 2.17x10) promote a statistically higher effective permeability (t-test, 1
tailed, confidence level 90%, p<0.1) than the [C2Cilm][Ibu] (9.85x10°¢+ 7.72x107). Also,
the [CoomyCilm]CLIbu 1:1 and [CaomCilm]Cl:Ibu 1:2 and the [Nuzom]Cl:Ibu 1:5
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presented a higher Pe than the [CaomCilm][Ibu] and [Nuzon][Ibu], respectively (cf.
Table 3). Regarding to the API-ILs-based eutectics, only the [Nuzom][Ibu]:Ibu 1:1 and
1:2 presented better permeability than the [Nuzom][Ibu] (t-test, 1 tailed, confidence level
90%, p<0.1) at pH 7.4. Besides, all the rest of API-ILs-based eutectic formulations showed

a similar permeation than the corresponding API-IL (i.e. eutectic’'s HBA).

5.5 Conclusion

The benefits of transdermal drug delivery are apparent. However, the absorption of
most drug molecules is still elusive due to the skin and its barrier properties. The
possibility of using or eutectics formulations as transdermal delivery systems was
evaluated in this work. We previously developed three API-ILs ([C2Cilm][Ibu],
[C2omCilm][Ibu] and [Nuizom][Ibu]) and several NSAID-based eutectic formulations,
conjugating ibuprofen (HBD) with three imidazolium-based ILs ([C2Cilm]C],
[C2omCiIm]Cl and [C2GIm][CiCOz]) and cholinium salt (([Ni11200m]Cl) and three API-
ILs (([C2Cilm][Ibu], [CaomCilm][Ibu] and [Nuzon][Ibu]). Firstly, the characterization in
terms of viscosity, conductivity, density and ionicity (via Walden plot) was attained,
confirming the formation of large charged or non-charged aggregates, or the existence
of ionic networks, that could increase the potential for these liquids to penetrate
membranes more efficiently than ibuprofen (parent solid API). Also, the effective
permeability coefficient (Pe) was also evaluated for the ibuprofen-based ILs (API-ILs)
and all the ibuprofen-based eutectics (IL-based and API-IL-based eutectic), where the
designed formulations showed a similar or higher permeation profile when compared
to ibuprofen (parent API). The CCiIm]Cl:Ibu 2:1, [ComCilm]ClIbu 1:1,
[CoomCilm]Cl:Ibu 1:1, [Nunom]ClIbu 1:5 and [C:GiIm][CiCO:J:Ibu 2:1 at pH 6.4
significantly increased the effective permeability coefficient when compared to neat
ibuprofen. At pH 7.4 the [CoomCiIm]CLIbu 1:1, [CeomCilm]CLIbu 1:1 and
[C:CIM][CiCO:):Ibu 2:1 were the only Ibu-based eutectics that increased the
permeability of ibuprofen. However, in the Skin PAMPA assay all room temperature
solid formulations are solubilized and in optimal conditions for the testing. A way of
fully understand the advantages of using room temperature liquid formulations instead

of solid formulations is to develop a method to measure the effective permeability
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coefficient without need to solubilize the test compounds to fully access the permeability
coefficients (that will be the efforts of a future work). Nevertheless, with this work it was
possible to understand some of the advantages of using the interplay between ionic
liquids and eutectics to improve the membrane permeability of ibuprofen (one of the most

used NSAID).
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5.7 Supporting Information

Table 5.S1. Thermal properties (Tg and Tm) of the ibuprofen and ibuprofen-based
formulations determined by DSC at a heating rate of 1°C/min.

Tg (C°) Tm (C°)
Ibuprofen [S1] -43.57 74.89
[CoomCiIm]Cl [S2] - 77.48
[C2CiIm]C1 [S2] - 71.39
[C2CiIm][Ci1CO2] [S2] - -76.16
[N111200m)]C1 [S2] - 302
[C2Cilm][Ibu] [S1] -30.55 72.44
[C2omCilm][Ibu] [S1] - -13.87
[N11120m][Ibu] [S1] - 70.89
[C20mC1Im]CLIbu 1:1 [S2] -48.27 -
[C2emyCiIm]Cl:Ibu 1:2 [S2] -46.96 -
[C2omCiIm]Cl:Ibu 1:5 [S2] -48.33 -
[C2CiIm]ClLiIbu 2:1 [S2] -54.35 -
[C2CiIm]ClLiIbu 1:1 [S2] -56.27 -
[C2CiIm]ClLiIbu 1:2 [S2] -48.80 -
[C2CiIm]Cl:Ibu 1:5 [S2] -54.14 -
[C2CiIm][C1CO2]:Ibu 2:1 [S2] -66.76 -
[C2CiIm][C1CO2]:Ibu 1:1 [S2] -69.50 -
[C2CiIm][C1CO2):Ibu 1:2 [S2] -52.74 -
[C2CiIm][C1CO2):Ibu 1:5 [S2] -50.61 -
[N111200m]Cl:Ibu 1:5 [S2] -50.11 13.87
[C2Cilm][Ibu]:Ibu 2:1 -37.95 -
[C2Cilm][Ibu]:Ibu 1:1 -35.64 -
[C2Cilm][Ibu]:Ibu 1:2 -37.96 -
[C2Cilm][Tbu]:Ibu 1:5 -46.41 72.00
[C2omCilm][Ibu]:Ibu 1:1 -32.27 -
[Ca0mCiIm][Ibu]:Ibu 1:2 -34.53 -
[CaomCiIm][Ibu]:Ibu 1:5 -43.45 -
[N1112iom][Ibu]:Ibu 2:1 -32.50 36.55
[Nuziomy][Ibu]:Ibu 1:1 -33.79 44.83
[N1i12iomy|[Ibu]:Ibu 1:2 -37.88 -
[N111z0m][Ibu]:Ibu 1:5 -41.61 -
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Table 5.S2. Density, p, dynamic viscosity, 77, and ionic conductivity, k, as a function of temperature of ibuprofen-
based systems with [C2Cilm][Ibu], [CzomCilm][Ibu] and [Nuzom][Ibu] as hydrogen bond acceptor at the
molecular ratios 2:1, 1:1, 1:2 and 1:5.

T/C° p/g-cm n/m-Pa.s k/mS-cm T/C° p/g-cm? n/m-Pa.s k/mS-cm-1
[C2Cilm][Tbu]:Ibu 2:1 [C2Cilm][Tbu]:Ibu 1:1
15 1.04233 34255 0.005 15 1.03763 4697.1 0.005
20 1.03927 16137 0.008 20 1.03447 2660.3 0.009
25 1.03630 7962.1 0.017 25 1.03137 1586.3 0.018
30 1.03390 4528.3 0.028 30 1.02833 989.31 0.030
35 1.03173 2614.3 0.048 35 1.02527 642.26 0.046
40 1.03007 1556.4 0.074 40 1.02220 432.27 0.075
45 1.02833 945.74 0.117 45 1.01913 300.68 0.104
50 1.02607 654.97 0.176 50 1.01597 215.20 0.160
[CoCilm][Ibu]:Ibu 1:2 [C2Cilm][Ibu]:Ibu 1:5
15 1.03187 16883 0.002 15 1.02020 6758.9 0.001
20 1.02863 8411.0 0.004 20 1.01687 3606.7 0.002
25 1.02567 4745.8 0.008 25 1.01370 2041.7 0.004
30 1.02297 2727.9 0.013 30 1.01090 1250.8 0.007
35 1.02077 1647.5 0.024 35 1.00850 759.96 0.012
40 1.01873 1039.2 0.037 40 1.00697 494.54 0.018
45 1.01650 681.55 0.052 45 1.00517 333.77 0.025
50 1.01400 460.38 0.079 50 1.00267 232.87 0.036
[ConyCilm][Ibu]:Ibu 1:1 [C2omCilm][Ibu]:Ibu 1:2
15 1.06527 0.001 15 1.04937 52459 0.001
20 1.06133 60630 0.001 20 1.04590 25010 0.002
25 1.05787 29308 0.003 25 1.04263 12811 0.003
30 1.05463 15105 0.005 30 1.03960 6941.5 0.006
35 1.05153 8229.1 0.009 35 1.03680 3972.2 0.009
40 1.04860 4728.9 0.016 40 1.03413 2389.4 0.014
45 1.04567 2863.2 0.025 45 1.03163 1497.1 0.022
50 1.04247 1798.5 0.037 50 1.02903 974.55 0.035
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Table 5.S2. cont.

T/C° p/grem3  n/m-Pas k/mS-cm-1 T/C° p/grem3  n/m-Pa.s k/mS-cm-1
[CaomCilm][Ibu]:Ibu 1:5 [N1112com][Ibu]:Ibu 2:1
15 1.03253 13996 0.001 15 1.0341 97144 0.001
20 1.02913 7072.6 0.001 20 1.0304 49392 0.001
25 1.02583 3826.8 0.002 25 1.0273 26375 0.002
30 1.02277 2185.3 0.004 30 1.0243 14793 0.003
35 1.01987 1308.7 0.006 35 1.0216 8663.8 0.006
40 1.01710 817.59 0.010 40 1.0191 5259.5 0.011
45 1.01423 531.27 0.015 45 1.0167 3311.9 0.017
50 1.01127 355.87 0.022 50 1.0144 2155.3 0.028
[Nuzom][Ibu]:Ibu 1:1 [N1112c0m)][Ibu]:Ibu 1:2
15 1.03187 35120 0.001 15 1.02850 22912 0.001
20 1.02867 18830 0.001 20 1.02523 12296 0.001
25 1.02560 10587 0.002 25 1.02210 6941.2 0.002
30 1.02263 6222.3 0.004 30 1.01907 4096.3 0.004
35 1.01977 3806.5 0.007 35 1.01610 2516.9 0.007
40 1.01693 2412.3 0.012 40 1.01313 1602.4 0.011
45 1.01403 1579.8 0.017 45 1.01020 1054.7 0.017
50 1.01097 1065.8 0.026 50 1.00703 714.85 0.026

[N11120m][Ibu]:Ibu 1:5

15 1.02205 9778.8 0.000
20 1.01950 5268.4 0.001
25 1.01670 2987.6 0.002
30 1.01360 1774.0 0.003
35 1.01035 1099.3 0.005
40 1.00705 706.90 0.008
45 1.00373 454.92 0.012
50 1.00040 311.83 0.018
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Figure 5.53 Density (A), Viscosity (B) and Conductivity (C) measurements for the eutectic
formulations [Nuzon][Ibu]:Ibu 2:1,
[Nuzion][Ibu]:Ibu 1:5.
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1:1, 1:2 and 1:5.
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Table 5.S3. Activation energy of density (En) and its constant (10) and activation energy of
conductivity (Es1) and its constant (s0) according to the Arrhenius equation for the IL-based
eutectic formulations ([C:Cilm]Cl:Ibu, [CoomCilm]ClIbu, [C2Cilm][CiCOz]:Ibu) and
[Nu2om]Cl:Ibu [2] and for the API-IL-based eutectic formulations [C2Cilm][Ibu]:Iby,
[CoomCilm][Ibu]:Ibu and [N1i120m][Ibu]:Ibu at different molar ratios (2:1, 1:1, 1:2 and 1:5).

Molar Ratio En(KJ-mol-) 10 Ex (KJ-mol?) S0
[C2CiIm]CLIbu
2:1 67.54 5.23x10-° -77.26 3.00x1015
1:1 63.20 2.11x108 -70.98 1.65x104
1:2 60.88 3.77x108 -72.00 1.38x1014
1:5 59.54 3.62x108 -79.40 8.19x101
[C2om)CiIm]Cl:Ibu
1:1 68.57 6.77x10* -76.58 6.25x1014
1:2 66.22 9.39x10* -80.11 1.41x10%5
1:5 61.76 1.88x108 -74.86 4.30x1013
[C2CiIm][Ci1CO2):Ibu
2:1 46.51 2.57x10*¢ -49.16 2.28x101
1:1 49.31 1.18x10-° -53.21 5.70x101
1:2 55.00 2.17x107 -61.70 4.53x1012
1:5 58.58 5.57x108 -75.80 2.54x101
[N1112001)]Cl:Ibu
1:5 61.02 3.00x10-8 -68.30 2.61x1012
[C2Cilm][Ibu]:Ibu
2:1 87.50 4.10x10-12 -80.38 1.88x101
1:1 68.04 1.99x10* -76.29 3.76x101
1:2 79.17 6.68x101 -77.70 3.16x101
1:5 74.35 4.92x10° -74.25 8.19x1013
[CoonCilm][Ibu]:Ibu
1:1 92.25 2.03x1012 -91.72 2.91x1016
1:2 85.09 1.60x10-11 -81.84 6.36x101
1:5 78.34 7.24x10-1 -83.04 6.70x1014

[N11120m][Ibu]:Ibu

2:1 84.13 5.01x10-11 -86.87 3.20x1015
1:1 77.19 3.29x10-10 -85.96 2.32x10%5
1:2 76.55 2.80x10-10 -83.74 9.74x10
1:5 76.05 1.48 x10-10 -79.70 1.50x1014
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Figure 5.S5 Plot of the natural logarithm of the viscosity Ln 1 versus the reciprocal temperature
for the IL-based eutectic formulations ([C2Cilm]CLIbu, [C2omCiIm]Cl:Ibu, [C2CiIm][CiCO2]:Ibu
and [Nui2on)]CliIbu at the molar ratios 2:1, 1:1, 1:2 and 1:5[2]) and for the API-IL-based eutectic
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Figure 5.56 Plot of the natural logarithm of the viscosity Ln's versus the reciprocal temperature
for the IL-based eutectic formulations ([C2Cilm]CL:Ibu, [C2omCiIm]Cl:Ibu, [C2CiIm][CiCO2]:Ibu
and [Nu12i0m)]Cl:Ibu at the molar ratios 2:1, 1:1, 1:2 and 1:5 [2]) and for the API-IL-based eutectic
formulations ([C2CiIm][Ibu]:Ibu, [C2omCilm][Ibu]:Ibu and [Ni2om][Ibu]:Ibu at the molar ratios
2:1, 1:1, 1:2 and 1:5).
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The main goal of this thesis was to demonstrate the feasibility of using the ionic liquids
(ILs) platform to boost “old” drugs efficiency, namely non-steroidal anti-inflammatory
drugs (NSAIDs). Ibuprofen (Ibu), one of the more common over-the-counter NSAIDs,
which is used for pain and inflammation relief through the inhibition of cyclooxygenase
(COX), was selected as the model NSAID. Most NSAIDs are poorly water-soluble, a
major drawback for their bioavailability, and their oral administration is currently the

most used route, with gastrointestinal and renal toxicity as possible side effects.

Most biological applications involve aqueous solutions (water and biological fluids),
accordingly insights into task-specific fluorinated ionic liquids(FILs) that reduce the
impact of the addition of water upon the IL’s H-bond acceptance ability, a key factor to
obtain functionalized materials to be used in the dissolution of drugs or biomolecules,
were attained. The hydrogen-bonding ability and dipolarity/ polarizability was
evaluated using Kamlet-Taft parameters for neat and aqueous solutions of FILs and
conventional ILs. Comparing the hydrogen bond acceptance and the hydrogen bond
donation abilities it was possible to see that the fluorination of the anion restricts the
impact of the addition of water to the ILs. Additionally, the choice of the fluorinated
alkyl chain length (at least four carbon atoms in the IL anion) can make constant the
hydrogen bond acceptance ability. By examining the ILs structures in aqueous solutions
with molecular dynamics simulations it was possible to evaluate the rich-aggregation

behavior of these ILs and their networking with water aggregates.

The synthesis of three pharmaceutically active ILs (API-ILs), conjugating the
ibuprofenate anion with imidazolium cations ( [C2CiIm][Ibu] and [CzomCilm][Ibu]) and
a cholinium cation ( [Nunzon][Ibu]) was successfully accomplished. The aqueous
solubility of these API-ILs in water and biological simulated fluids was achieved, where
the solubility was much higher relative to the ibuprofen neutral and commercial
ibuprofen salt form (i.e., sodium ibuprofen). Also, cytotoxicity tests on human cell lines
(i.e., Caco-2 colon carcinoma cells and HepG2 hepatocellular carcinoma cells) and
hemocompatibility assays substantiated the biocompatibility of the ibuprofen-based ILs.
Additionally, the pharmacological action of the prepared API-ILs were tested through
the inhibition of BSA denaturation and inhibition of cyclooxygenases (COX-1 and COX-
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2). Results showed that anti-inflammatory response of ibuprofen was maintained with
an improved selectivity towards COX-2, allowing the development of safer NSAIDs and

the recognition of new avenues for selective COX-2 inhibitors.

Imidazolium-based ILs ([C2CiIm]Cl, [CoonCilm]Cl, [C2Cilm][CiCOz2]), cholinium salt
([N111200m]Cl) and API-ILs ([C2Cilm][Ibu], [C2omCilm][Ibu]), [N111zom][Ibu]) were used
to formulate eutectic systems with ibuprofen as parent active pharmaceutical ingredient
(API) in different molar ratio, namely 2:1, 1:1, 1:2 and 1:5. All eutectic systems were
characterized by DSC and NMR to confirm their molar ratio and the eutectic formation.
The polarity was assessed by the Kamlet-Taft approach (f# and 7* values) for the ILs-
based eutectics formulations. The Kamlet-Taft results confirmed that the developed Ibu-
based eutectics have high ability to establish hydrogen bonds (specific interactions) and
high polarity and ability to establish dipole-dipole and dipole-induced dipole
interactions (non-specific interactions). Also, the aqueous solubility (water and
biological simulated fluids) was assessed for the IL-based eutectic mixtures and all of

them achieved an upgrade in solubility.

All the ibuprofen-based eutectics (eutectics formed between conventional ILs and
ibuprofen, and eutectics formed between ibuprofen-ILs and ibuprofen) and ibuprofen
displayed similar cytotoxic response (Caco-2 and HepG2 human cell lines) and all forms
proven to be hemocompatible. The pharmacological action for all the prepared eutectic
formulations was validated through the inhibition of BSA denaturation and inhibition
of cyclooxygenases (COX-1 and COX-2). All the IL- and API-IL-based systems improve
or at least maintain the anti-inflammatory response of ibuprofen (parent API).
Additionally, the ibuprofen-based eutectics were characterized in terms of viscosity,
conductivity, density and ionicity (via Walden plot), confirming the formation of large
charged or non-charged aggregates, or the existence of ionic networks, that increase the
potential for these liquids to penetrate membranes more efficiently than ibuprofen
(parent solid API). Al last, the ability of the developed ibuprofen API-ILs and ibuprofen-
based eutectics (both IL- and API-IL-based eutectics) to permeate skin was accessed
through the Skin-PAMPA (Skin Parallel Artificial Membrane Permeability Assays)

model. The obtained effective permeability coefficient (Pe) showed a similar or slightly
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higher permeation profile when compared to ibuprofen, more significant for the liquid

eutectic formulations.

The development of API-ILs and ionic liquid-based eutectics represents a paradigm that
poses diverse opportunities to drug development and delivery, which may play a
relevant role in the future of healthcare, taking ILs from the benchtop to the bedside.
This work presents strong evidence that the ionic liquids and eutectics platforms are of
fundamental importance for the improvement of solubility of poor water-soluble drugs
maintaining their pharmacologic action. The data presented in this work clearly
indicates the beneficial effects of the interplay of ionic liquids and eutectics to improve
the efficiency of ibuprofen, a EMA- and FDA-approved drug, with all the undisputable

advantages and profits in improving an already approved drug.
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