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ABSTRACT: Absorption after oral administration is a requirement for almost all drug 

products, but is a challenge for drugs with intrinsically low water solubility. Here, the weakly 

basic, poorly water-soluble drugs (PWSD) itraconazole, cinnarizine and halofantrine were 

converted into lipophilic ionic liquids to facilitate incorporation into lipid-based formulations 

and integration into lipid absorption pathways. Ionic liquids were formed via metathesis 

reactions of the hydrochloride salt of the PWSD with a range of lipophilic acid counterions. 

The resultant active pharmaceutical ingredient – ionic liquids (API-ILs) were liquids or low 

melting point solids and either completely miscible or highly soluble in lipid based, self-

emulsifying drug delivery systems (SEDDS) comprising mixtures of long or medium chain 

glycerides, Kolliphor-EL and ethanol. They also readily incorporated into the colloids formed 

in intestinal fluids during lipid digestion. Itraconazole docusate or cinnarizine decylsulfate ionic 

liquids were subsequently dissolved in long chain lipid SEDDS at high concentration, 

administered to rats and in vivo exposure assessed. Data were compared to control formulations 

based on the same SEDDS formulations containing the same concentrations of drug as the free 

base, but in this case as a suspension (since the solubility of the free base in the SEDDS was 

much lower than the API-ILs). For itraconazole, comparison was also made to a physical 

mixture of itraconazole free base and docusate sodium in the same SEDDS formulation. For 

both drugs plasma exposure was significantly higher for the ionic liquid containing 

formulations (2-fold for cinnarizine and 20-fold for itraconazole), when compared to the 

suspension formulations (or the physical mixture in the case of itraconazole) at the same dose. 

The liquid SEDDS formulations, made possible by the use of the API-ILs, also provide 

advantages in dose uniformity, capsule filling and stability compared to similar suspension 

formulations. The data suggest that the formation of lipophilic ionic liquids provides a means 

of increasing dissolved-drug loading in lipid based formulations and thereby promoting the 

exposure of poorly water soluble drugs after oral administration. 
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 INTRODUCTION 

Continuing efforts to enhance potency, permeability, and target access have given rise to 

increased lipophilicity, and reduced aqueous solubility of prospective drug candidates. Indeed 

recent estimates suggest that >70% of drugs in development are ‘poorly water soluble’.1 Low 

water solubility typically limits absorption from the gastrointestinal (GI) tract, threatening the 

viability of an orally active drug product. Recognition of the increasing challenge of low water 

solubility has led to the development of myriad formulation approaches to promote drug 

solubility in the GI tract.1 Lipid formulations, where drugs are co-administered with non-

aqueous excipients (usually mixtures of glycerides based on dietary lipids, surfactants and co-

solvents), provide one such option and interest in the development of lipid-based formulations 

(LBF) for poorly water soluble drugs has increased in recent years.2 Whilst LBF show 

significant promise and provide the basis for drug products such as Neoral® (cyclosporine) and 

Agenerase® (amprenavir), a major limitation to utility is insufficient drug solubility in the 

formulation. Thus, the drug dose must be able to dissolve completely in a quantity of 

formulation that can be filled into (ideally) one capsule. It is possible to suspend solid 

crystalline drug in a lipid vehicle, however, these formulations are usually less efficient, more 

variable and pose additional problems with respect to uniform capsule filling, stability and 

processing. 

The overarching utility of LBF is based on the presentation of drug to the GI tract in a pre-

dissolved form (thereby overcoming traditional dissolution) and subsequent solubilisation of 

drug and the products of lipid digestion within bile salt micelles secreted from the gall bladder. 

Micellar solubilisation provides a reservoir of molecularly dispersed drug that is readily 

transported to the absorptive site and exists in rapid equilibrium with free drug - the species 

that is ultimately absorbed. To best harness the power of LBF, therefore, drugs must be both 
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soluble in the formulation and remain solubilised in the products of lipid digestion as the 

formulation is processed in the GI tract.3  

Although many contemporary drug discovery candidates have low water solubility, and high 

lipophilicity (when quantified using markers such as the log of the octanol-water partition 

coefficient, Log P), their solubility in lipidic vehicles is unfortunately often low. These 

molecules, i.e. those that are poorly soluble in both aqueous and non-aqueous vehicles (and 

often colloquially referred to as ‘brick-dust’), provide a particular challenge and as such many 

fail to progress from discovery into development and ultimately into the clinic. In many cases 

the basis for these poor solubility characteristics is high crystallinity and high intermolecular 

forces in the solid state, properties that are usually indicated by a high melting point. 

In the current submission we describe the synthesis of ionic liquids (ILs) of poorly water 

soluble drugs (PWSD) (Figure 1) as a means of reducing crystallinity, increasing solubility in 

LBF and promoting drug absorption via intercalation into lipid absorption pathways. ILs are 

organic salts with melting points below 100 ºC.4 ILs have excellent solvency properties and 

have found significant application as novel and environmentally acceptable solvents.5 The 

ability to ‘tune’ IL properties via different combinations of cations and anions6-9 has 

subsequently led to broader application in areas including synthesis,9 catalysis,10, 11 

magnetism12 and electrochemistry.13  

Despite a broad range of utility, reports of the use of ILs in drug absorption are limited. The 

solvency properties of ILs have led to their use as novel additives or excipients14-17 and recent 

studies from our laboratories suggest that this may provide for sustained release after oral 

administration.18 Direct synthesis of ILs from weakly acidic or weakly basic drugs, rather than 

the use of ILs as excipients, has also been described and shows perhaps the most promise for 

significant alteration of drug properties.19-24 However, to this point, the focus of these studies 

has been on the avoidance of crystallinity (to circumvent problems relating to interconversion 
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of polymorphic forms) and utilization of the lower melting point of drug-ILs to promote 

aqueous solubility. In contrast, we describe here approaches to enhance non-aqueous solubility. 

More specifically, we have explored the use of lipophilic IL that enhance lipid solubility and 

intercalation into GI lipid absorption pathways as a means of promoting the absorption of 

PWSD. We show that this seemingly contradictory approach, i.e. increasing lipophilicity to 

ultimately enhance drug solubilisation in the GI tract, is able to significantly enhance drug 

absorption in vivo for itraconazole (Itz) and cinnarizine (Cin), two model PWSD. The data are 

particularly noteworthy for Itz, a drug with well acknowledged delivery challenges, where 

increases in lipid solubility of >50-fold are apparent and where the Itz IL-lipid formulation 

significantly enhanced drug absorption when compared to a lipid suspension formulation and 

the currently marketed drug formulation (Sporanox®). Notably, the current commercial product 

required the development of a complex, spray-dried formulation containing stabilised 

amorphous drug to achieve oral exposure. The IL approaches described herein provide both a 

more efficient and a markedly simpler approach to achieve oral exposure.  
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Figure 1. The model poorly water-soluble drugs employed in this study. 

 EXPERIMENTAL SECTION 
 

Materials  

Itraconazole free base (Itz FB) (Lee Pharma, Hyderabad, India); halofantrine free base (Hf 

FB), halofantrine hydrochloride (GlaxoSmithKline, Mysorem, India) were obtained from the 

indicated suppliers. Cinnarizine free base (Cin FB), soybean oil, sodium taurodeoxycholate 

(NaTDC), porcine pancreatin extract (8 X USP specification activity), 4-bromophenylboronic 

acid were from Sigma-Aldrich (St. Louis, MO, USA). Lipoid E PC S (lecithin for egg, ~99% 

pure phosphatidylcholine (PC) was from Lipoid GmBH, Ludwigshafen, Germany. MaisineTM 

35-1 (Gattefossé, Saint-Priest, France); Kolliphor® EL (BASF Corporation, Ludwigshafen, 

Germany); Captex® 355, Capmul® MCM (Abitec, Janesville, WI) and 1.0M sodium hydroxide 

(Ajax Finechem Pty Ltd, New South Wales, Australia) were obtained from the indicated 

suppliers. 7-Ethyl-2-methyl-4-undecylsulfate (Niaproof®4, ~27% in H2O), sodium 

dodecylsulfate, bis(trifluoromethane)sulfonimide lithium salt, dioctyl sulfosuccinate sodium 

salt (98%), hydrogen chloride in ether (1M or 2M), 1-decanol (99%) and sulfamic acid (99.3%) 

were from Sigma-Aldrich (St. Louis, MO, USA). Sodium stearate was obtained from Alpha 

Aesar (Ward Hill, MA, USA) and sodium oleate 97%, from TCI (Tokyo, Japan). Acetonitrile, 
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ethanol, petroleum spirit, chloroform, dichloromethane, methanol, ethyl acetate, diethyl ether 

were from Merck (Bayswater, Victoria, Australia) and used without any pre-treatment. All 

other chemicals and solvents were of analytical purity or high performance liquid 

chromatography (HPLC) grade. Decylsulfate and octadecylsulfate ammonium salts were 

synthesized as described previously.18   

Chemistry  

General Method for Drug-IL Preparation. The ionic liquids described herein were 

synthesized using three primary methods. The methods used for each ionic liquid are shown in 

Table 2. Procedures for each method are provided below using Cin ILs as examples, however 

essentially the same techniques were applied to generate ILs for Hf and Itz and for different 

counterions that employed the same method. The analytical data for cinnarizine decylsulfate 

and itraconazole docusate is given below. Data for all other synthesised ILs is provided in the 

supporting information. 

Method 1. E.g. Cin decylsulfate. Cin (5.83 g, 15.83 mmol) was dissolved in diethyl ether 

(300 mL) and a solution of HCl (2M in diethyl ether, 7.92 mL, 15.83 mmol) was added 

dropwise via a syringe. An off-white precipitate formed immediately. The resulting precipitate 

was collected via suction filtration, washed with diethyl ether and dried under vacuum. The 

resultant Cin•HCl salt (6.35 g, 15.68 mmol) was dissolved in CHCl3 (500 mL) and decylsulfate 

ammonium salt (4.01 g, 15.68 mmol) was added. The resultant suspension was refluxed for 2 

days. The reaction mixture was cooled to room temperature and washed with distilled water (4 

x 300 mL) until a negative AgNO3 test was obtained. The organic phase was then dried 

(anhydrous MgSO4), filtered and evaporated to afford the desired product (oil), which was dried 

at 60 oC under high vacuum. Yield 96%. 

Method 2. E.g. Cin octadecylsulfate. Cin•HCl (2.24 g, 5.54 mmol) was dissolved in CH2Cl2 

(100 mL) and octadecylsulfate ammonium salt (2.04 g, 5.54 mmol) was dissolved in distilled 
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water (100 mL). The two solutions were mixed and the obtained biphasic solution was stirred 

vigorously for 3 h. The CH2Cl2 phase was separated and the aqueous phase was extracted with 

CH2Cl2 (2 x 50 mL). The combined CH2Cl2 phases were washed with distilled water (3 x 100 

mL) until a negative AgNO3 test was obtained. The organic phase was then dried (anhydrous 

MgSO4), filtered and evaporated to afford the desired product, which was dried at 60 oC under 

high vacuum. Yield 92%. 

   Method 3. E.g. Cin oleate. Cin•HCl (87.7 mg, 0.22 mmol) and sodium oleate (65.9 mg, 0.22 

mmol) were dissolved in methanol (10 mL). The clear solution was stirred for 3 h. The methanol 

was removed in vacuo and CHCl3 (10 mL) (or CH2Cl2) was added to the resultant slurry. A 

white precipitate (NaCl) was formed immediately and was removed by suction filtration. The 

organic phase was washed with distilled water (unless stated otherwise) until a negative AgNO3 

test was obtained. The organic phase was then dried (anhydrous MgSO4), filtered and 

evaporated to afford the desired product, which was dried at 60 oC under high vacuum. Yield 

94%. 

Characterisation: The 1H and 13C NMR spectra of the purified products were recorded in 

CDCl3 (Cambridge Isotope Laboratories Inc., 99.8% D) or DMSO-d6 (Cambridge Isotope 

Laboratories Inc., 99.9% D) on a Bruker Avance DPX 300 spectrometer at 400.13 and 100.62 

MHz, respectively. High resolution mass spectra were obtained using a Waters LCT Premier 

XE time-of-flight mass spectrometer fitted with an electrospray (ESI) ion source and controlled 

with MassLynx software version 4.5. Low resolution mass spectra were obtained using an 

Agilent 1200 Single Quad LCMS. Ionic liquid purity was assessed by HPLC using an Agilent 

6100 Series Single Quad LC/MS Agilent 1200 Series HPLC (pump: 1200 Series G1311A 

quaternary pump, autosampler: 1200 Series G1329A, detector: 1200 Series G1314B variable 

wavelength detector) fitted with a Luna C8(2) 5u 50X 4.6mm 100A column at 30 °C (injection 

volume: 5 µL, solvent A: water with 0.1% formic acid, solvent B: acetonitrile with 0.1% formic 
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acid, gradient: 5-100% B over 10 min). All compounds were of >95% purity. The ILs that were 

ultimately examined in vivo (cinnarizine decylsulfate (Cin DS) and itraconazole dioctyl 

sulfosuccinate (Itz DoS)) were analysed in more detail. Specifically, for these ILs, elemental 

analysis was performed (Chemical & MicroAnalytical Services Pty. Ltd., VIC, Australia), 

water content was measured by coulometric Karl-Fischer titration (in duplicate), crystallinity 

was assessed using X-ray diffraction, and thermal properties were explored by differential 

scanning calorimetry (DSC). XRD data were collected using a Bruker D8 Advance X-ray 

diffractometer with Ni-filtered Cu Kα radiation. The diffractometer was set at 40 kV 

working voltage and 40 mA working ampere. Data were collected between 5 – 70° in 2-

Theta, with a step size of 0.02° and a scan rate of 1 second per step. DSC was performed 

on a Perkin-Elmer DSC 8500 (MA, USA) with Intracooler III integrated cooler. Samples 

(5 mg) were prepared in sealed aluminium pans and analysed under nitrogen (20 

mL/min) over a temperature range of -50 to 150˚C at a rate of 10˚C/min. An empty 

aluminium pan was used to establish the baseline and as a reference control. cLogP and 

LogD7.4 values for the drugs examined and for the counterions employed were calculated 

using ACD Labs version 12.0 software.  

The 1H and 13C NMR spectra and MS data for all compounds are given in the 

supplementary information. Summary details for Cin DS and Itz DoC are given below.  

Cinnarizine decylsulfate (Cin DS). Synthesised using Method 1; Yield 96%, Method 2; Yield 

92%. 1H NMR (DMSO-d6)  9.45 (br s, 1H), 7.51-7.21 (m, 15H), 6.83 (d, J = 15.6 Hz, 1H), 

6.32 (dt, J = 15.6, 7.2 Hz, 1H), 4.48 (s, 1H), 3.91 (d, J = 7.2 Hz, 2H), 3.69 (t, J = 6.6 Hz, 2H), 

3.33 (br s, 2H), 3.18 (br s, 2H), 2.88 (br s, 2H), 2.26 (br s, 2H), 1.48 (quin, J = 6.6 Hz, 2H), 

1.28-1.23 (br s, 14H), 0.85 (t, J = 6.7 Hz, 3H). 13C NMR (DMSO-d6)  141.7, 138.9, 135.4, 

128.6, 128.5, 128.4, 127.5, 127.1, 126.8, 117.9, 73.6, 66.0, 57.3, 50.7, 48.2, 31.3, 29.2, 29.1, 

29.0, 28.9, 28.8, 25.6, 22.2, 13.9. HRMS (+ve) calcd 369.2325, found 369.2314. HRMS (–ve) 
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calcd 237.1155, found 237.1167. Elemental analysis calcd (%) C36H50N2O4S: C 71.25, H 8.30, 

N 4.62; found C 71.15, H 8.51, N 4.32. Water content: 0.6%.  

Itraconazole dioctyl sulfosuccinate (docusate, Itz DoS). Synthesised using a modification of 

Method 3 (ethyl acetate was used as a solvent instead of chloroform or dichloromethane). Yield 

96%. 1H NMR (CDCl3)  8.33 (s, 1H), 7.96 (s, 1H), 7.65 (s, 1H), 7.60 (2 x d, 3H), 7.51 (d, J = 

8.9 Hz, 2H), 7.49 (d, J = 2.1 Hz, 1H), 7.28 (dd, J = 8.4, 2.1 Hz, 1H), 7.15 (d, J = 7.2 Hz, 2H), 

6.95 (d, J = 9.1 Hz, 2H), 4.82 (q, J = 14.8 Hz, 2H), 4.41-4.36 (m, 1H), 4.34-4.24 (m, 2H), 4.03-

3.90 (m, 5H), 3.85-3.78 (m, 6H), 3.66-3.58 (m, 5H), 3.31-3.15 (m, 2H), 1.92-1.81 (m, 1H), 

1.77-1.67 (m, 1H), 1.61-1.49 (m, 2H), 1.39 (d, J = 6.7 Hz, 3H), 1.37-1.19 (m, 16H), 0.92-0.80 

(m, 15H), (NH not observed). HRMS (+ve) calcd 705.2471, found 705.2457. HRMS (–ve) 

calcd 421.2260, found 421.2258. Elemental analysis calcd (%) C55H76Cl2N8O11S: C 58.55, H 

6.79, N 9.93; found C 58.54, H 6.96, N 9.78. Water content: 0.9%.   

 

Formulation preparation 

All formulations were freshly prepared as homogenous mixtures of lipids, surfactant and 

cosolvent. The compositions of the formulations are summarised in Table 1. After weighing 

and mixing, components were vortexed until homogenous formulations were obtained. Drugs 

as the free base (FB) or ionic liquid (IL) were subsequently dissolved or suspended in the 

formulations to the concentrations specified. Concentrations were confirmed by HPLC.  
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Table 1: The composition of self-emulsifying drug delivery systems (SEDDS) utilized in 

equilibrium solubility, in vitro and in vivo studies. Formulations were based on long chain (LC) 

and medium chain (MC) lipids, Kolliphor® EL as a surfactant and ethanol as a cosolvent. 

 

 

SEDDS 

 

Composition (% w/w) 

 

 

LC1 SEDDS 

30% lipid (soybean oil:MaisineTM 35-1, 1:1 w/w) 

60% Kolliphor® EL 

10% ethanol 

 

 

LC2 SEDDS 
60% lipid (soybean oil:MaisineTM 35-1, 1:1 w/w) 

30% Kolliphor® EL 

10% ethanol 

 

 

MC SEDDS 
30% lipid (Captex® 355:Capmul® MCM, 1:1 w/w) 

60% Kolliphor® EL 

10% ethanol 

 

Equilibrium solubility studies 

The equilibrium solubility of the drugs in the different formulations was determined by the 

addition of excess drug/drug-ILs to the formulations (LC1 SEDDS, LC2 SEDDS, MC SEDDS), 

or in some cases, individual excipients. In all cases, 0.5 g of drug or drug-IL was added to 0.5 

g of formulation. Dissolution rates in viscous non-aqueous solvents are typically slow and 

therefore, the formulations were incubated at 37 °C for 3-7 days in order to reach equilibrium. 

Samples were collected at regular intervals and centrifuged (21,000 x g, 37 °C, 10 min). The 

resulting particle-free supernatant was accurately weighed (15-40 mg) and dissolved in 

chloroform:methanol (5 mL, 2:1, v/v). Following further dilution with acetonitrile and mobile 

phase, samples were analysed for drug content by HPLC. All solubility tests were performed 

in triplicate and equilibrium solubility defined as the value attained when at least three 

consecutive solubility samples varied by ≤5%. For liquid ILs that were effectively miscible in 
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the formulations, the equilibrium solubility was quoted as greater than () the measured 

concentration resulting from mixing a 1:1 w/w mixture of drug-IL and formulation (i.e. 0.5 g 

plus 0.5 g, nominally 500 mg.g-1 of IL in the vehicle). To allow better comparison of 

solubilising capacity, results are quoted as mg.g-1 of free base equivalents in the vehicle (rather 

than mg.g-1 of the IL) and are therefore lower than the 500 mg.g-1 nominal concentration of IL. 

Under these circumstances the reported ‘solubility’ does not define the maximum solubility per 

se (since the systems were miscible) and differs for each IL by virtue of differences in the 

molecular weight of the counterions when compared to the free base.  

Drug solubilisation during in vitro lipid digestion. The methods employed utilised in vitro 

lipid digestion testing protocols recently published by the lipid formulation classification 

system (LFCS) consortium.25 The specific methods are given below. Briefly, formulations were 

dispersed in simulated intestinal fluid (SIF) in a temperature controlled vessel for a period of 

10-20 min and then digestion was initiated by addition of pancreatin. pH was maintained at 

intestinal pH (pH 6.5) via the conduct of experiments in a pH stat titrator. Digestion was 

allowed to continue for 60 min. At the end of the initial dispersion period and during the 

digestion period samples were taken and centrifuged to separate drug that precipitated out of 

solution and that which remained solubilised.  

Method for Cin DS and Cin Trif: LC1SEDDS (0.25 g) containing Cin DS or Cin Trif were 

freshly prepared and dispersed in 10 mL of SIF (2 mM Tris-maleate, 150 mM NaCl, 1.4 mM 

CaCl2.2H2O, 3 mM NaTDC, 0.75 mM PC, pH 6.5, 37 °C). The IL loading in the formulation 

was sufficient to provide 30 mg Cin in the test, which is equivalent to 120 mg per gram of lipid 

formulation and broadly matches the Cin to lipid ratio used in the in vivo study.  

After 15 minutes of dispersion, a 1 mL sample was removed, centrifuged (21,000 x g, 37 °C, 

10 min) and the concentration of solubilised drug determined by HPLC. After the dispersion 

phase, 1 mL pancreatin extract (as described previously25) was added to initiate digestion. 
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Digestion was monitored and maintained at pH 6.5 over 60 min using a pH-stat titrator 

(Metrohm® AG, Herisau, Switzerland), which added 0.2 M NaOH into the reaction vessel in 

response to a decrease in pH. After 5, 15, 30 and 60 min of digestion, a 1 mL sample was 

removed and centrifuged (21,000 x g, 37 °C, 15 min). The centrifuged sample contained a small 

quantity of oily phase that floated to the top of the centrifuge tube on centrifugation which was 

carefully removed using a pipette. The aqueous solubilised phase was subsequently removed 

leaving the pellet phase (containing drug that had precipitated during formulation processing). 

The pellet phase was firstly dissolved in 50 µL HCl, 100 µL chloroform/methanol (2/1:v/v) and 

850 µL acetonitrile. The aqueous phase and pellet phase samples were then further diluted in 

acetonitrile and in mobile phase. Drug content in each of the collected phases was determined 

by HPLC.  

Method for Itz docusate and Itz FB: Two comparative formulations based on LC2 SEDDS and 

loaded with Itz docusate or Itz FB were freshly prepared containing the same concentration of 

Itz FB equivalents. 138 mg of Itz docusate (equivalent to 86 mg of Itz FB) was dissolved in 1 

g of LC2 SEDDS or 86 mg of Itz FB was suspended in 1 g of LC2 SEDDS. Itz content in both 

formulations was confirmed by HPLC. The SEDDS formulation (~1 g) containing Itz docusate 

IL or Itz FB was subsequently dispersed in 39 mL of SIF (i.e. the same formulation to digestion 

fluid ratio as used for Cin, but at larger scale). 

After 5 and 10 minutes of dispersion, a 1 mL sample was removed, centrifuged (21,000 x g, 

37 °C, 10 min) and the concentration of dissolved drug determined by HPLC. After the 

dispersion phase, 4 mL pancreatin extract (i.e. 1 mL for every 10 mL of digest and the same as 

that used for the Cin digests) was added to initiate digestion. Digestion was continuously 

monitored over 60 min using a pH-stat titrator, which added 0.2 M NaOH into the reaction 

vessel in response to a decrease in pH. After 5, 15, 30 and 60 min of digestion, a 1 mL sample 

was removed and centrifuged (21,000 x g, 37 °C, 15 min). The aqueous phase was separated, 
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vortexed and diluted. Solubilized drug in the aqueous phase and drug precipitated in the pellet 

were analysed by HPLC as described below.  

Equilibrium solubility of Itz docusate and Itz FB in post digestion intestinal fluids 

The equilibrium solubility of Itz FB and Itz docusate in the colloids formed by in vitro digestion 

of the formulation used in the in vivo and in vitro studies was also evaluated. In this experiment, 

blank (drug-free) LC2 SEDDS formulation (1g) was dispersed in 39 mL SIF (2 mM Tris-

maleate, 1.4 mM CaCl2.2H2O, 150 mM NaCl, 3 mM NaTDC, 0.75 mM PC, pH 6.5, 37 °C) and 

4 mL pancreatin extract added (as above) to initiate digestion. The experiment was conducted 

at 37 °C and allowed to continue for 30 min. After 30 min, digestion was stopped by the addition 

of an enzyme inhibitor (4-bromophenylboronic acid, 5 µL/mL of a 1.0 M solution in methanol). 

Triplicate samples of the aqueous phase taken at 30 min were then incubated with excess Itz 

docusate or Itz FB at 37 °C for 7 days to reach equilibration. Samples collected over time were 

centrifuged (21,000 x g, 37 °C, 10 min) and the supernatant analysed by HPLC for Itz content. 

HPLC assay conditions for Cin and Itz 

Solubility samples and in vitro digestion samples were assayed for Cin and Itz content via 

HPLC, using an Alliance 2695 separation module and 486 tunable UV absorbance detector 

(Waters Instruments, Milford, MA) and a Waters Symmetry C18 column (150 × 3.9 mm, 5 

μm). For Cin, a modification of a previous HPLC method was used.26 The mobile phase 

comprised 50:50 (v/v) acetonitrile:20 mM ammonium dihydrogen orthophosphate (NH4H2PO4) 

and the flow rate was 1 mL/min. The injection volume was 25 μL and UV absorbance was 

monitored at 253 nm. The retention time was 4.2 min and the concentration range of the 

calibration standards was 0.4-50 µg/mL. For Itz, the same assay conditions were employed with 

the following changes. The mobile phase comprised 40:60 (v/v) 0.1 % aqueous formic acid 

solution:acetonitrile (containing 0.1% formic acid) and was pumped at a flow rate of 1 mL/min. 
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The injection volume was 50 μL and UV absorbance was monitored at 260 nm. The retention 

time was ~4.1 min and the concentration range of the calibration standards was 0.4-50 µg/mL. 

HPLC-MS assay conditions for Hf 

Hf samples from the equilibrium solubility studies were analysed on a single quadrupole LCMS 

with an electrospray ionization (ESI) interface (Shimadzu, Kyoto, Japan) using a C4 column 

(100 × 4.6 mm, 5 μm) (Higgins analytical, Southborough, MA) maintained at 40 °C. Mobile 

phase A was 60:40 (v/v) acetonitrile:water with 0.005% (w/v) ammonium hydroxide and 

mobile phase B was 95:5 (v/v) acetonitrile:water with 0.005% (w/v) ammonium hydroxide. 

The mobile phase gradient was as follows: initially 60 to 100% mobile phase B from 2-4 min; 

100% B from 4-6 min; 100 to 60% B from 6-9 min and finally 60% B from 9-13 min. The flow 

rate was 0.4 mL/min and the injection volume was 5µL. Hf was detected in positive ion mode 

with selective ion monitoring (SIM) of 499.80 (m/z) ([M+H]+). Data acquisition and processing 

were performed using LCMS Solutions software (Shimadzu, Kyoto, Japan). The concentration 

range of the calibration standards was 50-1000 ng/mL. 

Oral bioavailability studies 

All experimental procedures were approved by the Monash Institute of Pharmaceutical 

Sciences Animal Ethics Committee. Experiments were conducted in fasted male Sprague-

Dawley rats (240-320 g). A day prior to the study, rats were anaesthetized with isoflurane and 

the right carotid artery was surgically cannulated with polyethylene tubing to facilitate blood 

collection as described previously.27 Animals were allowed to recover overnight and were 

fasted up to 12 h prior to and 8 h after dose administration with water provided ad libitum.  

For Cin studies, SEDDS formulations (280 mg) containing Cin or Cin IL (Cin DS) were 

dispersed in 1 mL of water immediately prior to oral gavage to lightly anaesthetized rats, 

followed by a further 0.5 mL of water. Cin IL was dissolved in the SEDDS formulation to 
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provide a dose of 35 or 125 mg/kg Cin FB. Cin FB was dissolved in the SEDDS formulation 

to give a dose of 35 mg/kg. Cin FB was also suspended in the SEDDS formulation to provide 

125 mg/kg and finally Cin FB was dosed as an aqueous suspension to provide 125 mg/kg. The 

aqueous suspension comprised 0.5% w/v sodium carboxymethylcellulose, 0.4% w/v Tween 80 

and 0.9% w/v NaCl in water.  

For Itz studies, formulations containing Itz or Itz docusate IL were administered by oral gavage 

at a formulation dose of 0.5 mL/kg (~125 mg SEDDS formulation per rat), dispersed in 0.5 mL 

of water followed by a further 0.5 mL of water. Itz IL (Itz-DoS) was dissolved in the SEDDS 

formulation to provide a drug dose of 20 mg/kg. Itz FB was not soluble in the SEDDS 

formulation and as such was suspended in the SEDDS formulation to give an Itz dose of 20 

mg/kg. Itz FB was also dosed as an aqueous suspension to provide a 20 mg/kg dose. A physical 

mixture (PM) of Itz FB and docusate sodium was also dosed in the same SEDDS formulation. 

In this formulation Itz and docusate sodium were suspended/dissolved in the SEDDS 

formulation at the same concentration and proportions as were present in the Itz-DoS IL 

SEDDS. The dose given for the physical mix (30 mg/kg Itz free base equivalents) was slightly 

higher than the suspension formulations in an attempt to generate plasma concentrations above 

the LOQ. Finally, ~29 mg of the Sporanox® (Janssen Cilag, Macquarie Park, Australia) 

formulation was also suspended in 0.5 mL of water immediately prior to dosing to provide a 

dose equivalent to 20 mg/kg Itz. For Cin, blood samples were collected via the carotid artery 

cannula at pre-dose, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, and 24 h after oral administration. For Itz, blood 

samples were similarly collected at pre-dose, 0.5, 1, 2, 3, 4, 6, 8, 10, 24, 28, 32 and 48 h. Blood 
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samples in both cases were centrifuged at 6700 x g for 5 min and plasma collected and stored 

at -80 °C until assayed for Cin and Itz content by LC-MS as described below.  

Cin plasma assay 

Cin concentrations in rat plasma were assayed using LC-MS via a modification of a previously 

published assay for Hf.28 Calibration standards for Cin were prepared by spiking blank rat 

plasma (50 µL) with Cin standard solutions (5 µL) in acetonitrile to give plasma concentrations 

in the range of 10 to 2000 ng/mL. Plasma samples or calibration standards (50 µL) were spiked 

with 5 µL of internal standard (Hf, 5 µg/mL in acetonitrile) followed by vortex mixing for 1 

min. To precipitate plasma proteins, saturated ammonium sulfate solution (25 µL) was added 

and samples vortex mixed for 30 sec, followed by the addition of acetonitrile (90 µl) (and vortex 

mixing for a further 1 min). The samples were then allowed to stand at room temperature for 

20 min. After centrifugation at 9600 x g for 5 min at room temperature, 25 µL of supernatant 

was transferred into vials for analysis. 

Cin plasma samples were analysed on a single quadrupole LCMS (Model 2010) with an 

electrospray ionization (ESI) interface (Shimadzu, Kyoto, Japan). Data acquisition and 

processing were performed using LCMS Solutions software (Shimadzu, Kyoto, Japan). Mobile 

phase A was 95:5 (v/v) water:acetonitrile with 0.2% (w/v) ammonium hydroxide and mobile 

phase B was 95:5 (v/v) acetonitrile:water with 0.2% (w/v) ammonium hydroxide. The mobile 

phase flow rate was 0.4 mL/min with the following gradient elution: 10 to 80% mobile phase 

B from 0-0.3 min; 80 to 100% B from 0.3-1 min; 100% B from 1-10 min; 100 to 10% B from 

10-10.5 min and 10% B from 10.5-14.5 min. Each sample (5 µL) was injected onto a 

Phenomenex Gemini C18 110A column (3 µm, 50 mm × 2.00 mm, Phenomenex, CA) held at 

50 °C. The retention times of Cin and the internal standard (Hf) were 3.8 and 6.0 min, 

respectively. Cin and the internal standard were detected in positive ion mode and selective ion 
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monitoring (SIM) of m/z 368.80 and 499.80, respectively. The heat block and curved 

desolvation line (CDL) temperatures were set at 200 and 250 °C, respectively. Detector, probe 

and CDL voltages were 1.90 kV, 4.5 kV and 25.0 V respectively. The nebulising gas flow rate 

was 1.5 L/min. 

Itz plasma assay 

Calibration standards for Itz were prepared by spiking blank rat plasma (50 µL) with Itz 

standard solutions (10 µL) in DMSO to give plasma concentrations in the range of 50 to 10,000 

ng/mL. Each calibration standard was then spiked with 10 µL of an internal standard solution 

(6.25 µg/mL diazepam in 50% acetonitrile-water). Standards were thoroughly mixed before 

extraction. Precipitation of plasma proteins was induced by addition of 130 µL acetonitrile, 

vortex mixing for 0.5 min and centrifugation at 10,000 x g for 3 min. The supernatant was 

assayed for drug content by LC/MS/MS using a Waters Acquity ultraperformance liquid 

chromatography (UPLC) system coupled to a Waters Xevo TQ mass spectrometer (Waters 

Corp., Milford, MA). Chromatographic separation was achieved at a column temperature of 

40 °C and employed a Supelco Ascentis Express RP-Amide column (50 mm by 2.1 mm, 2.7 

µm particle size; Sigma-Aldrich, St. Louis, MO) equipped with a Phenomenex SecurityGuard 

column fitted with a Synergi Polar cartridge. Mobile phase A was 0.05% formic acid in water 

and mobile phase B was acetonitrile. The mobile-phase solvents were delivered using a linear 

gradient from 0 to 95% Mobile phase B over 4 min, with re-equilibration prior to the next 

injection. The injection volume was 3 µL, the flow rate was 0.4 mL/min, and the cycle time 

was approximately 4 minutes. Itz eluted at 2.4 min and the internal standard (diazepam) at 2.0 

min. Mass spectrometry was conducted at a source temperature of 120 °C, desolvation 

temperature of 650 °C, desolvation gas flow of 1000 L/h and argon collision gas flow of 0.11 

mL/min. Itz detection was achieved using positive electrospray ionization with multiple-

reaction monitoring (MRM) of the 705.16 > 392.12 mass/charge ion peak (m/z) at a cone 
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voltage of 45 V and collision energy of 35 V. The internal standard diazepam was monitored 

at 285.08 > 154.05 m/z at cone voltage of 45 V and collision energy of 35 V. Data acquisition 

and processing was performed using Masslynx software (Waters Corp., Milford, MA). Sample 

concentrations were determined by comparison to a calibration curve obtained by fitting the 

peak height ratio of Itz to internal standard (diazepam) versus concentration data to a quadratic 

equation with weighting factor inversely proportional to the standard concentration. 

 RESULTS AND DISCUSSION 

ILs have been described in the literature for many years and have found utility, initially as 

green solvents5 and more broadly in areas including synthesis,9 and catalysis10, 11. In 

pharmaceutical applications ILs have been used as delivery vehicles14-18 and more recently 

active pharmaceutical ingredient-ILs or API-ILs, has been described where IL are formed 

directly from weakly acidic or weakly basic drugs.19-24 API-ILs have been employed to 

circumvent the potential problems of polymorphism, to improve aqueous solubility and to 

control release rates16, 22, 29-32. Here we describe an alternate approach whereby API-ILs have 

been used to promote drug absorption for poorly water soluble drugs. Specifically we describe 

highly lipophilic ILs with low melting points that are designed to be used in tandem with, and 

to have high solubility in, lipid based formulations that promote drug absorption after oral 

administration. Lipophilic API-ILs have been described previously using carboxylic acid 

counterions and shown to form a range of structures including eutectic mixtures, liquid 

cocrystals and ionic liquids24, 30, 33, but to the best of our knowledge systems such as these have 

not yet been employed for the applications described here.  

Chemistry. Cin, Itz and Hf were chosen as model PWSD as all have low water solubility 

and low drug absorption after oral administration in traditional (crystalline) solid dose forms.34-

36 Drug-ILs were prepared by metathesis reactions between the available salt forms of the drug 
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(typically the hydrochloride salt) and the desired alkyl sulfate, carboxylate or bistriflimide. 

Three different methods were employed depending on the drug and the counterion (Table 2). 

In Method 1, reactions were carried out in chloroform under reflux at elevated temperature. 

Method 2 was employed for highly water soluble counterions and the metathesis reaction was 

carried out in a biphasic mixture of water and an appropriate organic solvent. Finally, Method 

3 was used for drugs with insufficient solubility in water and the metathesis reaction was carried 

out in methanol at room temperature. The methanol was subsequently evaporated and the 

residue was reconstituted in an organic solvent that dissolved the resultant drug-IL, but not the 

sodium chloride produced by the metathesis reaction. 

Scheme 1 summarises the conversion of Cin free base (Cin FB), a crystalline white powder, 

to the intermediate hydrochloride salt and subsequent metathesis with ammonium decylsulfate 

to form Cin decylsulfate (Cin DS), a viscous orange IL. 
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Scheme 1. Preparation of Cin IL (Cin DS) from crystalline Cin FB and characterisation by 

polarised light microscopy. 

 

Reagents and conditions: (a) 2M HCl, ether; (b) C10H21SO4NH4, CHCl3. 

 

 

In a similar manner, Cin, Itz and Hf were paired with a variety of lipidic anions. The impact 

of IL conversion on the melting range of the drugs examined here and on drug solubility in two 

model LBF is shown in Table 2 and Fig. 2. The LBF employed comprised a combination of 

either long or medium chain glycerides, a non-ionic surfactant (Kolliphor® EL) and a co-

solvent (ethanol). 
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Figure 2. Comparison of the solubility of the free base (FB) forms of Cin, Hf and Itz and 

selected drug-ILs in LC1 SEDDS. Compound melting points are annotated above the bars. * 

represents data for liquid IL, where systems were miscible and the stated ‘solubility’ represents 

the measured concentration after mixing a 1:1 w/w combination of formulation and IL. The 

true solubility would be higher that the stated concentration. RT – room temperature; DS – 

decylsulfate; Trif – triflimide; OL – oleate; NP – niaproof; DoS – docusate. 
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Table 2. Melting temperature range and equilibrium solubility (37 C, N = 3, ± SD) of Drug-ILs in LC1 SEDDS, LC2 SEDDS and MC SEDDS. 

Drug 

 

IL Counterion Method Melting Range 

of Drug-ILs 

(C) 

Solubility in LC1 

SEDDS (mg/g) 

Free base equiv. 

Solubility in MC 

SEDDS (mg/g) 

Free base equiv. 

cLogP/LogD7.4 

of drugs or 

counterions 

Cinnarizine no counterion (free base, FB) NA 118-120 43.6 ± 0.7 43.2 ± 0.8 5.02/4.86 

(Cin) decylsulfate (DS) 1 viscous liquid3 ≥ 303 ± 10.3 ≥ 330 ± 6.3 3.99/0.49 

 dodecyl(lauryl)sulfate (DDS) 2 viscous liquid ≥ 234 ± 11.3 ≥ 221 ± 32.4 5.01/1.51 

 octadecylsulfate (OS) 2 78-81 52.6 ± 2.0 63.2 ± 1.0 8.07/4.57 

 7-ethyl-2-methyl-4-undecylsulfate 

(niaproof, NP) 

3 viscous liquid ≥ 243 ± 4.5 ≥ 266 ± 39.5 5.56/2.06 

 oleate (OL) 3 93-98 82.8 ± 2.2 93.7 ± 4.5 7.42/4.83 

 stearate (ST) 2 79-83 72.8 ± 1.7 80.6 ± 1.8 7.83/5.24 

 triflimide (Trif) 3 38-43 ≥ 320 ± 12.8 ≥ 306 ± 3.6 0.96/-1.04 

Halofantrine no counterion (free base) NA 79-82 76.8 ± 2.7 74.9 ± 5.6 8.9/6.93 

(Hf) decylsulfate 1 91-94 91.7 ± 7.3 129 ± 8.7 3.99/0.49 

 dodecyl(lauryl)sulfate 3 73-76 95.8 ± 5.6 141 ± 7.9 5.01/1.51 

 oleate 3 liquid ≥ 334 ± 1.9 ≥ 323 ± 15.6 7.42/4.83 

 triflimide 3 viscous liquid ≥ 352 ± 8.5 ≥ 345 ± 7.0 0.96/-1.04 

Itraconazole no counter ion (free base) NA 170 2.2 ± 0.0 2.7 ± 0.1 4.99/4.93 

(Itz) dodecyl(lauryl)sulfate 34 145-150 23.3 ± 1.4 25.7 ± 1.4 5.01/1.51 

 7-ethyl-2-methyl-4-undecylsulfate 

(niaproof, NP) 

34 53-60 75.4 ± 1.2 75.7 ± 1.2 5.56/2.06 

 dioctyl sulfosuccinate (docusate, DoS) 34 47-535 107 ± 5.9 in LC1 

160 ± 2.6 in LC2 

115.1 ± 2.0 4.72/1.22 

1 LC1 SEDDS (w/w): 30% lipid (soybean oil:MaisineTM 35-1, 1:1), 60% Kolliphor® EL, 10% ethanol.  
2 LC2 SEDDS (w/w): 60% lipid (soybean oil:MaisineTM 35-1, 1:1), 30% Kolliphor® EL, 10% ethanol. MC SEDDS (w/w): 30% lipid (Captex 

355:Capmul MCM, 1:1), 60% Kolliphor® EL, 10% ethanol. 
3 For Cin DS XRD revealed no evidence of crystallinity. DSC showed a glass transition at 7oC.  
4 For Itz a slightly altered method 3 was employed where ethyl acetate was used as the reaction solvent rather than chloroform or dichloromethane. 
5 For Itz DoS XRD revealed no evidence of crystallinity. DSC showed a glass transition at 26oC



 

 

25 

LBF of this type spontaneously emulsify on contact with the gastrointestinal fluids and are 

commonly referred to as self-emulsifying drug delivery systems or SEDDS.37 Drug solubility 

in non-aqueous vehicles such as the SEDDS formulations is a function of two major 

characteristics.1 Firstly, the strength of solute – solute (ie drug - drug) interactions in the solid 

state, where drugs with weak intermolecular forces are typically more soluble. ILs with lower 

melting points (which provides an indication of the strength of intermolecular forces in the solid 

state) are therefore expected to show higher solubility. Secondly, solubility is dependent on the 

strength of solute-solvent (where the SEDDS formulation is the solvent) interactions. Thus, ILs 

with the most ‘lipid-like’ characteristics are expected to interact more favorably with LBF 

thereby enhancing solubility. This is the basis for the oft-quoted maxim ‘like dissolves like’. 

The synthetic strategy employed here sought to identify IL counterions that were bulky and 

branched, and therefore did not favour efficient packing in the solid state (reducing melting 

point), and also counterions that were highly lipophilic and that would promote solute-solvent 

interactions. 

For Cin, the decylsulfate IL (Cin DS) was a viscous amorphous liquid at room temperature 

and was freely miscible with a variety of lipidic excipients including medium-chain 

triglycerides and the non-ionic surfactant, Kolliphor® EL (see supplementary information), and 

could be incorporated into SEDDS formulations in all proportions. The solubility data reported 

in Table 2 were obtained by mixing IL and formulation in a 1:1 w/w ratio and incubating at 

37 °C for a period of several days. The mixtures were then sampled at various time points, 

centrifuged to separate any undissolved drug and drug concentrations in the supernatant 

formulation measured by HPLC. Equilibrium solubility was defined when the measured drug 

concentration varied by less than 5% in subsequent samples. For liquid ILs that were effectively 

miscible in the lipid vehicles, solubilities are quoted as  the measured concentration resulting 

from blending a 1:1 w/w mixture of drug-IL and formulation. The results are quoted as mg.g-1 
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of free base equivalents in the vehicle (rather than mg.g-1 of the IL) and are therefore lower than 

the 500 mg.g-1 initial concentration of IL. In spite of these inherent underestimations, very high 

dissolved-drug loads were achievable. For example, for Cin DS, concentrations in excess of 

300 mg.g-1 were achieved in the lipid vehicles employed here, some 7-fold higher than the 

saturated solubility of Cin FB (~44 mg.g-1) in the same formulation. For Itz, the docusate IL 

(Itz DoS) was isolated as a white, low melting amorphous solid that was highly soluble in 

medium-chain triglycerides and the non-ionic surfactant, Kolliphor® EL (see supplementary 

information). Consistent with the data for Cin; Itz DoS solubility in the formulations examined 

here was very high and in excess of 100 mg.g-1 (~50-times higher than that of the FB). 

A key criterion for lipid-based formulations is that they maintain drug in a solubilised state 

as the formulation is dispersed in the GI fluids, digested on contact with lipase enzymes and 

mixed with bile salt/phospholipid micelles present in biliary secretions. To further assess the 

properties of the IL-containing SEDDS, formulations were therefore dispersed in SIF and 

subsequently subjected to a digestion challenge test (Figure 3). 
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Figure 3. Fate of Cin following dispersion and digestion of LC1 SEDDS (as Table 2) 

containing Cin decylsulfate (Cin DS) or Cin triflimide (Cin Trif) in simulated intestinal 

fluid. For Cin DS, more than 80% of the incorporated drug remained solubilized in the colloidal 

species formed on digestion, although a proportion of the solubilized Cin DS was recovered in 

an undigested oil phase. For Cin Trif, a significant proportion of the drug precipitated on 

dispersion and digestion of the formulation. The inset shows the proportion of drug that was 

solubilised or had precipitated after dispersion and at the end of the digestion test. 

 

 

Digestion tests were performed in SIF via the addition of a pancreatin extract containing 

intestinal esterases and lipases. The methods employed were those recently described by the 

LFCS consortium, an international consortium established to harmonise approaches to the in 

vitro evaluation of LBF.25 The data demonstrate that a SEDDS formulation containing Cin DS 

was able to maintain Cin in a solubilized state on dispersion and digestion in SIF (Figure 3). 

Figure 3 therefore shows that the synthesis of the Cin IL not only allows for much greater 
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quantities of Cin to be dissolved in a lipid based formulation, but that the IL remains solubilised 

in the formulation as it is dispersed and digested in the GI tract. 

Examination of alternate counterions for Cin revealed that anions comprising intermediate 

length linear alkyl chains (C10 and C12) resulted in the formation of room temperature (RT) 

ILs (i.e. those that were a liquid at RT) (Table 2). However, further increases in the alkyl side 

chain length to C18 (whether sulfate or carboxylate terminated, or saturated or unsaturated), 

resulted in an increase in melting point to 75-95 °C. This may be explained by increases in van 

der Waals attractive forces for the higher molecular weight species resulting in relatively higher 

solute-solute interactions and higher melting points.38 In addition to the hydrocarbon 

counterions, the hydrophobic anion, triflimide, also resulted in a significant drop in melting 

point. For the triflimide IL, the decrease in melting point most likely reflects delocalization of 

the negative charge on the anion leading to a weaker electrostatic interaction between cation 

and anion. The changes in melting point were also consistent with changes in solubility in the 

SEDDS formulations with IL solubility being far greater for the RT ILs when compared with 

the ILs that were solid at RT. Nonetheless, the ILs that were solid at RT, but where the melting 

point of the IL was lower than that of the free base or hydrochloride salt, still resulted in 

significant increases in lipid solubility; this was particularly evident for the triflimide IL. 

Interestingly, however, when incorporated into the same SEDDS formulation and subjected to 

the same digestion challenge test as Cin DS, Cin Trif was less able to maintain Cin in a 

solubilized state during formulation processing under simulated intestinal conditions (Figure 

3). This likely reflects the lower lipophilicity of the triflimide counterion, when compared to 

the hydrocarbon based ILs and serves to illustrate the dual requirements of effective IL – i.e. 

reduced melting point and high lipophilicity. 

Very similar trends were apparent for ILs of Hf, although in this case longer chain 

counterions such as oleic acid suppressed melting point and increased lipid solubility more 
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effectively than the equivalent medium chain systems (Table 2). Even as the free base, Hf is 

highly lipophilic and has a reasonably low melting point. Under these circumstances, formation 

of a decyl or dodecyl sulfate IL had little effect on melting point, but did result in an increase 

in solubility. Here the formation of the lipophilic IL presumably increased solubility by 

increasing the strength of solute-solvent interactions rather than reducing solute-solute 

intermolecular forces. 

Itz is a highly lipophilic, highly crystalline antifungal drug with very low aqueous solubility 

and is acknowledged to be an extremely challenging drug molecule to formulate. Indeed, to 

provide for reasonable exposure after oral administration the current commercial Itz product 

(Sporanox®) is a highly complex formulation where the drug is dissolved in a solution of 

polymer (hydroxypropylmethylcellulose) and spray dried onto inert carrier beads to form a 

polymer stabilized amorphous solid dispersion.36 Itz has extremely low aqueous and lipid 

solubility and to this point it has not been possible to formulate Itz as a LBF. 

In the current studies, conversion of Itz to an ionic liquid led to dramatic increases in drug 

solubility in SEDDS formulations (>50-fold), and allowed formulation at drug loads in excess 

of 100 mg.g-1. The most significant decreases in melting point (and increases in lipid solubility) 

were evident for Itz paired with niaproof or docusate (Table 2). This may be attributed to the 

combination of a highly lipophilic anion and also one that has a bulky, branched-chain structure, 

resulting in steric hindrance and interruption of efficient packing. 

Figure 4 (left) shows Itz solubilisation profiles after dissolving Itz docusate IL in a LBF (in 

this case LC2 SEDDS, since this resulted in improved solubilisation profiles when compared to 

LC1 SEDDS, data not shown), and assessing behavior under simulated intestinal digestion 

conditions. The solubilized drug concentrations that could be attained were several orders of 

magnitude higher than that which could be achieved after digestion of the same formulation 

loaded with the same concentration of Itz FB as a suspension. As described for Cin, therefore, 
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in addition to enhancing drug solubility in LBF, the formation of a lipophilic IL also increased 

drug solubility and affinity for the colloidal species that are present in the GI tract as a LBF is 

processed, digested and solubilised by intestinal fluids (Figure 4 (right)). 

 

 

Figure 4. Solubilisation of Itz. Left: Solubilisation of Itz FB or Itz IL (docusate) following 

dispersion (-5 to 0 min) and digestion (0 to 60 min) of LC2 SEDDS containing 138 mg/g Itz 

docusate (equivalent to ~85mg/g Itz FB) (as a solution) and ~85 mg/g Itz FB (as a suspension). 

Mean (n = 3) ± SEM. Right: Comparison of equilibrium solubility of Itz docusate or Itz FB 

(data expressed as FB equivalents) in post-digestion simulated intestinal fluid. Mean (n = 3) ± 

SEM.

 

In light of the promising in vitro data for the lipophilic ILs, in vivo proof of concept studies 

were subsequently conducted using the most promising IL drug candidates. These studies 

sought to exemplify the potential benefits in drug exposure that might ensue after oral 

administration of lipophilic ILs in combination with SEDDS formulations. Studies were 

conducted firstly with Cin, as an example of a moderately lipophilic drug where comparator 

SEDDS could be formulated with the free base, albeit at low dose, to probe the equivalence of 
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the approach. Subsequently, studies were conducted with Itz, where very low lipid solubility of 

the FB precluded the formulation of LBF, except where the drug was suspended in a crystalline 

form in the formulation. In all cases, formulations were prepared and administered to overnight 

fasted rats by oral gavage and drug concentrations in plasma subsequently quantified by HPLC-

MSMS. 

Since Cin FB had moderate lipid solubility, it was possible to dose both the FB and the Cin 

DS IL as a solution in the SEDDS formulation at a low dose (35 mg.g-1). These LBF were 

compared to an aqueous suspension formulation at 125 mg.g-1  The data suggest (Figure 5) that 

at a dose of 35 mg.g-1, where the SEDDS formulation was able to dissolve either Cin FB or Cin 

IL, Cin plasma exposure was similar and, as expected, higher than the aqueous suspension. 

Thus, the IL formulation was able to enhance drug absorption when compared to an aqueous 

suspension and did so similarly to the current ‘gold standard’ lipid formulation of Cin FB. 

Importantly, however the Cin IL allowed formulation of Cin into the SEDDS formulation as a 

solution at a much higher dose (125 mg.kg-1) than was possible with Cin FB. The only available 

comparator using Cin FB under these circumstances is a crystalline suspension of Cin FB in 

the same SEDDS formulation. In this case Cin plasma exposure was significantly higher after 

administration of the IL formulation when compared to the FB suspension. As described above 

the suspension formulation is further limited by complications associated with stability and 

uniform capsule filling. 
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Figure 5. Cinnarizine in vivo study. Left: Cin plasma concentration versus time data after oral 

administration of an aqueous suspension of cinnarizine free base (Cin FB, at a dose of 125 

mg/kg) or the LC1 SEDDS formulation containing Cin FB (as a solution at a dose of 35 mg/kg 

or a suspension at 125 mg/kg) or cinnarizine decylsulfate ionic liquid (Cin IL) (as a solution at 

35 and 125 mg/kg). Mean (n  4) ± SEM. Right: Total Cin exposure over 24 h. Mean ± SEM. 

(* The exposure from the SEDDS containing Cin IL was statistically higher (p < 0.05) than all 

other treatments).

 

Segments of gastric and intestinal mucosa were also analyzed 24 h after the administration 

Cin FB and Cin DS containing SEDDS. There was no evidence of histological damage after 

administration of either formulation, suggesting that there were no issues of tolerability. The 

details are presented in the supporting information. 
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Similar experiments were conducted with Itz docusate IL formulations, although in this case 

the extremely low lipid solubility of Itz FB precluded the generation of a solution SEDDS 

formulation of Itz FB at any reasonable dose. As such, the comparators were the Itz IL SEDDS 

formulation, a suspension of Itz FB in the SEDDS formulations, an aqueous suspension of Itz 

FB, and a physical mixture of Itz FB and sodium docusate in the same formulation. The Itz IL 

and Itz FB suspension formulations were administered at the same dose (20 mg/kg). The 

physical mixture was administered at a slightly higher dose in an attempt to generate data above 

the limit of quantification of the assay. The data for Itz plasma concentrations as a function of 

time are shown in Figure 6. The Itz IL formulation led to rapid and high plasma exposure after 

oral administration with peak plasma concentrations in excess of 1000 ng.mL-1. In stark 

contrast, administration of a suspension of the free base at the same dose in the same 

formulation failed to generate plasma concentrations above the limit of quantification of the 

assay (50 ng.mL-1). The simple aqueous suspension of Itz FB at the same dose also failed to 

generate plasma concentration of Itz above the limit of detection. The Itz FB physical mix 

formulation with docusate sodium resulted in quantifiable plasma concentrations, but only just 

above the limit of quantification. Pre-formation of the Itz IL was therefore significantly more 

effective than the physical mixture. The Itz IL SEDDS formulation resulted in plasma 

concentrations at least 20-fold higher than that obtainable with an equivalent suspension of the 

crystalline free base in either lipidic or aqueous vehicles, or a physical mixture of free base and 

IL counterion. Finally, direct comparison was made to the currently marketed Itz formulation 

(Sporanox®). In this case measurable Itz plasma concentrations were apparent, however the Itz 

IL SEDDS formulation resulted in significantly higher (2-3-fold) exposure at the same dose. 
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Figure 6. Itraconazole in vivo study. Left: Itz plasma concentration versus time data after oral 

administration of Itz FB as an aqueous suspension, as a suspension in the LC2 SEDDS 

formulation and as the commercial Sporanox® formulation compared to administration of Itz 

docusate IL as a solution in LC2 SEDDS. All dosed at 20 mg/kg. Data are also provided for a 

physical mixture (PM) of Itz FB and docusate sodium in the LC2 SEDDS formulation at 30 

mg/g. Data are mean (n  4) ± SEM. Right: Total Itz exposure over 48 h, measured as area 

under the plasma level time curve from 0-48 hr. Data are Mean ± SD (n  4). Plasma 

concentrations for Itz after administration of the SEDDS suspension or aqueous suspension of 

Itz FB were below the limit of quantification (LOQ) of the assay (50 ng/mL – dotted line) at all 

time points. Data for the physical mix formulation were below the limit of quantification at 

later time points, but are reported as indicative comparative data (* statistically significant 
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difference (p < 0.05) vs Sporanox®)

 

 

The focus in the current submission has been on the use of lipophilic ILs to promote the oral 

bioavailability of poorly water soluble drugs via preferential incorporation into lipid based 

formulations. However, the approach can also be employed for less lipophilic drugs, where 

incorporation into liquid fills might be preferred in order to facilitate the generation of a capsule 

rather than tablet formulation. By way of example we have also explored the impact of ionic 

liquid formation for dextromethorphan (Log P = 3.89), a somewhat less lipophilic drug than 

the others examined in detail here (data in supplementary information). Conversion of 

dextromethorphan to the dextromethorphan decylsulfate IL resulted in a significant increase in 

solubility in the MC SEDDS formulation examined here from 23.5 ± 0.9 mg/g for the 

commercially available hydrobromide to 93.3 ± 4.1 mg/g for the decylsulfate ionic liquid 

(solubilities in free base equivalent masses, details in the supplementary information). The 

approach employed therefore appears to be flexible and amenable to a broader range of weakly 

basic drugs. 
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 CONCLUSIONS 
 

Herein we show that poorly water-soluble drugs may be transformed into ILs via complexation 

with appropriate counterions. Judicious choice of counterion (typically highly lipophilic 

counterions with branched, non-planar structures) resulted in the formation of ILs with lower 

melting points and remarkably higher solubilities in typical LBF than the equivalent free base. 

This approach afforded administration of very high quantities of dissolved drug, and much 

higher quantities than were possible using the free base form of the drug. Moreover, in some 

cases, drug-ILs remained solubilized as the formulation was dispersed and digested in intestinal 

fluid and higher drug concentrations in solubilized lipid digestion products were attainable with 

the IL when compared to the FB. Importantly, when combined with SEDDS, the IL forms of 

the drug resulted in high exposure after oral administration and were non-toxic and non-irritant. 

Increases in drug absorption of up to 20-fold were possible when compared with analogous 

suspension formulations. Generation of lipophilic (and perhaps counter-intuitively, less water 

soluble) IL forms of PWSD, therefore represents a novel strategy to increase oral exposure via 

an increase in solubility in lipid formulations and intestinal colloidal species, and absorption 

enhancement via integration in endogenous lipid solubilisation pathways. Since many drugs 

contain acidic and/or basic functionalities, the approach has potentially broad applicability. The 

potential to form ILs might therefore be included into preformulation salt screens during the 

development of new chemical entities, especially where the use of enabling formulations such 

as lipid based formulations is expected. Lipophilic ILs also provide a route to the generation of 

lipid based formulations in order to re-purpose currently registered products, where this might 

otherwise be impossible due to low lipid solubility. Importantly, the flexibility of the IL 

synthetic platform also provides the opportunity to produce drug ILs from FDA approved 

counterions. 
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 S2 

NMR and MS Characterization Data 

Cinnarizine lauryl(dodecyl)sulfate (Cin DDS). Method 2; Yield 95%. 1H NMR (CDCl3)  10.07 

(br s, 1H), 7.44-7.16 (m, 15H), 6.80 (d, J = 15.8 Hz, 1H), 6.39 (dt, J = 16.0, 7.2 Hz, 1H), 4.36 (s, 1H), 

4.10 (t, J = 6.8 Hz, 2H), 3.88 (d, J = 7.2 Hz, 2H), 3.48 (br s, 2H), 2.96 (br s, 4H), 2.62 (br s, 2H), 1.69 

(quin, J = 6.8 Hz, 2H), 1.37-1.24 (br s, 18H), 0.89 (t, J = 6.8 Hz, 3H). 13C NMR (CDCl3)  141.1, 

140.7, 134.9, 129.0, 128.8, 128.7, 127.5 (2C), 127.0, 116.2, 75.0, 68.2, 59.0, 51.6, 48.5, 31.8, 29.6, 

29.5 (3C), 29.4, 29.3, 29.2, 25.8, 22.6, 14.1. HRMS (+ve) calcd 369.2331, found 369.2333. HRMS 

(–ve) calcd 265.1474, found 265.1482. 

Cinnarizine octadecylsulfate (Cin OS). Method 2; Yield 92%. 1H NMR (DMSO-d6)  9.48 (br s, 

1H), 7.51-7.19 (m, 15H), 6.80 (d, J = 15.9 Hz, 1H), 6.31 (dt, J = 15.6, 7.2 Hz, 1H), 4.46 (s, 1H), 3.88 

(br s, 2H), 3.66 (t, J = 6.7 Hz, 2H), 3.33 (br s, 2H), 3.12 (br s, 2H), 2.87 (br s, 2H), 2.24 (br s, 2H), 

1.47 (quin, J = 6.8 Hz, 2H), 1.29-1.18 (br s, 30H), 0.85 (t, J = 6.8 Hz, 3H). 13C NMR (DMSO-d6)  

141.8, 138.5, 135.5, 128.7, 128.6, 128.5, 127.6, 127.2, 126.8, 118.4, 73.7, 65.7, 57.4, 50.9, 48.5, 31.4, 

29.1 (11C), 28.9, 28.8, 25.6, 22.1, 14.0. HRMS (+ve) calcd 369.2331, found 369.2333. HRMS (–ve) 

calcd 349.2413, found 349.2422. 

Cinnarizine 7-ethyl-2-methyl-4-undecylsulfate (niaproof, Cin NP). Method 2; Yield 90%, Method 

3; Yield 91%. 1H NMR (CDCl3)  10.54 (br s, 1H), 7.43-7.16 (m, 15H), 6.76 (d, J = 15.8 Hz, 1H), 

6.40 (dt, J = 16.0, 7.2 Hz, 1H), 4.51 (m, 1H), 4.36 (s, 1H), 3.85 (d, J = 7.4 Hz, 2H), 3.50 (d, J = 10.9 

Hz, 2H), 2.94(d, J = 10.1 Hz, 4H), 2.67 (br s, 2H), 1.86 (m, 1H), 1.79-1.62 (m, 3H), 1.41-1.21 (m, 

12H), 0.96 (d, J = 6.5 Hz, 3H), 0.91 (d, J = 6.7 Hz, 3H), 0.85 (td, J = 6.7 Hz, 2.3, 3H), 0.80 (t, J = 7.2 

Hz, 3H). HRMS (+ve) calcd 369.2331, found 369.2332. HRMS (–ve) calcd 293.1787, found 

293.1787. 

Cinnarizine oleate (Cin OL). Method 3; Yield 94%. 1H NMR (CDCl3)  9.83 (br s, 1H), 7.42-7.15 

(m, 15H), 6.56 (d, J = 15.8 Hz, 1H), 6.29 (dt, J = 15.7, 7.1 Hz, 1H), 5.39-5.31 (m, 2H), 4.26 (s, 1H), 

3.36 (d, J = 7.0 Hz, 2H), 2.76 (br s, 4H), 2.54 (br s, 4H), 2.29 (t, J = 7.6 Hz, 2H), 2.02 (m, 4H), 1.61 

(quin, J = 7.2 Hz, 2H), 1.32-1.27 (m, 20H), 0.89 (t, J = 6.9 Hz, 3H). 13C NMR (DMSO-d6/CDCl3)  
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175.3, 142.4, 136.2, 133.6, 129.5, 129.3, 128.2, 128.1, 127.4, 127.3, 126.6, 126.0, 124.5, 75.5, 59.8, 

52.4, 50.7, 34.0, 31.4, 29.3, 29.2, 29.0, 28.8 (4C), 28.7, 26.7 (2C), 24.6, 22.2, 13.8. HRMS (+ve) 

calcd 369.2331, found 369.2333. HRMS (–ve) calcd 281.2481, found 281.2487. 

Cinnarizine stearate (Cin ST). Method 2; Yield 88%. 1H NMR (CDCl3)  8.55 (br s, 1H), 7.41-

7.17 (m, 15H), 6.57 (d, J = 15.8 Hz, 1H), 6.30 (dt, J = 16.0, 7.2 Hz, 1H), 4.27 (s, 1H), 3.41 (d, J = 

7.0 Hz, 2H), 2.81 (br s, 4H), 2.58 (br s, 4H), 2.29 (t, J = 7.6 Hz, 2H), 1.62 (quin, J = 7.6 Hz, 2H), 

1.32-1.26 (br s, 28H), 0.88 (t, J = 6.8 Hz, 3H). 13C NMR (CDCl3)  178.3, 142.1, 136.6, 135.9, 128.6 

(2C), 128.2, 127.7, 127.1, 126.6, 121.2, 75.7, 59.3, 51.9, 49.9, 35.5, 31.9, 29.7 (8C), 29.6, 29.4 (3C), 

25.5, 22.7, 14.1. HRMS (+ve) calcd 369.2331, found 369.2333. HRMS (–ve) calcd 283.2637, found 

283.2635. 

Cinnarizine bis(trifluoromethane)sulfonimide (triflimide, Cin Trif). Method 3; Yield 97%. 1H 

NMR (CDCl3)  7.43-7.19 (m, 15H), 6.79 (d, J = 15.8 Hz, 1H), 6.22 (dt, J = 15.5, 7.5 Hz, 1H), 4.32 

(s, 1H), 3.87 (d, J = 7.5 Hz, 2H), 3.51(br s, 2H), 3.01 (br s, 4H), 2.48 (br s, 2H), (NH not observed). 

13C NMR (CDCl3)  141.8, 141.1, 134.7, 129.4, 129.0, 128.9, 127.7, 127.6, 127.1, 119.8 (q, J = 321.0 

Hz), 114.9, 75.0, 59.5, 52.4, 48.5. HRMS (+ve) calcd 369.2331, found 369.2333. HRMS (–ve) calcd 

279.9173, found 279.9184. 

Halofantrine decylsulfate. Hf•HCl was either purchased directly or prepared from the 

corresponding free base using the procedure described for Cin•HCl . Method 1; Yield 94%, Method 

2; Yield 90%. 1H NMR (CDCl3)  9.29 (br s, 1H), 8.55 (s, 1H), 8.26 (s, 1H), 8.25 (d, J = 1.8 Hz, 1H), 

8.15 (d, J = 8.7 Hz, 1H), 7.76 (dd, J = 8.7, 1.3 Hz, 1H), 7.54 (d, J = 1.8 Hz, 1H), 5.67 (dd, J = 9.0, 

2.0 Hz, 1H), 5.41 (br s, 1H), 3.99 (t, J = 6.9 Hz, 2H), 3.51-3.46 (m, 2H), 3.10 (br s, 4H), 2.35-2.31 

(m, 1H), 2.17-2.07 (m, 1H), 1.73-1.65 (m, 4H), 1.59-1.52 (m, 2H), 1.40-1.31 (m, 4H), 1.29-1.16 (m, 

14 H), 0.93 (t, J = 7.3 Hz, 6H), 0.86 (t, J = 7.0 Hz, 3H). 13C NMR (CDCl3)  138.7, 133.6, 132.4, 

131.1, 130.9, 128.4 (q, J = 32.3 Hz), 128.3, 127.9, 126.9, 125.0, 124.1 (q, J = 270.7 Hz), 123.9 (d, J 

= 2.7 Hz), 120.8, 120.6, 120.4 (d, J = 3.9 Hz), 68.3, 67.9, 52.8, 51.8, 32.2, 31.9, 29.6 (2C), 29.4, 29.3 
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(2C), 25.8, 25.2, 22.7, 19.9, 14.1, 13.5. HRMS (+ve) calcd 500.1735, found 500.1741. HRMS (–ve) 

calcd 237.1161, found 237.1170. 

Halofantrine lauryl(dodecyl)sulfate. Method 3; Yield 95%. 1H NMR (CDCl3)  8.53 (s, 1H), 8.25 

(s, 1H), 8.23 (d, J = 1.5 Hz, 1H), 8.12 (d, J = 8.7 Hz, 1H), 7.74 (dd, J = 8.7, 1.2 Hz, 1H), 7.53 (d, J = 

1.8 Hz, 1H) 5.64 (dd, J = 8.9, 1.9 Hz, 1H), 3.97 (t, J = 6.9 Hz, 2H), 3.44 (t, J = 6.7 Hz, 2H), 3.05 (t, 

J = 8.2 Hz, 4H), 2.32-2.28 (m, 1H), 2.14-2.04 (m, 1H), 1.72-1.64 (m, 4H), 1.58-1.51 (m, 2H), 1.40-

1.27 (m, 22H), 0.93 (t, J = 7.3 Hz, 6H), 0.87 (t, J = 6.9 Hz, 3H), (OH and NH not observed). 13C 

NMR (CDCl3)  138.8, 133.6, 132.4, 131.1, 130.9, 128.4 (q, J = 32.3 Hz), 128.3, 127.9, 126.9, 125.0, 

124.1 (q, J = 270.8 Hz), 123.8 (d, J = 2.8 Hz), 120.8, 120.6, 120.4 (d, J = 3.9 Hz), 68.3, 68.2, 52.8, 

51.9, 32.2, 31.9, 29.7 (2C), 29.6, 29.5 29.4 (2C), 29.3, 25.8, 25.4, 22.7, 20.0, 14.1, 13.6. HRMS (+ve) 

calcd 500.1735, found 500.1740. HRMS (–ve) calcd 265.1474, found 265.1481. 

Halofantrine oleate. Method 3; Yield 97%. 1H NMR (CDCl3)  8.83 (s, 1H), 8.54 (s, 1H), 8.52 (d, 

J = 1.6 Hz, 1H), 8.23 (d, J = 8.7 Hz, 1H), 7.84 (dd, J = 8.7, 1.4 Hz, 1H), 7.71 (d, J = 1.9 Hz, 1H), 

5.69 (dd, J = 8.4, 2.4 Hz, 1H), 5.38-5.29 (m, 2H), 3.02-2.88 (m, 2H), 2.78-2.70 (m, 2H), 2.64-2.56 

(m, 2H), 2.30 (t, J = 7.6 Hz, 2H), 2.21-2.14 (m, 1H), 2.07-1.98 (m, 5H), 1.64-1.56 (m, 6H), 1.43-1.26 

(m, 24H), 0.97 (t, J = 7.3 Hz, 6H), 0.88 (t, J = 6.9 Hz, 3H), (OH and NH not observed). 13C NMR 

(CDCl3)  179.6, 139.8, 133.9, 132.4, 131.5, 131.4, 130.0, 129.9, 128.8, 128.4 (q, J = 32.3 Hz), 128.1, 

127.6, 124.9, 124.3 (q, J = 270.7 Hz), 123.5 (d, J = 3.1 Hz), 121.1, 121.0, 120.9 (d, J = 4.0 Hz), 70.2, 

52.6 (2C), 51.9, 36.1, 32.6, 32.0, 29.9 (2C), 29.6 (2C), 29.5, 29.4 (3C), 27.3, 26.9, 25.8, 22.8, 20.6, 

14.2, 14.0. HRMS (+ve) calcd 500.1735, found 500.1741. HRMS (–ve) calcd 281.2481, found 

281.2483. 

Halofantrine bis(trifluoromethane)sulfonimide (triflimide). Method 3; Yield 93%. 1H NMR 

(CDCl3)  8.42 (s, 1H), 8.10 (s, 1H), 8.08 (d, J = 1.3 Hz, 1H), 7.86 (d, J = 8.7 Hz, 1H), 7.71 (d, J = 

8.7 Hz, 1H), 7.41 (d, J = 1.8 Hz, 1H), 5.63 (dd, J = 8.0, 2.4 Hz, 1H), 3.50-3.43 (m, 1H), 3.34-3.28 

(m, 1H), 3.14 (t, J = 8.1 Hz, 4H), 2.31-2.26 (m, 1H), 2.01 (m, 1H), 1.77-1.62 (m, 4H), 1.44-1.34 (m, 

4H), 0.95 (t, J = 7.3 Hz, 6H), (OH and NH not observed). 13C NMR (CDCl3)  137.3, 133.7, 132.9, 
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131.3, 130.3, 128.8 (q, J = 32.3 Hz), 128.5, 128.1, 126.7, 124.2, 124.1 (q, J = 270.7 Hz), 124.0 (d, J 

= 2.7 Hz), 120.9, 120.7 (d, J = 3.9 Hz), 120.6, 119.8 (q, J = 319.1 Hz), 69.9, 53.7, 52.8, 30.9, 25.6, 

19.7, 13.3. HRMS (+ve) calcd 500.1735, found 500.1741. HRMS (–ve) calcd 279.9173, found 

279.9183. 

Itraconazole lauryl(dodecyl)sulfate. Itz•HCl was prepared in chloroform (or dichloromethane) 

from the corresponding free base and HCl (2M in diethyl ether) in 1:1 stoichiometric ratio. 1H NMR 

of protonated itraconazole is consistent with the literature data.1 Modified Method 3 (ethyl acetate 

was used as a solvent instead of chloroform or dichloromethane) was used to make Itz dodecylsulfate. 

Yield 92%. 1H NMR (CDCl3)  8.42 (s, 1H), 7.99 (s, 1H), 7.66 (overlap d and s, 3H), 7.61 (d, J = 8.4 

Hz, 1H), 7.50 (overlap 2 x d, 3H), 7.29 (dd, J = 8.4, 2.1 Hz, 1H), 7.10 (d, J = 8.9 Hz, 2H), 6.95 (d, J 

= 9.1 Hz, 2H), 4.83 (q, J = 14.8 Hz, 2H), 4.42-4.36 (m, 1H), 4.33-4.25 (m, 1H), 4.09 (t, J = 6.8 Hz, 

2H), 3.93 (dd, J = 8.4, 6.8 Hz, 1H), 3.86-3.77 (m, 6H), 3.69-3.61 (m, 5H), 1.92-1.81 (m, 1H), 1.77-

1.71 (m, 1H), 1.69-1.63 (m, 2H), 1.39 (d, J = 6.7 Hz, 3H), 1.36-1.22 (m, 18H), 0.88 (overlap 2 x t, 

6H), (NH not observed). 13C NMR (CDCl3)  158.4, 151.8, 149.3, 148.4, 144.6, 136.2, 135.5, 133.8, 

133.6, 133.1, 131.4, 129.6, 127.4, 127.3, 123.5, 122.3, 117.6, 116.0, 107.4, 74.4, 68.3, 67.4, 66.7, 

55.0, 53.7, 52.7, 47.1, 31.8, 29.6, 29.5 (3C), 29.3 (3C), 28.3, 25.7, 22.6, 19.2, 14.1, 10.7. HRMS (+ve) 

calcd 705.2471, found 705.2438. HRMS (–ve) calcd 265.1474, found 265.1480. 

Itraconazole 7-ethyl-2-methyl-4-undecylsulfate (niaproof, Itz NP). Modified Method 3 (ethyl 

acetate was used as a solvent instead of chloroform or dichloromethane) was used to make Itz 

niaproof. Yield 94%. 1H NMR (CDCl3)  8.25 (s, 1H), 7.92 (s, 1H), 7.64 (s, 1H), 7.59 (d, J = 8.4 Hz, 

1H), 7.55 (br s, 2H), 7.49 (overlap 2 x d, 3H), 7.28 (dd, J = 8.4, 2.1 Hz, 1H), 7.08 (d, J = 8.2 Hz, 2H), 

6.92 (d, J = 9.1 Hz, 2H), 4.81 (q, J = 14.8 Hz, 2H), 4.55-4.49 (m, 1H), 4.41-4.35 (m, 1H), 4.34-4.25 

(m, 1H), 3.93 (dd, J = 8.4, 6.8 Hz, 1H), 3.84-3.74 (m, 6H), 3.60-3.53 (m, 5H), 1.91-1.78 (m, 2H), 

1.76-1.61 (m, 4H), 1.40 (d, J = 6.7 Hz, 3H), 1.37-1.19 (m, 12H), 0.93-0.83 (m, 12H), 0.79 (t, J = 6.8 

Hz, 3H), (NH not observed). HRMS (+ve) calcd 705.2471, found 705.2466. HRMS (–ve) calcd 

293.1787, found 293.1792. 
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Dextromethorphan decylsulfate.  Method 2. 1H NMR (DMSO-d6) (major diastereoisomer) δ 9.46 

(s, 1H), 7.12-7.15 (m, 1H), 6.81-6.84 (m, 2H), 3.73 (s, 3H), 3.66 (t, J = 6.8 Hz, 2H), 3.60-3.62 (m, 

1H), 3.11-3.22 (m, 2H), 2.93-3.01 (m, 2H), 2.83 (d, J = 4.8Hz, 3H), 2.36-2.47 (m, 2H), 1.91 (dt, J = 

12.4, 2.4Hz, 1H), 1.74 (dt, J = 13.6, 4.4Hz, 1H), 1.58-1.65 (m, 1H), 1.41-1.53 (m, 5H), 1.20-1.40 (m, 

16H), 1.11-1.19 (m, 1H), 0.92-1.01 (m, 1H), 0.85 (t, J = 6.8 Hz, 3H). 13C NMR (d6-DMSO, 100MHz) 

δ 158.5, 138.5, 129.3, 125.9, 112.1, 110.6, 65.5, 59.0, 55.0, 47.1, 41.9, 40.1, 38.8, 35.4, 34.9, 34.7, 

31.3, 29.1 (mC), 29.0, 28.8, 28.7, 25.5, 25.4, 25.3, 22.5, 21.4, 14.0. 1H NMR (DMSO-d6) (minor 

diastereoisomer) δ 9.46 (s, 1H), 7.12-7.15 (m, 1H), 6.81-6.84 (m, 2H), 3.73 (s, 3H), 3.66 (t, J = 6.8 

Hz, 2H), 3.53-3.57 (m, 1H), 3.11-3.22 (m, 2H), 2.93-3.01 (m, 2H), 2.95 (d, J = 4.8Hz, 3H), 2.36-2.47 

(m, 2H), 2.17-2.22 (m, 1H), 2.04 (dt, J = 14.0, 4.4Hz, 1H), 1.58-1.65 (m, 1H), 1.41-1.53 (m, 5H), 

1.20-1.40 (m, 16H), 1.11-1.19 (m, 1H), 0.92-1.01 (m, 1H), 0.85 (t, J = 6.8 Hz, 3H). 13C NMR (DMSO-

d6) δ 158.6, 138.7, 129.0, 125.4, 112.2, 110.7, 65.5, 58.8, 55.0, 45.1, 41.9, 40.1, 38.8, 36.4, 34.9, 34.3, 

33.2, 31.3, 29.1 (mC), 29.0, 28.8, 28.7, 25.5, 25.4, 24.9, 22.5, 22.1, 21.4, 14.0. HRMS +ve mode: 

calcd. for C18H26NO+ 272.2009 found 272.2010 (0.35ppm). HRMS –ve mode: calcd. for C10H21O4S
- 

237.1166 found 237.1172 (2.46 ppm).  
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NMR Spectra  

Cinnarizine decylsulfate: 
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Cinnarizine dodecylsulfate: 
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Cinnarizine octadecylsulfate: 
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Cinnarizine 7-ethyl-2-methyl-4-undecylsulfate: 
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Cinnarizine oleate: 
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Cinnarizine triflimide: 
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Cinnarizine stearate: 
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Halofantrine decylsulfate: 
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Halofantrine dodecylsulfate: 
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Halofantrine oleate: 
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Halofantrine triflimide: 
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Itraconazole lauryl(dodecyl)sulfate: 
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Itraconazole 7-ethyl-2-methyl-4-undecylsulfate: 
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Itraconazole dioctyl sulfosuccinate (docusate): 
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Dextromethorphan decylsulfate: 
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HPLC Data 

Cinnarizine decylsulfate: 

 

 
 

Cinnarizine dodecyl(lauryl)sulfate: 

  

 
 

Cinnarizine octadecylsulfate: 
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Cinnarizine 7-ethyl-2-methyl-4-undecylsulfate: 

 

 

 

Cinnarizine oleate: 

 

 

 

Cinnarizine stearate: 
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Cinnarizine triflimide: 

 

 

 

Halofantrine decylsulfate: 

 

 

 

Halofantrine dodecyl(lauryl)sulfate: 
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Halofantrine oleate: 

 

 

 

Halofantrine triflimide: 

 

 

 

Itraconazole dodecyl(lauryl)sulfate: 
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Itraconazole 7-ethyl-2-methyl-4-undecylsulfate: 

 

 

 

 

Itraconazole dioctyl sulfosuccinate (docusate): 

 

 

Dextromethorphan decylsulfate: 
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Dextromethorphan Decylsulfate Synthesis and Characterisation 

Materials:  Dextromethorphan hydrobromide monohydrate was from Sigma-Aldrich (St. Louis, MO, 

USA); acetonitrile, ethanol, petroleum spirit, chloroform, dichloromethane, methanol, ethyl acetate, 

diethyl ether were from Merck (Bayswater, Victoria, Australia) and used without any pre-treatment. 

All other chemicals and solvents were of analytical purity or high performance liquid chromatography 

(HPLC) grade. Decylsulfate ammonium salt was synthesized as described previously.2   

  

Synthetic Method: Method 2 from main manuscript. Dextromethorphan hydrobromide monohydrate 

(1.02 g, 2.70 mmol) was dissolved in CH2Cl2 (25 mL) and decylsulfate ammonium salt (0.69 g, 2.70 

mmol) was dissolved in distilled water (25 mL). The two solutions were mixed and the obtained 

biphasic solution was stirred vigorously for 3 h. The CH2Cl2 phase was separated and the aqueous 

phase was extracted with CH2Cl2 (2 x 15 mL). The combined CH2Cl2 phases were washed with cold 

distilled water (15 mL) until a negative AgNO3 precipitate test was obtained. The organic phase was 

then dried (anhydrous Na2SO4), filtered and evaporated to afford the desired product, which was dried 

at 50 oC under high vacuum (0.1 mmHg). Yield 90%. 

 

Melting Point of dextromethorphan and its salt forms: 

Dextromethorphan (free base) (cLogP 3.89; cLogD7.4 2.17):  111 oC 

Dextromethorphan. HBr.H2O: 122 oC (decomp.) 

Dextromethorphan decylsulfate: 62 – 68 oC 

 

Dextromethorphan HPLC Assay: 

Solubility samples were assayed for dextromethorphan via HPLC, using an Alliance 2695 separation 

module and 486 tunable UV absorbance detector (Waters Instruments, Milford, MA) and a 

Phenomenex Gemini C18 5µm, 150 x 4.6 mm column. The mobile phase comprised 0.1% v/v 

orthophosphoric acid in 60:40 (v/v) water: acetonitrile and the flow rate was 1 mL/min. The injection 
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volume was 30 μL and UV absorbance was monitored at 215 nm. The retention time was 1.4 min and 

the concentration range of the calibration standards was 0.5-100 µg/mL.  

 

Dextromethorphan solubility: 

The equilibrium solubility of the dextromethorphan was measured in the MC SEDDS formulation 

(30% (w/w) 1:1 Captex 355:Capmul MCM, 60% Kolliphor EL, 10% EtOH). Drug or drug-IL (0.5 g) 

was added to 0.5 g of formulation. The formulations were incubated at 37 °C for 3-7 days in order to 

reach equilibrium. Samples were collected at regular intervals and centrifuged (21,000 x g, 37 °C, 10 

min). The resulting particle-free supernatant was accurately weighed (15-40 mg) and dissolved in 

chloroform:methanol (5 mL, 2:1, v/v). Following further dilution with acetonitrile and mobile phase, 

samples were analysed for drug content by HPLC. All solubility tests were performed in triplicate 

and equilibrium solubility defined as the value attained when at least three consecutive solubility 

samples varied by ≤5%. 

 

Dextromethorphan solubility in MC SEDDS: 

Dextromethorphan (free base) = 66.1 ± 3.2 mg/g  

Dextromethorphan.HBr.H2O = 23.5 ± 0.9 mg/g (Dextromethorphan free base equivalents) 

Dextromethorphan decylsulfate = 93.3 ± 4.1 mg/g (Dextromethorphan free base equivalents) 
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Equilibrium Solubility of Cin DS and Itz DoS in Individual Excipients 

 

Table S1. Equilibrium solubility (37 C, n = 3, ± SD) of Itz DoS and Cin DS ILs in lipids and 

surfactants (mg/g free base equivalent). Methods as described in the main manuscript. 

 
 

 

Capmul 

MCM 

 

Captex 355 

 

Kolliphor® EL 

 

Tween80 

 

MaisineTM 

35-1 

 

Soybean oil 

 

Cin DS  

 

326.7± 9.5 

 

324.1± 10.9 

 

318.5 ± 0.9 

 

331.5 ± 2.8 

 

313.1 ± 6.4 

 

37.2 ± 0.9 

 

Itz DoS  

 

228.8± 4.0 

 

157.5 ± 8.0 

 

120.8 ± 2.4 

 

119.6 ± 3.4 

 

165.1 ± 0.5 

 

17.2 ± 1.0 
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Pharmacokinetic Parameter Estimates 

The pharmacokinetic parameters for Cin and Itz after oral administration of the SEDDS formulations 

and control suspension formulations are given in Tables S2 and S3 below. 

Table S2: Summary of the pharmacokinetic parameters for Cin FB after oral administration of either 

Cin FB or Cin IL to overnight fasted rats as either a solution in a SEDDS, as a suspension in the same 

SEDDS or as an aqueous suspension formulation. Values are expressed as means (n ≥ 4) ± SEM. Due 

to lack of solubility of Cin FB in the SEDDS formulation it could not be administered as a solution 

at the high dose and instead was administered as a suspension. The Cin IL formulation allows 

administration as a solution in SEDDS at much higher dose than Cin FB and provides for significantly 

better exposure than the equivalent suspension formulation of Cin FB.   

 
 

Dosea 

(mg.kg-1) 

AUC 0-24h 

(ng.h.mL-1) 

 

Cmax 

(ng.mL-1) 

Tmax 

(h) 

F%b 

Cin IL SEDDS solution 125 26063 ± 2370 2629 ± 248 4.9 ± 0.8 176 

Cin FB SEDDS suspension 125 14770 ± 1860 1800 ± 283 2.8 ± 0.3 100 

Cin FB aqueous suspension 125 5277 ± 2671 355.7 ± 80.0 2.0 ± 0.6 36 

Cin FB SEDDS solution 35 5844 ± 487 1305 ± 64.2 2.0 ± 0.0 141 

Cin IL SEDDS solution 35 5240 ± 494 916.2 ± 107 2.2 ± 0.2 127 

a Cin dose expressed in free base equivalents.  
b F% is relative bioavailability compared to Cin FB SEDDS suspension at 125 mg/kg dose.  

In all cases, the SEDDS was LC1 SEDDS (30% w/w lipid (soybean oil:MaisineTM 35-1, 1:1), 

60% Kolliphor® EL, 10% ethanol). The aqueous suspension vehicle contained 0.5% w/v sodium 

carboxymethylcellulose, 0.4% w/v Tween 80 and  0.9% w/v NaCl in water. 
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Table S3: Pharmacokinetic parameters for Itz FB after oral administration of Itz FB or Itz docusate 

ionic liquid (Itz IL) to rats. Values are expressed as means (n ≥ 4) ± SEM. The formation of the Itz 

IL permitted administration as a solution in the SEDDS formulation. Itz FB was not sufficiently 

soluble in the SEDDS formulation to allow administration as a solution in the SEDDS at any 

reasonable dose and was therefore dosed as a suspension in the SEDDS formulation and also as an 

aqueous suspension. The same dose was administered as the commercial Sporanox® formulation of 

Itz FB. Itz FB was also administered as a physical mixture (PM) with the docusate counterion in the 

same proportions as that in the Itz IL. The physcial mixture was dispersed/suspended in the SEDDS 

formulation. The physcial mixture was dosed at a slightly higher dose in an attempt to get plasma 

concentrations about the LOQ.   

 
 

Dosea 

(mg.kg-1) 

AUC 0-last 

(ng.h.mL-1) 

Cmax 

(ng.mL-1) 

Tmax 

(h) 

F%b 

Itz FB aqueous suspension 20 <LOQc < 50d - NA 

Itz FB SEDDS  suspension 20 <LOQc < 50d - NA 

Itz FB Sporanox 20 5855 ± 1158 460 ± 31 3.8 ±1.4 100 

Itz IL SEDDS solution 20 14420 ± 687 1065 ± 87 2.8 ± 0.5 246 

Itz FB + docusate sodium PMe 

SEDDS suspension  

30 1010 ± 230 90 ± 6.3 2.2 ± 0.2 11.4 

a Itz dose expressed in free base equivalents. 
b F% is relative bioavailability compared to the current commercial formulation.  
c At all time points Itz plasma concentrations were below the limit of quantification (LOQ) of the 

assay.  
d Since plasma concentrations were below the LOQ, Cmax is quoted as less than the LOQ, which was 

50 ng/mL.  
e PM is a physical mixture of Itz FB and docusate sodium in the same SEDDS formulation 

In all cases, the SEDDS is LC2 SEDDS ((w/w): 60% lipid (soybean oil:MaisineTM 35-1, 1:1), 30% 

Kolliphor® EL, 10% ethanol). The aqueous suspension vehicle contained 0.5% w/v sodium 

carboxymethylcellulose, 0.4% w/v Tween 80 and  0.9% w/v NaCl in water. 

 

  



 S32 

Histology of Gastric and Intestinal Regions of the Rat:  

Method: At the conclusion of the Cin pharmacokinetic study and after the collection of the last blood 

sample (24 h), each animal was euthanised with a lethal dose of penobarbitone (550 mg/kg) 

administered via the carotid artery cannula. Immediately after euthanasia the stomach and duodenum 

were removed, dissected and rinsed with saline prior to being placed in a 5% v/v formaldehyde 

solution. The stomachs from untreated (blank) rats were also taken and processed in the same manner 

for a control comparison. All samples were sent to Gribbles Veterinary Pathology (Clayton, Australia) 

where glandular and non-glandular stomach and duodenal sections underwent blinded histological 

examination, imaging  and scoring.  

Results: Figure S1 below is a representative light microscopy image (x100 magnification) of the rat 

non glandular stomach 24 hours after administraion of the LC1 SEDDS formulation containing the 

IL, Cin DS. In all animals, histological assessment concluded that the non-glandular stomach 

consisted of normal keratinized epithelium (red arrow) and unremarkable lamina propria (Indicated 

by black arrow). Further examination of the glandular stomach and the small intestine also failed to 

reveal any evidence of damaged epithelia. The observations of no histological damage were 

consistent across all animals. 

 

 

 

Figure S1: Light microscopy image of the non-glandular stomach of a rat following 

administration of LC1 SEDDS containing the IL, Cin DS. The red arrow shows normal keratinized 

epithelium and the black arrow the lamina propria. 
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Figure S2 below is a representative light microscopy image (x100 magnification) of the rat non 

glandular stomach 24 hours after administraion LC1 SEDDS containing Cin FB. The histological 

assessment was essentially the same as that for the formulation containing the ionic liquid and 

concluded that the non-glandular stomach consisted of normal keratinized epithelium (red arrow) and 

unremarkable lamina propria (Indicated by black arrow). Additional examination of the glandular 

stomach and the small intestine also failed to reveal evidence of damaged epithelia. The observations 

of no histological damage were consistent across all animals. 

 

 
 

Figure S2: Light microscopy image of the non-glandular stomach of a rat following 

administration of LC1 SEDDS contaning Cin FB. The red arrow shows normal keratinized 

epithelium and the black arrow the lamina propria. 
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