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ABSTRACT 

Most pharmaceutical industries are facing unprecedented challenges for designing the smart 

drug delivery systems of poorly water-soluble drugs over the years because of their limited 

solubility, permeability and bioavailability. Recently, the pharmacological properties of active 

pharmaceutical ingredients (APIs) are greatly enhanced when they are transferred into ionic 

liquids (ILs) form. API-ILs provide generally better solubility, permeability and thermal 

stability than that of solid-state salts or crystalline drugs. However, the toxicological aspect of 

API-ILs is the main concern for their effective applications in a drug delivery. Even though, 

many of API-ILs are based on unlike cations, including imidazolium, pyridinium, 

pyrrolidinium, and morpholinium, which are not biocompatible because of their high toxicity 

and non-biodegradable nature. To address this issue, it is therefore desirable to synthesize API-

ILs with cations that are not only effective in delivery systems (oral, topical and transdermal), 

but are also biocompatible, to further increase the potential applications of API-ILs. 

Here, three series of poorly water-soluble model APIs; salicylic acid (Sal) as a keratolytic agent, 

methotrexate (MTX) as an anticancer drugs and ibuprofen (Ibu) as a painkiller were selected 

to formulate ionic liquefied drugs by combining with a series of potent biocompatible counters 

such as amino acid esters (AAEs), choline, N-methyl-2-pyrrolidone (NMP), etc. The physico-

thermal or biological properties of API-ILs such as solubility, bioavailability, permeability and 

cytotoxicity were evaluated for envisaging their biomedical applications, which are mainly 

depended on the presence of cations. The solubility of Sal-ILs or MTX-ILs was significantly 

increased (> 5000 times higher) than that of free drugs, which were greatly influenced by the 

hydrophilic nature of cations. Importantly, the MTX-ILs showed significantly higher 

pharmacokinetic parameters than that of sodium salt of MTX. The bioavailability of 

[ProEt][MTX] showed at least six times higher than that of sodium MTX.  However, 

cytotoxicities of API-ILs also depended significantly on the structure of cations, especially 

when cations contained sulfur, aromatic rings and long alkyl chains in side groups. Regarding 

the permeation studies, the API-ILs showed a significant effect on the penetration through skin 

as compared to their neutral analogs. Interestingly, the drug accumulation ability of API-ILs in 

the target tissue was significantly enhanced due to the presence of NMP cation while the 

permeation rate was slow down through the skin as compared with choline cation at periodic 

times. The obtained results suggest that AAEs or NMP could be a potent biocompatible counter 

ion to eliminate the use of traditional toxic solvents for oral/ topical/ transdermal delivery of 

poorly water-soluble drugs, since they allow an increased solubility or permeability of the 

studied APIs.  
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polymorphic (water/ solvent in drug lattice) conversions can occur at any stage of 

manufacturing or storage, and very difficult to control their formation[10]. 

 

1.2.3.Particle size 

Particle size is another common problem of solid APIs. The pharmaceutical properties of a 

drug such as solubility, dissolution rate, uniform distribution, suspendability and penetrability 

can be significantly affected by increasing or decreasing the particle size[10,18]. Therefore, it 

is important and requires critical care to manufacture solid APIs with not only controlled 

polymorphic form, but also with controlled crystal size and product solubility. 

 

1.2.4. Route of administration 

Irrespective of the intended route of administration the active substance needs to dissolve or be 

solubilized in aqueous media for intravenous formulations to become bioavailable or applicable 

to the patient. Liquid formulations have the advantage of dosing flexibility and a reduced risk 

of choking. They can also be applied in other populations, such as geriatric patients with 

swallowing difficulties, or in a palliative setting. Possible disadvantages of liquid formulations 

are issues with stability and palatability, parameters that need to be considered in the design. 

 

1.3. Strategies for formulating and delivering poorly water soluble APIs 

The technological utility is playing a vital role for enhancing the essential properties of API 

such as, solubility bioavailability, stability and permeability. A variety of pharmaceutical 

approaches have been considered to overcome the limited water solubility and dissolution rate 

of poorly soluble drugs in research and development. These techniques are divided into two 

categories based on the nature of modification of APIs such as the physical and chemical 

modification, which may be applied in either alone or in combination (Figure 1.2).  
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Figure 1.2. A schematic representation of the main approaches used to improve drug 

solubility as well as drug delivery of poorly water-soluble drugs. 

 

Prodrugs and salt formations are the popular strategies for chemical modification, whereas 

crystallization and co-crystallization, solid dispersion, commiution (decrease particle size), 

micellization, hydrates and solvates preparations, and employment of alternative solvents and 

co-solvents are the common physical approaches for achieving the therapeutic excellence or 

capturing the market economies [6,10]. 

 

1.3.1. Salt formation 

In the pharmaceutical industry, salt formation is the widely used techniques for ionizable drugs 

to the enhance solubility and dissolution rate. When the physico-chemical or biological 

properties of an ionizable drug molecule are undesirable, the salt form of that drug is the typical 

solution to improve properties and overcome problems faced within neutral drugs. An 

estimated about 70% of marketed drugs are ionizable, of which of a majority are weakly acid 

or base[4]. Currently, 50% of all drugs in the pharma industry are salts. Generally, salts are 

formed via the proton transfer between an acid and a base when the pKa difference is greater 

than 3[19]. There are several lists of inorganic or organic salt formers, which are approved by 

FDA[1]. Sulfate, phosphate, chloride and bromide are widely used as an inorganic anions and 

sodium as an inorganic cation. The most common organic anions are acetate, citrate, maleate, 

mesylate and tartrate, while N-methyl glucamine is a common organic cation[1,20,21]. The 

pharmacological properties of a drug may be strongly affected by the choice of counterions. 

Even, the solubility or dissolution rate of chloride salts may reduce in the stomach due to the 

Strategies of drug formulation and delivery system

Chemical Physical Administration
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route of 
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common-ion effect (presence of chloride ions)[3]. However, salt formation not only improve 

the solubility and dissolution rate but also affects the physico-chemical stability, 

manufacturability, impurity and toxicity[1]. Nevertheless, the solubility or dissolution rate of 

chloride salts may reduce in the stomach due to the common-ion effect (presence of chloride 

ions)[3]. 

 

1.3.2. Prodrugs 

Prodrugs are the one of the most promising and versatile strategies to improve the solubility 

and bioavailability of a drug. Over the past decades, prodrugs strategy has been gaining 

attention for pharmaceutical companies because of its usefulness in drug formulation. Prodrugs 

can be solved a large variety of drugs related issues such as solubility, stability, toxicity, 

absorption, distribution, metabolism, among others[5,10,22]. An estimated about 10% of 

marketed drugs and 33% of the APIs were approved by FDA in 2008. Recently (2015), FDA 

approved 45 new drugs of which 7 drugs are clearly identified as prodrugs (Figure 1.3A)[22]. 

Generally, a prodrug is an inactive and chemically modified drug of a parent drug which 

possesses improved solubility, stability and permeability[23]. A good prodrug can release the 

active part at a specific target site of organism and capable to relieve its toxicity (Figure 

1.3B)[16].  

 
Figure 1.3. General aspect of prodrugs. A) FDA-approved prodrugs during 2010-2018[23]. B) 

A schematic view of prodrugs concept.  

 

There are two categories of prodrugs: First one is carrier-linked prodrugs where the prodrug 

moiety is covalently linked with the parent drug and another one is bioprecursor prodrugs 
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where the parent drugs are modified with functional groups by enzymatic reactions, hydration 

or redox reactions[6,22,24]. In most cases, the active substances are released in the organism 

through chemical or enzymatic reactions. However, the structure of prodrugs is mainly esters, 

oximes, amides and disulfate bridges which depends on the type of functional groups present 

in the parent drugs and carriers[10]. Conjugated prodrugs with a specific peptide, antibody, or 

agonist are also identified as target cell transporters in intestinal enterocytes or specific 

organs[10]. Recently, a quaternary ammonium-based bioreversible linkages are employed by 

conjugating with tertiary or heteroaryl amines for a targeted delivery. This strategy can be 

significantly decreased the hydrophobicity of drugs upon connecting with a linker by 

proteolytically or reductively cleaving or entering the target cell[25]. 

The Carrier -linked prodrugs are often used to simultaneously disclose the complication of 

poor water-soluble drugs and attain its targeted delivery. There are main four types of carrier 

moieties such as hydrophilic, hydrophobic, amino acids and macromolecules carriers, which 

covalently linked with a promoiety to the parent drug[6]. The hydrophilic carrier-linked 

prodrugs possess higher solubility compared with parent drugs. For example, Telzir® and 

Lexiva® (GlaxoSmithKline, Brentford, UK) contain fosamprenavir, which is a hydrophilic 

carrier-linked (phosphate ester) prodrugs displaying 10 times higher solubility as well as an 

increased bioavailability than patent amprenavir drug[6]. In case of hydrophobic carrier-linked 

prodrugs, the hydrogen bond-containing drug-drug interactions were disrupted in presence of 

hydrophobic carrier resulting in a higher dissolution rate. For example, the prodrug of 

anticancer drug 5-fluorouracil (5-FU) is Xeloda® (Hoffmann-LaRoche, Basel, Switzerland) 

contains capecitabine displaying high solubility, high absorption and low affinity for the 

intestine thymidine phosphatases[6,26]. Interestingly, a covalently linkage was formed 

between the doxifluridine backbone (a pre-prodrug of 5-FU) and hydrophobic hydrocarbon 

chains or amides, which is biotransformed by deaminases, carboxylesterases and tumor-

specific thymidine phosphorylases. As a result, the cytotoxic 5-FU was released at the target 

site of tumor tissue as well as enhanced oral bioavailability. However, amino acids carrier-

linked prodrugs is another promising approach for increasing water solubility and transporter-

mediated absorption (using amino acid transporters) because of the versatile physical properties 

of amino acids. For example, valacyclovir marketed as Valtex® (GlaxoSmithKline, Brentford, 

UK) is the L-valyl ester prodrug of acyclovir displaying two times higher  bioavailability than 

that of acyclovir due to the active transport via amino acid receptors[6]. The active acyclovir 

is generated through hydrolysis of valacyclovir where needs to inhibit herpes virus DNA 

polymerase through activation of viral thymidine kinase and cellular kinases. Finally, Drug-



https://en.wikipedia.org/wiki/Van_der_Waals_interactions






https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjvxM-g7_ziAhXcyosBHepvBBYQjRx6BAgBEAU&url=https%3A%2F%2Fwww.semanticscholar.org%2Fpaper%2FBiological-Activity-of-Ionic-Liquids-and-Their-in-Egorova-Gordeev%2F93e491d4f3d60a097c58ef3e5724a5fd97bdfa92%2Ffigure%2F2&psig=AOvVaw1yEhPHuwDl_MelUsgl1LGT&ust=1561285333504257


11 
 

pyrrolidinium or pyridinium, and phosphonium that are often used by pairing with various 

anions in the design of ILs[10,11]. The imidazolium-based ILs can be used as solubility 

promoters, solvents and catalysts due to their easy synthesis, low viscosity and stability in redox 

reactions[33,34]. ILs with a long alkyl chain of imidazolium cation have greater toxicity which 

is the main drawbacks for their biological applications[35]. The pyridinium-based ILs are more 

active in catalytic reactions but poor regioselectivity in palladium-catalyzed telomerization and 

Diels-Alder reactions[33,36]. The quaternary ammonium-based ILs have shown lower toxicity 

in biological applications as compared to imidazole-based and pyridinium-based ILs. These 

ILs are used as electrolytes for their lower viscosity and melting points[10,33,36]. Recently, 

quaternary ammonium-based ILs have been used to improve the antibiotic activity and topical 

drug delivery[10]. In addition, these ILs are appropriate solvents for pharmaceutical processing 

as an alternative to the conventional solvents of pharmaceutical industry. The Phosphonium-

based ILs are more thermally stable than ammonium and imidazolium-based ILs, even at high 

temperature (>100 °C). Recently, these ILs are used as solvents and catalysts in several 

reactions and more recently for CO2 capture[10,11,36].  

To understand the useful properties and potential applicability, ILs are classified into three 

generations depending on their properties and chemical structures. The first generation ILs 

were basically prepared by using dialkylimidazolium and alkylpyridinium cations with metal 

halide anions. These ILs were attracted attention because of their desirable physico-chemical 

properties but highly sensitive to air and water. The second generation focused on the deliberate 

tuning of physico-chemical characteristics of ILs for adaptation of properties to a specific task. 

These ILs are stable to air and water, and prepared by the combination of most commonly used 

cations such as ammonium, phosphonium, alkylimidazolium and alkylpyridinium and anions 

included  halides, tetrafluoroborate and hexafluorophosphate that are the most commonly used 

during IL synthesis. Initially, ILs of second generation had been considered as an 

environmentally safe and green solvent, but belief has changed when the data of biological 

activity were explored. Now it is reported that many ILs have shown similar or even higher 

biological activity as compared to toxic conventional organic solvents. Finally, the third 

generation of ILs is composed of biodegradable and natural ions, such as amino acids and 

choline, or ions with known biological activity. This generation has shown interest because of 

its chemical properties and possible applications in the field of ecology, biology and 

pharmaceutical. 
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epiandrosterone in imidazolium based-ILs with varying alkyl lengths (C4, C6 and C8). The 

solubilities of these drugs are decreased with increases the alkyl lengths[39].  

 

Table 1.1. ILs as solubility enhancers in drug delivery. Table reproduced with permission from 

ref.[10] 

Drug Activity  IL  

N-acetyl-L-cysteine antioxidant [C2MIM][OTf], [(C 6)3C14P][Cl], 

[(C6)3C14P][NTf2] 

acetaminophen analgesic [C4MIM][BF 4], [C8MIM][BF 4], 

[C4MIM][PF6], [C4MIM][Br], [C 6MIM][Br]  

acyclovir antiviral drug [C1MIM][DMP]  

albendazole antiparasitic  [C4MIM][PF6], [C6MIM][PF6], [C8MIM][PF6] 

amphotericin B antifungal 

agent 

[C2MIM][OAc], [CnNH 3][OAc] (n = 4, 6, 8), 

[m-PEG350-NH3][OAc]  

coumarin anticoagulant [C10MIM][NTf 2], [(C6)3C14P][Cl], 

[(C6)3C14P][NTf2] 

4-hydroxycoumarin anticoagulant [C2MIM][OTf]  

curcumin antioxidant [C4MIM][BF 4] 

danazol steroid drug [C6C6OCOPy][NTf2],[C6C6OCOPy][N(CN)2], 

[C4MIM][PF6], [C8MIM][PF6],[C4MIM][BF 4] 

dantrolene sodium muscle relaxant [C1MIM][DMP]  

dehydroepiandrosterone steroid 

hormone 

[C4MIM][PF6], [C6MIM][PF6], [C8MIM][PF6] 

dexametasone steroid drug [C4MIM][PF6], [C6MIM][PF6], [C8MIM][PF6] 

diclofenac NSAID [C6MIM][Br], [C 12MIM][Br], [C 14MIM][Br]  

ibuprofen NSAID [(C6)3C14P][Cl], [(C6)3C14P][NTf2], 

[C2MIM][NTf 2] 

etodolac NSAID [C4MIM][PF6] 

isoniazid antituberculosis  [C10MIM][OTf], [(C 10)2(C1)2N][NO3] 

itraconazole antifungal drug [C6C6OCOPy][NTf2],[C6C6OCOPy][N(CN)2], 

[m-PEG350-NH3][OAc], [m-PEG350 

NH3][CnCOO] (n = 3, 5, 7, 9) 

methotrexate anticancer [C1MIM][DMP]  
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1.4.2.2. IL -based topical and transdermal drug delivery 

The solvation power of ILs is remarkable, leading to their use not only limited to solubilizing 

agents, but also oral, topical and transdermal systems for an effective delivery of poorly 

bioavailable drug molecules. Among the various targeted routes of delivery, topical or 

transdermal drug delivery (TDD) potentially is a safe and non-invasive system as compared 

with conventional delivery strategies (i.e., oral, injection and nasal) because of easily usage, 

painless, avoidance of first-pass hepatic elimination and reduction of some side 

effects[1,11,29]. TDD can be improved the drug bioavailability and reduced undesirable 

metabolism in the oral cavity, GI tract and liver[29]. Several transdermal drugs such as estradiol, 

testosterone, fentanyl, nitroglycerin, clonidine, nicotine and scopolamine are existing in the 

market[40]. However, the effectiveness or efficacy of TDD mainly depends upon the drugs 

physicochemical characteristics and the outermost layer of the skin, the stratum corneum 

(SC)[11,29,40]. The skin is the largest and most important organs of the body, representing 

about 10% of total body mass and covering about 1.7 m2[41]. The main function of skin is to 

act as a natural protective barrier against the ultraviolet radiation, microorganisms, penetration 

of toxic exogenous compounds and preventing the excessive loss of water and body nutrients, 

or as a favorable portal of entry for drugs with local and/or systemic action[29,41,42]. The skin 

is composed of three different main layers; the stratum corneum, the viable epidermis and 

dermis with hair follicles, appendages and eccrine and apocrine sweat glands[40,41,43]. The 

SC, a structurally well-organized corneocytes and lipid layers, poses a formidable barricade to 

the drug transport into the skin[11,40,44]. Hence, many hydrophilic or macromolecule drugs 

(> 500 Da) cannot be penetrated through the skin without reducing barrier properties by either 

disrupting the SC or altering the lipid structure through the use of physical (device based) or 

chemical (formulation based) penetration enhancement techniques[40]. 

Thus, for developing an effective TDD through the skin, it is necessary to carefully understand 

their properties, not only API molecules, but also the excipients used in formulations. However, 

many sparingly water soluble drugs were targeted for TDD and formulated to perturb the 

formidable barrier of impervious stratum corneum (SC) using chemical enhancers which 

causes toxicity, skin irritation and infections, burns and scars in their clinical 

application[11,40,45]. ILs have fascinated attention to disrupt the SC barriers for ensuring the 

efficient transcellular and paracellular drug transport[11]. It has been proven the feasibility of 

ILs to enhance the drug transport through the skin by the experimental data, as well as 

molecular dynamics. Lin GS et al. [46] simulated the model membrane with amphiphilic 1-

octyl-3- methylimidazolium-based IL by using molecular dynamics combined with empirical 
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force fields and reported that the cationic head of IL inserts into a model of a bacterial cell 

membrane. As a result, the structural integrity of cell membrane disrupted to increase the 

membrane permeability of polar ammonia molecules. The imidazolium-based hydrophilic IL 

can fluidize the cell membrane to generate pathways for the diffusion of molecules and causes 

membrane permeabilization[47]. Although these findings linked with the cytotoxicity 

generated by IL and assume that a similar mechanism should permit to drugs transport in target 

sites. In addition, ILs have an ability to extract the lipids from physiological structures of SC 

and enhanced the transport by creating channels for drug  molecules[40]. Recently, deep 

eutectic solvents (DESs) used as a skin enhancer to increase the transdermal delivery of drugs 

as well as disrupt/neutralize biofilm-forming bacteria[40,45,48].  DESs are a mixture of 

compounds that jointly have a lower melting points than individual components. Mitragotri S 

and co-worker reported choline and geranate (CAGE) as DES, have a potent antibacterial 

activity and significantly enhanced transdermal delivery of antibacterial drugs without causing 

notable toxicity to keratinocytes and mice[48]. They demonstrated that the transdermal 

delivery of hydrophilic drug molecules (i.e., mannitol and cefadroxil) and macromolecules (i.e., 

bovine serum albumin, ovalbumin, and insulin) were significantly improved for using CAGE 

as compared with conventional chemical permeation enhancers such as ethanol and 

Transcutol[40,45]. 

Microemulsions (MEs) are the promising widely formulated and implemented techniques to 

deliver the drug molecules across the skin barrier. MEs are the transparent systems consisting 

of two immiscible fluids and stabilized by an interfacial film of surfactant, frequently with co-

surfactants[29,49]. There are three different categories depending on their microstructure such 

as oil-in-water, water-in-oil and bicontinuous, which is influenced by their physicochemical 

properties and the proportions of their ingredients[29]. Recently, ILs have been used to stabilize 

the ME systems for the transdermal delivery of sparingly soluble drugs. Goto and co-workers 

pioneered this concept[1], have developed IL-based ME systems (IL-in-oil microemulsions) in 

which the drugs loaded-IL (drugs loaded in the IL core) is dispersed in oil in the presence of a 

surfactant (Figure 1.8)[30,42,49]. They reported that the solubility of acyclovir was increased 

500 times more in dimethylimidazolium dimethylphosphate IL and increased six times higher 

the transdermal delivery than current acyclovir creams. Recently, they developed a solid-in-oil 

nanodispersion by using 1-dodecyl-3-methylimidazolium-based IL to deliver ovalbuminin 

vitro[50]. In a related study, an IL-in-water (IL/water) microemulsion was reported in where 

ex-vivo permeation studies of a poorly water soluble drug, etodolac was conducted for topical 

delivery using 1-butyl-3- methylimidazolium hexafluorophosphate) as IL, Tween 80 as 
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surfactant and ethanol as co-surfactant. The IL/water microemulsion was more efficient to 

transport drugs than oily solution, o/w ME and marketed formulation of ETO. 

 
Figure 1.8. (a) Schematic representation of ionic liquid-in-oil (IL/o) microemulsions 

containing drug molecules. Chemical structure of IL (b) and acyclovir (c). Figure reproduced 

with permission from ref.[30] 

 

1.4.2.3. IL -based oral drug delivery 

Oral delivery of drugs is the most preferred route of administration due to its convenience and 

safety including ease of use, being painless, lesser cost of care, lesser patient supervision, and 

high patient compliance as compared to injection and, other methods. The oral delivery route 

is more natural and less invasive. However, there are existed some complications in the oral 

route of drug administration due to exhibit low solubility and permeability, low absorption in 

GIT and high degradation rates of drug molecules. To address these issues, several strategies 

already applied to enhance its solubility and bioavailability through oral administration, IL-

based oral delivery is one of the potential candidates for the effective delivery of these 

problematic drugs. To date, several notable works have been done to emphasize the advantages 

of IL-based oral delivery. Porter and co-workers pioneered ILs based-oral delivery for 

improving pharmacokinetics of poorly bioavailable drugs. They demonstrated that the 

solubility and absorption of poorly water-soluble drugs such as danazol, itraconazole and 

fenofibrate were significantly improved using 1-hexyl-3-hexyloxycarbonylpyridinium 

dicyanamide ILs as compared with crystalline drugs through the oral delivery[51]. Similar 

studies were conducted using various weakly acidic poorly water-soluble drugs such as 

tolfenamic acid (Tolf), meclofenamic acid, diclofenac, ibuprofen, amlodipine fexofenadine, 

ranitidine, and metformin using a series of lipophilic cations[52]. Recently, Wang et al. 

reported that the protic ionic liquids of naproxen and ibuprophen with iphenhydramine 

displayed rapid dissolution and improved bioavailability in capsule forms[53]. Mitragotri S. 
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significantly higher cytotoxicity than that of conventional imidazolium-based ILs in human 

colon cancer cell line which was also comparable to pure SA[56]. 

 
Figure 1.9. Drug development platforms of API-ILs. A) API-ILs containing ionic API as anion, 

B) covalently linked API in the cation and C) API-ILs by combining both ways with dual 

activities. Figure reproduced with permission from ref.[10]. 

 

When the crystalline solid APIs converted into ionic liquids form, the physicochemical or 

biological properties of API-ILs are affected by the appropriate choice of counterions. Several 

notable works have been conducted to emphasize the effect of counterion on API-ILs for tuning 

their various pharmaceutical cocktail properties i.e., solubility, thermal stability, toxicity and 

bioavailability[1,2,11,29,57]. Recently, Rogers and co-workers demonstrated a series of 

various IL-forming ions such as cholinium, tetrabutylammonium, tetrabutylphosphonium, 

tetramethylhexadecyl- ammonium cations, and docusate and chloride anions were paired with 

acyclovir as the counterion to form ionic liquids[58]. Acyclovir API-ILs exhibited excellent 

solubility not only in water, but also in simulated body fluids (phosphate-buffered saline, 

simulated gastric, and simulated intestinal fluids) as compared with neutral acyclovir. 

Cholinium-based acyclovir API-IL showed higher solubility than that of other cations-based 

acyclovir API-ILs in both water and simulated body fluids due to the presence of hydrophilic 

cholinium cation with hydroxyl groups. A similar finding also obtained when they prepared 





21 
 

 
Figure 1.10. A schematic view of prodrug strategy vs ionic liquid prodrug (API-IL prodrug) 

strategy. Figure reproduced with permission from ref.[10] 

 

However, API-IL prodrugs offer advantages by eliminating unwanted properties of a solid 

drugs. API-IL prodrug was prepared by adding the hydrolizable functional groups that are 

charged or ionizable with a neutral API and, then paired with the appropriate counterions to 

form ILs (Figure 1.10)[57,61]. By selecting appropriate counterions, desirable API-IL prodrugs 

can be prepared with designing properties such as dual-functionality, transdermal penetration 

enhancer or other favorable action. A series of API-IL prodrugs were prepared from an 

acetaminophen-derived imidazolium, phosphonium, pyridinium and pyrrolidinium paired with 

docusate[66]. The new prodrugs are liquids with no melting point and release faster drugs in 

PBS and SIF, suggesting that controlled release might be achievable. 

 

1.5. Aim and outline of this thesis 

Pharmaceutical industries are mainly dependents on that drug molecules, which get approved 

by the Food and Drug Administration (FDA). The FDA approval procedure of a drug also 

depends on their biopharmaceutical performance such as solubility, stability, bioavailability 

and permeability. However, these properties can be variable because of their different 

polymorphic forms, which can also have a significant impact on the manufacturing process, 

storage and transport of the final product. Therefore, the commercial volumes of manufactured 

drug products can also depend on the final crystallization product.  

The problems of obtaining pure drugs in the correct form, as discussed above, can be solved 

by the formation of stable liquid drugs from the solid crystalline form. Unfortunately, limited 

research is available on liquid drugs. Liquefaction of a drug could be achieved by the 

solubilisation of solid drugs by using potent counterions and the delivery of drugs in various 

Prodrugapproach

Acetaminophen-based prodrugs

Functional group
Charged functional group

Acetaminophen-based prodrug ILs

Ionic liquid prodrug approach
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routes such as emulsions, suspensions, and liposomes. Thus, a new form of liquid drugs could 

reduce the problems associated with the solid state. 

In recent years, ionic liquids have been emerging as novel media in pharmaceuticals 

applications. Specifically in crystallisation and liquid drug conversion, ionic liquids could play 

a vital role due to their solvents properties such as wide liquid range from -100 to 300 °C, good 

solvation power, almost zero vapour pressure, thermally stability up to 200 °C, recyclable, 

tuneability of cations and anions and easy preparation. In addition, the multifunctionality of 

ionic liquids can provide a unique opportunity to design a specific process which could 

potentially reduce the process cost and a significant impact on environmental factors. 

The present work focused on synthesis and characterization of biocompatible counterions for 

transforming the poorly water-soluble drugs into ionic liquids and investigated its 

pharmaceutical performances. A review of the literature showed that ionic liquids are used in 

many applications such areas as catalysis, electrochemistry, lubrication and solvents for 

synthetic chemistry but there are a limited number of publications on crystal engineering and 

drug delivery. Thus ionic liquids have enormous potential to be explored in these fields due to 

their unique properties. Hence the focus of this research was the investigation of some 

biocompatible IL-forming cations based ionic liquids for the use in drug delivery. 

The aim of the research is to get a better understanding on the fascinating behavior of different 

biocompatible cations that could be transferred the poorly water-soluble drugs into ionic liquids 

for envisaging their biomedical applications. The general objectives of the present work were 

illustrated as below:  

A. Synthesis a series of potent biocompatible IL-forming cations such as amino acid esters, 

choline and N-methyl-2-pyrrolidone, and API-ILs of three model poorly water-soluble 

APIs (salicylic acid, methotrexate and ibuprofen). 

B. Study on the physico-chemical and thermal properties of the newly synthetized API-ILs. 

C. Study on in vitro solubility and skin permeability of API-ILs. 

D. Study on the biological properties of API-ILs with IL-forming counterions.  

a) Study on in vitro cellular viability and the cytotoxicity of the IL-forming counterions 

obtained on mammalian cell lines L929, HeLa and NIH3T3. 

b) Study on in vitro cellular viability and the cytotoxicity of API-ILs obtained on 

mammalian cell lines L929 and NIH3T3. 

c) Study on in vitro antitumor activity of the newly synthesized methotrexate ionic liquids. 

E. Study on in vivo pharmacokinetics and antitumor activity of methotrexate ionic liquids.  
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and the amino acids were transformed to basic AAE compounds. In all cases, the IC50 values 

of the AAEs solutions (without pH control) were higher than those with pH control (Figure 

2.S2). The lipophilicity of each AAE increased in the solutions with pH control because a 

higher degree of protonation enhanced the penetration rate into the cell membrane, which 

disrupted the cell structure[17]. 

First, we evaluated the effect of the alkyl chain length on cytotoxicity using proline-based 

cations at pH 7.4. Both cell lines were treated with different doses of proline-based ester cations 

with methyl (C1), ethyl (C2), isopropyl (C3), and isobutyl (C4) substituents (Figure 2.S3). The 

IC50 values were calculated by a mathematical logarithm function (Figure 2.2A). The IC50 

values of L-proline methyl ester, L-proline ethyl ester (ProEt), L-proline isopropyl ester, and L-

proline isobutyl ester (ProBu) were 17.6, 18.3, 6.5 and 2.9, respectively, in L929 cells. The 

corresponding values in HeLa cells were 38.9, 44.8, 33.4 and 15.2 mM. The toxicities of the 

cations depended on the alkyl chain length in the ester group. The cation toxicity increased 

with increasing alkyl chain length from C2 to C4. Among all the cations in both cell lines, the 

lowest IC50 (highest toxicity) was obtained for ProBu because of the strong interaction between 

the lipophilic long alkyl chain of ProBu and the plasma cell membrane[18]. This interaction 

has been proven by an integrated experimental and computational approach[19]. Generally, the 

hydrophobic or lipophilic nature of an IL increases with increasing alkyl chain length in the 

cation. High hydrophobicity leads to interaction with the lipid bilayer of biological membranes 

and enhances the penetration of cations into the cell membrane. Consequently, the lipid bilayer 

becomes swollen and the cell membrane physiological functions are disrupted, ultimately 

leading to cell death[2,18,19]. By contrast, ProEt showed low cytotoxicity because of its short 

alkyl chain, which resulted in weak interactions with the cell membrane and increased mobility 

of the cation in the medium[20]. L-Proline methyl ester showed relatively high toxicity 

compared with ProEt. A similar result was found in toxicity studies of L-leucine methyl ester 

and L-leucine ethyl ester (LeuEt) in Natural killer (NK) cells[21] and sophorolipid derivatives 

in human pancreatic cancer (HPAC) cells[22]. Further studies are needed to define the precise 

mechanisms involved. However, our results showed that ethyl ester-based amino acid cations 

had lower toxicities than cations with other alkyl chain lengths. 
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Figure 2.5. Thermogravimetric analysis of [Sal][AspEt], [Sal][ProEt], and [Sal][AlaEt]. 

 

However, the solubility of Sal greatly increased in the IL form. The Sal-ILs were miscible with 

water at any ratio (Table 2.1 and Figure 2.6), whereas free Sal is only slightly water-soluble 

(2.2 g/L)[25].  

 

Table 2.1. Physical properties and water miscibility of Sal-ILs at room temperature. 

[a] Estimated lower limit of solubility in water; [b] Data was obtained from[16]; [c] Data was 

obtained from[25]. 

 
Figure 2.6. Water miscibility of Sal-ILs. 1: Sal-IL viscous sample in transparent glass tube. 2: 

Added water in Sal-IL sample, 3: Clear solution formed after shaking.  

Compound Appearance T5% onset (°C) Estimated solubility in water  

g Sal-IL/ 0.3 mL g active/ mL 

[Sal][ProEt] Clear colorless 

liquid 

125.7 > 0.722[a] > 1.130[a] 

[Sal][AlaEt] 126.1 > 0.623[a] >0.967[a] 

[Sal][AspEt] 136.4 > 0.708[a] > 0.958[a] 

Sal Crystalline solid 162[b] - 0.0022[c] 
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APPENDIX 2.A- SUPPORTING MATERIALS  

 

1. Photographs of synthesized amino acid esters 

 
Figure 2.S1. Synthesized amino acid esters:  Phenylalanine ethyl ester (1), Aspartic acid 

diethyl ester (2), Methionine ethyl ester (3), Leucine ethyl ester (4), Glutamic acid diethyl ester 

(5), Proline ethyl ester (6), Proline Isobutyl ester (7), Proline Isopropyl Ester (8), Proline methyl 

ester (9) and Alanine ethyl ester (10). 

 

2. Effect of pH on cytotoxicity 

 
 AAEt  

AlaEt AspEt ProEt GluEt MetEt LeuEt PheEt ProMe ProPr ProBu 

pH 8.9 9.0 9.8 8.7 8.5 9.0 8.1 9.8 9.7 9.5 

 

Figure 2.S2. Cytotoxicity of AAE cations on L929 at with and without control pH 7.4. n = 3, 

mean ± SD. 
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3. Effect of alkyl chain length on cytotoxicity 

 

 
Figure 2.S3. Cytotoxicity of proline-based AAE cations on mammalian cell lines (A) HeLa 

and (B) L929. n = 3, mean ± SD. 

 

 

4. Effect of amino acid side chains on cytotoxicity 

 
 

Figure 2.S4. Cytotoxicity of AAE cations on mammalian cell lines (A) HeLa and (B) L929. n 

= 3, mean ± SD. 
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Molecular Technologies, Inc. (Kumamoto, Japan). The HeLa cell line was provided by the 

RIKEN cell bank (Tsukuba, Japan). 

 

3.3.2. Animal models 

Female C57BL/6NJc1 (C57BL/6) mice (7-9 weeks old, 19 ± 4 g) have been considered as a 

suitable model for evaluating the oral absorption of drug. Mice were purchased from CLEA 

Japan, Inc. and housed in our specific pathogen-free facility at natural light/dark conditions 

(Temp.: 25 ±2 °C & RH: 60 ± 10%) with free access to food and water. The mice are cared 

and handle according to the approved protocol by the Animal Ethics Committee of Kyushu 

University, Japan. 

 

3.3.3. General synthetic procedure for cations 

ProEt, AspEt and PheEt cations were synthesized according to previously reported 

procedure[2]. Briefly, 3.0 g of amino acid was suspended in 20 ml anhydrous ethanol and then 

thionyl chloride (mole ratio of thionyl chloride: amino acid = 1.5:1) was added dropwise to the 

slurry. The resultant mixture was kept on ice for 1 h and, then 24 h at room temperature under 

constant stirring. The excess solvent was evaporated under reduced pressure to yield the AAE 

hydrochloride salt. Then, distilled water was added to dissolve the salt and neutralized with 

ammonia solution (mole ratio of ammonia: AAE salt = 2:1). The organic layer was extracted 

using diethyl ether as solvent concentrated under reduced pressure to yield the AAE. 

 
Scheme 3.1. General synthetic procedure for amino acid ethyl ester. (a) Thionyl chloride-

interceded esterification in ethanol on ice for 1 h, and then at room temperature for 24 h; (b) 

ammonia solution and diethyl ether at room temperature for 2 h. 

 

Choline hydroxide and 1-ethyl-3-methylimidazolium hydroxide cations were synthesized 

using the protocol of earlier published literature[21]. In briefly, two gram of chloride salts was 

added in 50 ml water and stirred vigorously. Then, equimolar of silver oxide was added to the 

mixture and kept for 2 h at room temperature. The resultant solution was filtered using whatman 

filter (grade 41) and evaporated the filtrate under reduced pressure to yield the respect cations.  
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APPENDIX 3.A. SUPPORTING MATERIALS  

 

1. Fourier Transform Infra -Red Spectroscopy (FT-IR) of MTX -ILs  

 
Figure 3.S1. FT-IR spectra of (A) free MTX, AspEt cation and [AspEt][MTX], (B) Free MTX, 

choline cation and [Cho][MTX]. 

 

 
Figure 3.S2. FT-IR spectra of (A) free MTX, TMA cation and [TMA][MTX], (B) Free MTX, 

TBP cation and [TBP][MTX].  
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Figure 3.S3. FT-IR spectra of (A) free MTX, PheEt and [PheEt][MTX], (B) Free MTX, EMI 

cation and [EMI][MTX]. 

 

2. Powder X-Ray Diffraction (p-XRD) of MTX -ILs  

 
Figure 3.S4. XRD diffractograms of free MTX and MTX-ILs. A) Full spectrum and B) 

expanded regions of free MTX and MTX-ILs. 
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3. Thermal Gravimetric Analysis (TGA) of MTX -ILs  

 
Figure 3.S5. TGA thermograms of free MTX (orange), [EMI][MTX] (tan), [TMA][MTX] 

(green), [AspEt][MTX] (mustard), [PheEt][MTX] (black), [ProEt][MTX] (pal green) and 

[TBP][MTX] (blue). 

 

4. Differential Scanning Calorimetry (DSC) of MTX-ILs  

 
Figure 3.S6. DSC thermograms of A) [TBP][MTX] and B) [PheEt][MTX] 
































































