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ABSTRACT 

 

Ionic liquids are molten salts, with melting points usually below 100 °C. Because the physical and 

chemical properties of ionic liquids are easily tunable by combining different ionic liquid cations and 

anions, has their use become more popular in many pharmaceutical and industrial applications. 

Despite their “green reputation”, due to their low vapor pressures and growing use, there is only little 

information on the toxicity of ionic liquids, effects on the environment, and long-term impacts. Many 

ionic liquids are water-soluble and lipophilic, thus they can bioaccumulate in aqueous organisms and 

furthermore in animals at higher trophic levels and eventually even to humans.  

This doctoral thesis describes how a group of phosphonium-, imidazolium-, and guanidinium-based 

ionic liquids interact with zebrafish, various cell lines, and biomimicking phospholipid vesicles 

(liposomes). The ionic liquids in this study are potential biomass dissolvers. Further, the ionic liquids 

were chosen to have different chain lengths or core atoms. The aim of the study was to determine 

how the selection of a target organism, cation chain length, and especially anion chain length of 

phosphonium-based ionic liquids affect the ionic liquid toxicity. In addition, a long-term exposure to 

potential biomass dissolving ionic liquids was assessed using adult zebrafish. These results were 

utilized to find novel methodologies to evaluate ionic liquid toxicity without the use of living 

organisms, using solely cell membrane mimicking liposomes. To investigate the influence of ionic 

liquids on cell rupturing, hemolysis and a real-time cytotoxicity assay were performed and the results 

were compared with liposome integrity information. Differential scanning calorimetry was used to 

study the penetration of the ionic liquid into the lipid bilayer. The effect of ionic liquids on the size 

and the zeta potential of negatively charged liposomes, were assessed in order to obtain information 

on the changes in the diameter and surface charge of the liposomes. In addition, nuclear magnetic 

resonance spectroscopy, more specifically diffusion ordered spectroscopy was utilized for studying 

whether the ionic liquids occur as unimers or aggregates and if they are attached to the lipid bilayer. 

By comparing the toxicity results obtained from the zebrafish and cytotoxicity assays to the lipid 

bilayer rupturing information, it was possible to predict the mechanism of toxicity of ionic liquids. 

Thus, the ionic liquids could be divided into three groups based on their toxicity mechanism: 1) 

plasma membrane rupturing ionic liquids, 2) ionic liquids that have an effect on both the cell 

membrane integrity and the cell metabolism, and 3) ionic liquids affecting solely on the cell 

metabolism.  
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1. INTRODUCTION 

 

Ionic liquids (ILs) are most commonly defined as organic salts having melting points below 100 °C. 

They possess excellent physical and chemical properties, thus they are widely used in a myriad of 

studies. Because of their use in many green applications1-3 and due to their negligible release in the 

atmosphere via evaporation, they are often quoted as “green solvents”. However, many classes of 

ILs are water-soluble as well as lipophilic and they can end up in the aqueous ecosystem through 

accidental spills and drains. They are also potential soil contaminants. Moreover, due to the high 

number of possible IL structures, not all ILs are biodegradable. The properties that make them 

suitable for many applications, such as high chemical and thermal stability and non-volatility can 

promote the ILs to bioaccumulate into small aquatic and terrestrial organisms. ILs can furthermore 

be transferred to animals in higher trophic levels in a food chain, and eventually even to humans.4, 5  

For “thorough” studies on the toxicity of ILs, models consisting of animal tests with species close to 

humans are typically used. These tests follow commonly the official Registration, Evaluation, 

Authorization, and Restriction of Chemicals (REACH) guidelines approved by the Organization for 

Economic Co-operation and Development (OECD) and the European Union, and offer information 

on how different exposure methods such as inhalation, skin contact, intravenous, and oral exposure 

etc. affect the test object.6 Usually in toxicity screening, when an amount of dose is of interest,  

invertebrates, plants, or various cell lines are suitable test objects. However, these methods are 

often targeted tests providing information on one property, such as the lethal concentration range of 

the studied compound.7  

Due to the many possible structural possibilities of ILs, it is clear that the ILs exert toxicity by different 

means. Like other small compounds,8, 9 non-surface-active ILs might be absorbed through the 

plasma membrane without causing any effect to the membrane itself10 or they might interact with 

cells by binding to receptors and furthermore by inducing an intracellular responses. 

The surface-active ILs, on the other hand, can penetrate the plasma membrane, thus, the 

interdependency of hydrophobicity and toxicity of ILs is largely adopted in many studies.11-15 The 

intercalation capability of the surface-active ILs into cell membranes are known to affect the IL 

toxicity, therefore many studies have used liposomes as membrane biomimicking models.16, 17 The 

surface-active ILs are speculated to enhance the facilitated uptake of a compound into an organism, 

leading to an increased internal toxicant concentration and to an altered metabolism. Another 

hypothesis is that IL-induced perturbation and decrease of membrane order might affect the ion 

and/or molecule transportation through the membrane.18 However, it is evident that the toxicity 

increases when adsorbed or absorbed hydrophobic moieties of ILs compromise the membrane 
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integrity. Because of many possible IL classes and combinations it is impossible to predict one exact 

mechanism of toxicity for all ILs. 

The aim of this PhD work was to elucidate the effect of the IL structure on the toxicity using zebra 

fish and different cell lines as test organisms. Furthermore, this data was utilized to find novel 

methodologies for assessing IL toxicity using biomimicking liposomes. 

  

The study addresses: 

- the effect of ILs on zebrafish viability, behavior, and histology and compare the results with 

cytotoxicity information (paper I) 

- the cytotoxicity of ILs and determine the influence of long-chained phosphonium-based ILs 

on the size and zeta potential of L-α-phosphatidylcholine from egg yolk (eggPC)/ 1-palmitoyl-

2-oleyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (POPG) (75/25 mol%) 

liposomes with and without cholesterol (paper II) 

- the effect of liposome composition and temperature on the distribution of local anesthetics 

between aqueous and liposome phases (paper III) 

- how the permeation of surface active ILs into liposomes are connected with the cytotoxicity 

of the ILs (paper IV)   

- how the aggregation of ILs affects the IL-biomembrane interactions (papers I, II and IV) 

- the cytotoxicity of ILs through IL-liposome interactions (paper V) 
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2. BACKGROUND 

2.1. Ionic liquids 
 

The first publications concerning the low melting points of organic salts were published in the early 

20th century.19, 20 Since then many names have been used for ILs and IL-like-substances such as, 

molten salts, fused salts, ionic melts, ionic fluids, and liquid electrolytes21-23 before the term “ionic 

liquid” became the most used in 1940–1950.24, 25 Synthetic procedures for approximately 103 IL pairs 

have been reported4, however, it has been estimated that approximately 106 possible simple IL pairs 

are accessible.20 Hence, ILs are quoted as designer solvents due to the possibility to alter the 

chemical and physical properties of the compounds via appropriate selection of the cation and anion 

pair. Ionic bonds of ILs enable high miscibility with polar substances, while the presence of alkyl 

chains determines the miscibility in less polar substances, thus, making ILs excellent solvents for a 

wide range of componds.26 Usually ILs consist of asymmetric organic imidazolium-, pyridinium-, 

ammonium-, pyrrolidinium-, phosphonium-, piperidinium-, morpholinium-, or cholinium-based 

cations and inorganic halide (Cl-, Br-, I-), triflate [TfO]-, bis(trifluoromethylsulfonyl)imide [NTf2]-, 

tetrafluoroborate [BF4]-, hexafluorophosphate [PF6]-, or acetate [OAc]- anions. Typical features of ILs 

are low flammability, low vapor pressures (often 10-11–10-10 mbar), and low melting points (<100 

°C).4, 5, 27 These easily tunable properties make the ILs widely utilized in many industrial, 

pharmaceutical28, and commercial applications and they are nowadays produced at industrial scale 

in many companies, e.g., at BASF29 and IoLiTec30. ILs are commonly used in organic synthesis31 

and catalysis32, analytical chemistry33, food industry34, biomass processing35, 36, and as electrolytes37, 

to mention a few. Due to their wide range of applications, the toxicity of ILs is becoming a general 

concern for a wide number of users.  

 

2.1.1  Ionic liquid toxicity  
 

When assessing the greenness of ILs one should consider the whole life cycle from synthesis to 

disposal. The synthesis and purification of ILs are not always green,38 thus, the twelve general 

principles of Green Chemistry should be followed.39 The number of toxicity studies of ILs has 

drastically risen since year 2000, as the use and design of “green” ILs has become paramount. Most 

of the toxicity studies (published prior to March 2015) used in vitro models (18%) or marine bacteria 

(15%), while in vivo studies using whole mammals covers approximately 8% of the toxicity studies.21 

Recently, also in vitro tests using human skin have been published.40 The main factors affecting the 

toxicity are (1) the cation alkyl chain length, (2) the degree of functionalization of the side chain of 

the cation, (3) the nature of the anion, (4) the nature of the cation, and (5) the mutual influence of 

anions and cations. In addition to these IL properties, the test organism and the IL environment 
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(solvent, pH, matrix, temperature etc.) influence the observed results.41 27, 42 It has also been shown 

that whether the IL cation is protic or not, appear to be secondary to the effect of the cation functional 

group.43 The degradation of ILs is the major factor affecting the disposal and/or repository of ILs after 

use, hence, many toxicological studies are concentrated on this aspect.42  

ILs are often quoted as “designer solvents” due to many possible IL structures. Thus, the mechanism 

of toxicity varies from one structure to another. ILs can be roughly divided to non-surface-active and 

surface-active ILs based on their capability to reduce surface tension. The non-surface-active ILs 

are usually relatively small (<500–600 g/mol) and can penetrate the cell plasma membrane without 

comprising the bilayer integrity (transcellular permeability). Yet, all ILs are charged and it is plausible 

that these compounds enter tissues using intercellular aqueducts for transportation (paracellular 

permeability), via suitable transporters or they do not enter the cells but bind to receptors which can 

induce subcellular responces.9, 44 The ILs can be harmful in their preliminary forms or they can 

undergo metabolism and become more or less toxic, hampering the determination of the mechanism 

of toxicity.45 For example, 1-butyl-3-methylimidazolium cation has been predicted to break down to 

biocompatible fatty acids and imidazole cation if they reach the cytochrome P450 in endoplasmatic 

reticulum.46  Surface-active ILs have been speculated to permeate into the membrane, saturating 

the membrane47 and inducing roughening48 and/or swelling13 of the membrane. It has been shown, 

that when the surfactant concentration exceeds the saturation concentration phospholipid vesicles 

rupture forming smaller surfactant-lipid micelles, which co-exist with surfactant-lipid vesicles.49, 50 

Jing et al. have shown that surface-active imidazolium-based ILs interact with eggPC liposomes in 

a similar manner forming IL-lipid micelles.13 In addition, imidazolium and cholinium-based ILs with a 

lactate anion51 and imidazolium-, pyrrolidinium-, and pyridinium-based ILs16 have been shown to 

induce liposome fusion of zwitterionic liposomes.  

ILs can be divided into hard or soft electrophiles based on the hard-soft acid-base theory (HSAB 

theory).52 Phosphonium and cholinium-based IL can be categorized as hard electrophiles and 

therefore they prefer to interact with hard nucleophiles such as deoxyribonucleic acid and ribonucleic 

acid (DNA and RNA, respectively) and are plausibly prone to cause cancer. The imidazolium and 

amidinium IL cations, on the other hand, can be considered as soft electrophiles and prefer to interact 

with proteins, thus they are prone to cause organ damage. It has been shown before, that 

imidazolium-based ILs can inhibit trypsin activity,53 acetylcholinesterase enzymes,54 and adenosine 

monophosphate (AMP) deaminase activity,55 which supports the HSAB hypothesis. In addition, 

metabolic degradation of ILs can affect their toxicity.  
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2.2 Zebrafish 
 

Fish are located in high trophic level in an aquatic food chain, therefore the use of fish, when 

evaluating the ecotoxicity of toxicants on the aquatic environment, is essential. Zebrafish are widely 

used model organisms for toxicity assessments. They are transparent, easy to maintain, relatively 

inexpensive and the embryos have rapid development (Figure 1).  

In addition to toxicant viability tests, zebrafish can be used for evaluating long-term exposure impacts 

of toxicants. These can include the assessment of the offspring of the exposed fish or evaluation of 

the long-term exposure on behavior, histology or phenotype of the fish.56, 57 

  

2.3 Cytotoxicity 
 

Two cell types, mammalian and bacterial cells, were utilized in the cytotoxicity studies. Mammalian 

cells have a cell nucleus enclosed in a phospholipid bilayer whereas the plasma membrane of gram 

negative bacteria is composed of a thin peptidoglycan network located between two phospholipid 

bilayers. Bacteria do not have a membrane-bound nucleus and the DNA is located irregularly in the 

cytosol. The structure of mammalian cells is more complex than bacterial cells. Therefore, the use 

of bacterial cells provides simple information on the interactions of toxicants and membranes, 

whereas mammalian cells are generally used to gain more detailed information on the cytotoxicity 

mechanism of toxicants.8 

 

Figure 1. Development of Zebrafish within five days post fertilization. Adapted with permission from 
“Ruokonen, S.-K., et al., 2016, Environ. Sci. Technol., 50, (13), 7116-7125.” Copyright (2018) 
American Chemical Society. 

 



19 
 

2.3.1 Mammalian cells 

 

Chinese hamster ovary cells (CHO) cells and human corneal epithelial cells (HCE) are epithelial 

cells, which grow as adherent monolayers in cultures. The rapid growth, low chromosome number, 

and clear karyotype of CHO cells make them ideal models for mammalian cells. They are commonly 

used in biological and medical applications, especially in median effective concentration (EC50) 

determinations and as host cells for therapeutic proteins.58 HCE cells on the other hand, occupy the 

outermost layer of cornea. They are considered as good models for human cells, especially for 

assessing ocular drug delivery because they retain many of the characteristics of the original 

tissue.59 

 

2.3.2 Bacterial cells 

 

Vibrio fischeri (V. fischeri) are bioluminescent marine bacteria that are frequently found in symbiotic 

relationships with marine animals. The bioluminescence arises when luciferin is oxidized via the help 

of the luciferase enzyme.60 When the bacteria are exposed to an external toxicant, the 

bioluminescence decreases and the decay is proportional to the EC50 value. The commercial method 

(Microtox) utilizing V. fischeri is a widely used for assessing aquatic toxicity because it is simple, fast, 

and well established.61-66 

Escherichia coli (E. coli) bacteria are commonly located in the intestines of animals and humans. 

They are usually harmless, however some strands are pathogenic and can cause illness. E. coli is 

an extensively studied prokaryotic model organism in the field of biotechnology and microbiology, 

mainly because the bacteria can be grown easily and inexpensively in a laboratory setting.67 It has 

been intensively studied for over 60 years and is nowadays widely used in the assessment of IL 

toxicity.68-70 

 

2.4 Liposomes 
 

Liposomes are spherical vesicles comprising lipid bilayers enclosing an aqueous compartment. 

Bilayer forming phospholipids self-assemble to multilamellar vesicles (MLV, Figure 2A) generally at 

low concentrations (10-6–10-9 M).71 The nonpolar, hydrophobic tails are aligned inwards and the 

polar, hydrophilic tails are aligned outwards in aqueous solutions. They can be further modified to 

small (20–100 nm), large (100 nm–1 μm), or giant (>1 μm) unilamellar vesicles (SUV, LUV, and 
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GUV, respectively, Figure 2B) to model simple cell membranes. Liposomes are used in several 

application as biomimicking membranes, signal transduction, or as drug delivery vehicles.71-73  

The most abundant phospholipids in cell membranes are phosphatidylcholine, 

phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS), 

phosphatidylglycerol (PG), and sphingomyelin (SM). Their composition vary depending on the 

tissue, however, usually PC is the main component.74 In addition to phospholipids, eukaryotic cell 

membranes contain approximately 20 to 50 mol% of cholesterol. The hydroxyl groups of cholesterol 

are positioned close to the polar phospholipid head groups and the hydrophobic steroid rings are 

located near the lipid acyl chains, making the membrane region more rigid. These cholesterol-rich 

domains are sometimes called rafts and they are less fluid than the surrounding cholesterol-poor 

regions decreasing the passive permeability of small molecules into the membrane. 75-80 

Cell membranes are defined as two-dimensional liquids that undergo phase transitions as a function 

of temperature.77 These phase transitions involve a change in the order of the system. The main 

phase transition i.e., the chain-melting-transition occurs when the highly ordered crystalline solid 

state (so or Lβ), the so-called gel state, is transformed into a disordered liquid state (ld or Lα), i.e., to 

the fluid state (Figure 2C). In cholesterol-rich domains ordered liquid state (lo) can occur and coexist 

with the ld state.75, 77, 78  

 

 
2.5 Aggregation of ionic liquids 

 

The transition from the unimeric form to an aggregated form does not always occur at a sharply 

defined concentration. The widely accepted definition (Phillips definition)81 of the critical micelle 

Figure 2. A) Multilamellar vesicles, B) unilamellar vesicles, and C) phase transition of a lipid bilayer 

from the ordered gel phase to the disordered fluid phase. 
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concentration (CMC) states that the CMC corresponds to the concentration range where the 

maximum change in the physical property of the surface-active compound (surfactant) such as 

electrical conductivity, surface tension, osmotic pressure, density, light scattering, or refractive 

index82, 83 appears. However, nowadays the CMC is often defined as the concentration, above which 

the aggregates are formed in a solution.84 Aggregates are formed when amphiphilic monomers 

aggregate, with the nonpolar hydrophobic moieties aligned inwards and the polar hydrophilic 

moieties aligned outwards, in an aqueous solution. The aggregates can have various structures such 

as ellipsoidal, cylindrical or disklike micelles, spherical micelles, bilayers, or vesicles.85 Many ILs are 

surfactants and the possible aggregate formation of ILs may have an impact on the synthesis, 

purification, and solvation properties of the compounds.86 Furthermore, the lipophilicity of IL unimers 

and aggregates may differ, which may change their interactions with organisms.  

 

3. METHODOLOGIES 

3.1 Microtox bioassay 
 

The Microtox bioassay is used for in vitro toxicity assessment i.e., for the determination of the median 

effective concentration of various solids and liquids. The assay measures the bioluminescence 

decay of Vibrio fischeri marine bacteria in the presence of exogenous toxicants at different 

concentrations. The bacteria are freeze-dried prior to use, which enables their easy and rapid use in 

toxicity assessments. Three main substrates are involved in the bioluminescence process: the 

reduced flavine mononucleotide (FMN) and a long chained aldehyde from the bacterial metabolism 

and  dissolved oxygen from the environment.87 The bioluminescence arises when luciferin molecule 

or molecules (“the light bearing molecule” i.e., the aldehyde and the FMN) are oxidized with the help 

of the luciferase enzyme, after which they are again reduced with the assistance of a catalysts,88 

shown in Scheme 1. 

Scheme 1. Arise of bioluminescence of V. fischeri bacteria. Adapted from references 87,88, and 89. 
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When the bioluminescent process is interfered by an exogenous compound, the intensity of the 

bioluminescent decreases. The toxicant may affect e.g., the energy transfer processes of the 

bioluminescence (electron excited state population and conversions), the rate of the reactions, the 

electron density distribution, or the enzymatic activity of the enzymes involved in the reactions.60 

 

3.2 Capillary electrophoresis 
 

Capillary electrophoresis (CE) is a separation technique, in which the analytes are separated 

according to their charge to size ratio. A voltage is applied between two electrodes and an electric 

field is created in a fused silica capillary filled with a background electrolyte (BGE) solution. The CE 

set up is shown in Figure 3. The silica capillary wall is negatively charged at pH values higher than 

two. When a voltage is applied a double layer is formed due to electrostatic interactions between the 

dissociated silanol groups of the fused silica capillary wall and the BGE cations. The double layer 

consists of an immobile Stern layer closest to the capillary surface and a loosely adsorbed diffuse 

layer. In normal mode (positive polarity), the loosely bound cations start to migrate towards the 

cathode forming a bulk flow i.e., an electroosmotic flow (EOF).90 Thus, the total electrophoretic 

mobility of an analyte under the influence of the electric field (μtot, Equation 1) is the sum of the EOF 

mobility (μEOF) and its own effective electrophoretic mobility (μeff, Equation 2), which depends on the 

analyte charge (q), radius (r), and the solution viscosity (η).   

 

Figure 3. Instrumental set up of CE. 
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                                                                                         (1) 

                                                                  (2) 

The μtot can be calculated from Equation 3, once the migration time (tm) of the analyte is determined 

experimentally.  

                                                              (3) 

CZE as such, is not a suitable separation technique for uncharged analytes, which migrate with the 

same mobility due to the influence of the EOF. However, electrokinetic chromatography (EKC), 

which is a sub-technique of CE, can be utilized for the separation of uncharged analytes. In EKC the 

silica capillary is filled with a hydrophobic pseudostationary phase (PSP) commonly comprising 

surfactant micelles (micellar elektrokinetic chromatography, MEKC). Additionally the PSP can 

consist of nanoparticles such as nanotubes or graphene91, ionic polymers92 or liposomes (liposome 

electrokinetic chromatography, LEKC), to mention a few. In addition of separating neutral analytes, 

LEKC has been recognized as a good method for studying interactions between compounds and 

liposomes.93, 94  

In EKC, in addition to the effective electrophoretic mobility and the EOF, the total mobility of an 

analyte is dependent on its partitioning between the aqueous phase and the hydrophobic PSP. The 

latter chromatographic part of the mobility is dependent on both the hydrophobicity and the surface 

charge of the analyte. 

The retention factor (k) of an analyte under EKC conditions can be calculated using Equation 4,  

 

                                                                   (4) 

where the  and are the effective electrophoretic mobilities of an analyte under EKC and CE 

conditions, respectively and  is the effective electrophoretic mobility of the PSP. The retention 

factor elucidates the mole ratio of the analyte between the PSP and the aqueous phase.95 The 

distribution constant (KD), on the other hand, is the molar concentration ratio of the analyte between 

the PSP and the aqueous phase and elucidates the analyte-liposome interaction in systems with 

various concentrations of PSP.96 KD values can be calculated for systems with known phase ratios 

(Ф) at different temperatures using Equation 5. 

                                                          (5) 
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Ф is the volume ratio of the liposomes (VPSP) and the aqueous phase (Vaq) in the capillary and can 

be calculated according to Equation 6. 

                                                    (6) 

νspec,vol is the partial specific volume and M is the molar mass of the PSP unimer, cPSP is the total 

concentration of the PSP, and CMC is the critical micelle concentration of the PSP micelle/vesicle in 

the dispersion. 

 

3.3 Dynamic light scattering 
 

In dynamic light scattering (DLS) the change in the light intensity, scattered from a particle is 

determined. When the particle diffuses spontaneously in a solution (Brownian motion) the scattered 

light undergoes either a constructive or a destructive interference, causing a fluctuation in the light 

intensity when it passes the detector. This change in the light intensity is dependent on the velocity 

of the particle diffusion — small particles cause the intensity to fluctuate more rapidly than larger 

ones. When the intensity fluctuation is correlated against short decay intervals, an autocorrelation 

function is obtained and the particle radius can be determined using the Stokes-Einstein equation 

(Equation 7).97, 98 

                                                                 (7) 

 

D is the diffusion constant of the particle, kB is the Boltzmann constant, T is the temperature, η is the 

viscosity of the solvent, and RH is the hydrodynamic radius of the particle. 

 

3.4 Zeta potential measurements 
 

In an aqueous solution, a double layer, consisting of a Stern layer and a diffuse layer, is formed 

around a charged particle. When an electric field is applied to the system, the charged particles, with 

the adsorbed double layer, move toward the electrode of opposite charge. A hypothetical plane is 

located within the diffuse layer (slipping plane), which acts as the interface between the mobile layer 
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moving with the particle and the immobile layer of the solvent around it. The zeta potential (ζ) is the 

potential at this point (Figure 4) and it is determined from the electrophoretic mobility of the particle.99 

The zeta potential of a particle can be measured by determining its electrophoretic mobility, which is 

directly proportional to the zeta potential. First, the incident light beam passes through the sample 

and when an electric field is applied the movement of the particle changes the frequency of the 

scattered light. The scattered light, which frequency shift is proportional to the electrophoretic 

mobility is combined with the reference beam and the zeta potential of a particle is determined.97, 100 

 

3.5 Differential scanning calorimetry 
 

Differential scanning calorimetry (DSC), i.e., microcalorimetry, is a technique that measures 

thermodynamic properties of thermally induced transitions in substances, which require or release 

energy. These include conformational changes of macromolecules, binding to proteins, lipid phase 

transitions etc.101 DSC has two cells, a sample cell and a reference cell. The energy required to 

maintain the cells at the same temperature while the sample undergoes a phase transition or 

conformational change, is measured by measuring the isobaric heat capacity difference (ΔCp) 

between the cells.102, 103 DSC can be used for assessing the order of the lipid bilayer in the presence 

of external toxicants. In liposomes, a phase transition occurs when a lipid bilayer undergoes a 

gradual transformation from an ordered gel phase to a disordered fluid phase, or vice versa, within 

a short temperature range. If the lipid bilayer is perturbed with an external surface-active toxicant, 

the lipid order is reduced and its phase transition temperature is decreased. In addition, DSC can be 

used for monitoring the rupturing of a lipid bilayer by following the disappearance of the signal — 

when there is no intact bilayer in the system undergoing phase transition, no signal occurs.  

Figure 4. Negatively charged particle in an electric field. 
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3.6 Optical pendant drop method  
 

The optical pendant drop method is a useful method for CMC determinations. A drop is formed using 

a contact angle meter (CAM) and the shape of the drop is dependent on the surface tension.104 

Images of the drop are captured using a camera and a suitable fitting function is applied to the drop 

image to determine the surface tension. When a surface-active compound is added to the sample, 

the unimers orientate at the surface of the drop in order to decrease the free energy of the system. 

The surface tension decreases until the surface of the drop is fully covered and the system reaches 

a balance. When the concentration is increased all additional unimers aggregate and the surface 

tension reaches a relatively constant value. The CMC is determined by plotting the surface tension 

as a function of the logarithm of the sample concentration, and defining the value at the intersection 

point of two trend lines.  

 

3.7 Nuclear magnetic resonance spectroscopy 
 

NMR is the one of the most used analytical techniques for the determination of molecular 

structures.105 Pulsed field gradient (PFG) NMR, and especially diffusion ordered spectroscopy 

(DOSY), is used to determine molecular displacement and can be utilized for assessing the size of 

a molecule, degree of polymerization, or the size of a solvation shell. A series of echo spectra are 

measured with different pulsed field gradient strengths. The pulse gradients create phase shifts that 

depend on the spatial position of the spins. A second opposite gradient is used to return the spins 

in-phase. However, the new molecular position, due to diffusion between the pulses, lead to a 

decrease in the NMR signal intensity. This decay is dependent on the gradient pulse strength (G) 

and duration (δ), and the diffusion constant (D) can be determined by following the signal decays.106 

The signal intensity (I) is attenuated with respect to the signal in the absence of a gradient (I0) as  

 

                                                     (8) 

 

where γ is the gyromagnetic ratio of the nucleus and  is the delay time. Furthermore, the 

hydrodynamic radius of the diffusing aggregates can be estimated from the Stokes-Einstein equation 

(Equation 7) described in section 3.3.  
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4. EXPERIMENTAL  

 

All used ionic liquids (Table 1), lipids (Table 2), chemicals and substances (Table 3), organisms 
(Table 4), and instruments and materials (Table 5) used in the studies (I–V) are listed below. 

 

 

4.1. Materials and methods 
 

Table 1. List of ionic liquids used in the studies. 
Ionic liquid Abbreviation Manufacturer Paper 
1,5-Diazabicyclo(4.3.0)non-5-enium 
acetate [DBNH][OAc] Synthesized107 I, II, V 

1-Ethyl-3-methylimidazolium acetate [emim][OAc] IoLiTec, GmbH  I, II, V 
1-Ethyl-3-methylimidazolium chloride [emim]Cl IoLiTec, GmbH  II 
1-Ethyl-3-methylimidazolium 
dimethylphosphate [emim][Me2PO4] Synthesized108 II 

1-Ethyl-3-methylimidazolium 
methylhydrogenphosphonate [emim][MeHPO3] Synthesized108 II 

Choline acetate [Ch][OAc] Synthesized* V 
Cholinium hexanoate [Ch][Hex] Synthesized* V 
Cholinium decanoate [Ch][C9H19COO] Synthesized** IV 
Cholinium isostearate [Ch][C17H35COO] Synthesized** IV 

Cholinium neodecanoate [Ch][Neo-
C9H19COO] Synthesized** IV 

Guanidinium isostearate [GND][C17H35COO] Synthesized** IV 

Guanidinium neodecanoate [GND][C9H19COO] Synthesized** IV 

Isostearic acid  Pristorine™ 3501, Croda  
Internatinal Plc. IV 

Methyltributylammonium acetate [N4441][OAc] Synthesized* V 

Neodecanoic acid  Hexion Speciality 
Chemicals IV 

Octyltributylphosphonium chloride  [P8444]Cl Cytec Industries II 
Sodium decanoate Na[C9H19COO] Synthesized** IV 
Sodium Isostearate Na[C17H35COO] Synthesized** IV 

Sodium neodecanoate Na[Neo-
C9H19COO] Synthesized** IV 

Tetrabutylphoshonium chloride [P4444]Cl Cytec Industries II 

Tetrabutylphosphonium acetate [P4444][OAc] Synthesized35 I, II 

Tetramethylguanidinium isostearate [GND][C17H35COO] Synthesized** IV 
Tetramethylguanidinium 
neodecanoate [TMG][C9H19COO] Synthesized** IV 

Tributyl(tetradecyl)phosphonium 
acetate [P14444][OAc] Synthesized35 I, II, V 
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Table 1. Continued   
Ionic liquid Abbreviation Manufacturer Paper 
Tributyl(tetradecyl)phosphonium 
chloride [P14444]Cl Cytec Industries  II, V 

Tributylmethylphosphonium acetate [P4441][OAc] Synthesized*** I, V 
Tributylmethylphosphonium 
decanoate [P4441][C9H19COO] Synthesized*** I 

Tributylmethylphosphonium 
hexadecanoate [P4441][C15H31COO] Synthesized*** I 

Tributylmethylphosphonium 
hexanoate [P4441][C5H11COO] Synthesized*** I 

Tributylmethylphosphonium methyl 
carbonate  [P4441][CH3OCOO] IoLiTec, GmbH I 

Tributylmethylphosphonium 
octadecanoate [P4441][C17H35COO] Synthesized*** I 

Tributylmethylphosphonium 
tetradecanoate [P4441][C13H27COO] Synthesized*** I 

Tributyloctylphosphonium acetate [P8444][OAc] Synthesized**** I, II 
Trihexyl(tetradecyl)phosphonium 
acetate  [P14666][OAc] Synthesized35 II 

*Paper V, **Paper IV, ***Paper I, ****Paper II 

 

Table 2. List of lipids used in the studies. 
Lipids Abbreviation Manufacturer Paper 
1,2-dipalmitoyl-sn-glycero-3-
phosphocholine DPPC Avanti Lipids IV, V 

1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine  POPC Avanti Lipids III 

1-palmitoyl-2-oleyl-sn-glycero-3-
phospho-(1’-rac-glycerol) (sodium 
salt) 

POPG Genzyme 
Pharmaceuticals II, III 

Cholesterol Chol Avanti Lipids II, III 
L-α-phosphatidylcholine (egg, 
chicken) eggPC Avanti Lipids II, V 

L-α-phosphatidylglycerol (Egg, 
Chicken; eggPG) (sodium salt) eggPG Avanti Lipids V 

Red blood cell lipids RBC Extracted in-house109 III 
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Table 3. List of chemicals and substances used in the studies. 
Chemical or substance  Manufacturer Paper  
Acetic acid Sigma-Aldrich II 

alamarBlue dye Invitrogen 
Thermo Fischer Scientific 

I, II 
V 

Alkyl benzoates Sigma III 
Ampicillin sodium salt AppliChem II 
Anesthetics Gift from Prof. Mohamed Abdel-Rehim III 
Calcium chloride dehydrate Sigma I 
CellTox™ Green dye Promega, Madison, WI V 

Chloroform Rathburn 
WVR International II–V 

Cholera toxin  Sigma-Alrich-Merck V 
Decanoic acid Sigma-Aldrich I 
Deuterated water (D2O) Euriso-Top V 
1,5-Diazabicyclo(4.3.0)-non-5-ene (DBN) Fluorochem Ltd. II 
Dulbecco's modified Eagle's medium  
(D-MEM)/F12 medium 

Invitrogen 
Thermo Fischer Scientific  

II 
V 

Fetal bovine serum (FBS) Invitrogen 
Thermo Fischer Scientific  

II 
V 

Gentamicin Invitrogen 
Thermo Fischer Scientific  

II 
V 

Glutamine Invitrogen II 
Ham’s F12 CLS cell line services GmbH I 
Ham's F12 with FBS CLS cell line services GmbH I 
Hexanoic acid Fluka AG (Buchs, Switzerland) I 

Human epidermal growth factor (EFG) Invitrogen 
Thermo Fischer Scientific  

II 
V 

Insulin  Invitrogen 
Thermo Fischer Scientific  

II 
V 

Lysogeny broth (LB) Carl Roth II 
Magnesium sulfate heptahydrate Merck I 
Mayer’s Hemalum solution (hematoxylin) 
and Eosin G dye Merck I 

Methanol Mallinckrodt Baker  
Sigma 

I–III 
V 

N-methylmorpholine-N-oxide (NMMO) Sigma V 
Paraformaldehyde PFA Sigma I 

Phosphate buffer saline (PBS) Life Technologies 
Merck 

I 
III 

Polycarbonate filter (100 nm) Millipore II, III 

Potassium chloride Sigma 
Merck 

I 
III 

Potassium dihydrogen phosphate J. T. Baker I, III 
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Table 3. Continued   
Chemical or substance  Manufacturer Paper  

Sodium chloride 
Riedel-de Haën I 
Merck III 

Sodium dihydrogen phosphate 
monohydrate Mallinckrodt Baker I–III 

Sodium hydrogen phosphate Sigma I–III 
Di-sodium hydrogen phosphate dihydrate Merck I, III 
Sodium hydroxide  FF-Chemicals I–III 
Stearic acid Fluka AG I 
Tetradecanoic acid Fluka AG I 
Tetradecanoic acid Riedel-de Haën I 
The pH solutions Merck I–III 
Thiourea Sigma III 
Trypan blue (T8154) dye Sigma-Aldrich I 
Trypsin/EDTA Sigma-Aldrich I 

 

Table 4. List of organisms used in the studies. 
Organism  Manufacturer Paper 
Chinese hamster ovary cells (CHO)-K1  CLS cell line services GmbH I 
Escherichia coli XL-1 blue bacteria Stratagene II 
Red blood cells (RBC) Extracted in-house110 V 
SV-40 immortalized human corneal  
epithelial cells (HCE) Helsinki Eye Lab111 II, V 

Vibrio fischeri Modern Water IV, V 
Zebrafish Turku line  I 

 

Table 5. List of instruments and materials used in the studies. 
Instruments and materials Manufacturer   Paper 
0.45-μm syringe filter Gelman Sciences I–III 

Cell culture ware Greiner BioOne 
Thermo Fischer Scientific  

I 
V 

Hewlett Packard 3DCE Agilent I–III 
Invert light microscope Leica DM IRB, Leica Microsystem GmbH I 
Microtox® M500 Modern Water IV,V  
NMR spectrometer 500 MHz Bruker Avance III V 
Optical contact angle meter (CAM 200) Biolin Scientific, KSV Instruments I, IV 

Plate reader 
VERSAmax, Molecular Devices 
EnSpire – PerkinElmer 
Viktor3 – PerkinElmer 

II 
II, V 
I 

Fused silica capillary Polymicro Technologies I–III 
Thin layer chromatography plates TLC silica gel 60, Merck KGaA III 
VP-DSC MicroCalorimeter MicroCal LLC IV, V 
Zetasizer Nano ZS Malvern Instruments Ltd II–V 
pH meter Mettler Toledo II, III 
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4.2. Preparation of samples and solutions 

4.2.1. Ionic liquids  

 

Ionic liquids used in the studies (papers I, II, IV, and V) were either commercial or synthetic and the 

places of purchase or the reference to the synthesis are shown in Table 1. The structures of the ILs 

and reference compounds are shown in Figure 5.  

 

Figure 5. ILs used in Papers I, II, IV, and V. 
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4.2.2. Zebrafish studies 

 

Zebrafish were fed, bred, and maintained according to an established protocol.56 The permits for the 

experiments were obtained from the Office of the Regional Government of Southern Finland in 

agreement with the ethical guidelines of the European convention. 

Zebrafish embryos from at least four different fish pairs per batch were collected right after 

fertilization and transferred in groups of 30 to 6-well plates containing IL solutions. Two 

concentrations, 1 and 100 mg·L−1 or 1 and 10 mg·L−1, were selected based on the Globally 

Harmonized System of classification and labelling of chemicals (GHS) classification system.112 Each 

well plate contained a control group and the plates were incubated at 28 °C and illuminated for 14 

hours per day. The IL solutions were changed daily and dead fish were removed from the plates. 

The phenotypic malformations and mortality of the embryos were noted 10 min and 24, 48, 72, 96, 

and 120 hours after the IL addition. All measurements were performed in triplicates (90 embryos per 

one IL concentration). 

The swimming patterns (locomotor activity) of five days postfertilization (dpf) larvae (n>16 zebrafish 

per IL group) were recorded for 10 min. Long-term IL exposure effect of [DBNH][OAc] and 

[P4441][OAc] ILs on the behavior of three months postfertilization (mpf) zebrafish (n=16) was 

assessed for 40 minutes. In addition, three fish pairs of age 5–6 mpf containing both sexes from both 

IL groups ([DBNH][OAc] and [P4441][OAc]) were selected for breeding studies and for a histological 

examination, focusing on reproductive organs, liver, gills, and intestines. More information can be 

found in Paper I. 

 

4.2.3. Cytotoxicity assays 

 

CHO, HCE, and E. coli cells were grown to confluence at 37 °C. The mammalian cells were serum 

starved and treated with ILs for 20 to 24 hours with ILs, while E. coli cells were incubated with ILs 

for three hours. Redox sensitive alamarBlue dye, which is a fluorometric/colorimetric cell viability 

indicator, based on the detection of metabolic activity of cells,113, 114 was added to the wells 1–2 hours 

before the incubation time expired. The alamarBlue reagent shifts from a non-fluorescent state (blue) 

to a fluorescent state (red) in the presence of intracellular reducing agents (live cells). The 

fluorescence (HCE, CHO) or absorption (E. coli) was measured using a plate reader. The number 

of viable cells in each well were determined from a calibration curve that was proportional to the 

fluorescence/absorption shift of the alamarBlue reagent. The EC50 values were determined from a 

logistic sigmoid function that was applied to the number of cells versus IL concentration graph. All 
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errors are given as standard deviations (SD). More information can be found in Papers I (CHO cells), 

II (HCE and E. coli cells), and V (HCE cells).   

The bioluminescence of V. fischeri cells were determined using a Microtox instrument for at least 

four different IL concentrations in 2% (w/v) sodium chloride solution. The decay in the 

bioluminescence is proportional to the concentrations of a toxicant. The EC50 values were 

determined five and 15 minutes post IL treatment, following the instructions of the manufacturer. 

More information can be found in Papers IV and V. 

HCE cells were used for the real-time cytotoxicity assay. Cells were treated with ILs (Paper V) at 

their EC50 concentrations. A cyanine dye, which stains the DNA strand of the dead cells once the 

integrity of the plasma membrane has been compromised, was added. Upon binding to DNA from 

non-viable cells, the dye becomes fluorescent, and the fluorescence is directly proportional to the 

level of cell death.115 Changes in the fluorescence signal were measured 0.5, 2, 4, 8, and 24 hours 

post IL treatment. More information can be found in Paper V. 

Human red blood cells were used for a hemolysis assay.110 Collected blood was washed and diluted 

in phosphate buffer saline (PBS). The RBC cells were treated with ILs for approximately 20 minutes. 

The unbroken RBC pellets were removed and the absorbance of hemoglobin was measured from 

the supernatant. The relative hemolysis was determined by comparing the absorbance to the 

controls. More information can be found in Paper V. 

 

4.2.4.  Liposome preparations 

 

Liposomes were prepared by mixing proper molar proportions of lipids in chloroform (Table 6) to 

yield a desired total concentration. Chloroform was evaporated to dryness under a stream of air and 

the residues were removed keeping the sample in a desiccator under reduced pressure for at least 

16 hours. The lipid film was hydrated in a proper solvent (water; Papers IV and V or buffer; Papers 

II and III) by shaking the dispersion for 60 minutes at 60–70 °C. The resulting multilamellar vesicle 

dispersion was further processed to unilamellar vesicles by extruding the dispersion through a 100 

nm pore size filter 19 times. DPPC aggregate and fuse already after one day116 and therefore the 

DPPC liposomes (Papers IV, V) were not extruded, but used as MLVs. The sizes were routinely 

confirmed by DLS using a Zetasizer instrument. 

Prior to extrusion the RBC lipids were extracted from intact RBCs following the Bligh-Dyer protocol109 

and the solvent was evaporated using nitrogen gas. More information can be found in Paper III. The 

RBC extracted lipids were prepared in the same manner as the synthetic lipids. 
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Table 6. Lipids and their mixing ratios used in liposome preparations. 

Lipid mixture Mixing ratio (mol%) Paper 
eggPC/POPG  
eggPC/POPG/Chol 

75/25 
50/25/25 II 

POPC/POPG 
POPC/POPG/Chol 
RBC 

80/20 
60/20/20 
100 

III 

DPPC 100 IV, V 
eggPC/eggPG 80/20 V 

 

4.2.5. Buffer preparation 
 

Sodium phosphate buffer was prepared by mixing sodium hydrogen phosphate and sodium 

dihydrogen phosphate to yield a pH of 7.4 and an ionic strength (IS) of 10 mM (Paper II) or 20 mM 

(Paper III). The buffer solution was filtered through a 0.45 μm syringe filter. The pH was confirmed 

with a pH meter and adjusted with a sodium hydroxide (NaOH) or a hydrogen chloride (HCl) solution, 

if it was needed.  

 

4.3. Analysis conditions 

4.3.1. Critical micelle concentration determinations 
 

Two complementary techniques were used for the CMC determinations of the ILs. In contact angle 

meter measurements the ILs were diluted in ultrapure water to a final volume of 700 μl at various 

concentrations below and above their assumed CMC values. The surface tension is proportional to 

the drop shape,117 therefore four drops of each IL concentration were formed and 20 frames were 

taken of each drop. An average of the surface tension of each concentration was calculated and 

plotted against increasing concentration of the IL. Finally, the CMC was derived from the intersection 

point where the surface tension reached a relatively constant value. 

In CE studies, the ILs were diluted in water or in phosphate buffer (Papers I and II) at various 

concentrations. A fused silica capillary with an inner diameter of 50 μm and an outer diameter of 375 

μm was used. The total capillary length was 47.0 cm and the length to the detector was 38.5 cm. 

New capillaries were preconditioned by pressure at approximately 950 mbar with 0.1 M NaOH for 

10 min, with water for 10 min, and with the IL solution for two min. A constant voltage of 25 kV 

(corresponding to a field strength of 530 V·cm-1) was applied for 1.5 min and the current was 

recorded and plotted against an increasing concentration of the IL. Two linear trend lines were 

applied and the CMC was derived from the intersection point of the lines. The runs were repeated at 

least three times and the errors were reported as SDs.  
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4.3.2. Size and zeta potential determinations 
 

All size and zeta potential measurements were done at 20 °C (Paper V) or at 25 °C (Paper II) 

employing a helium/neon laser at 633 nm. Liposome dispersions were diluted to a concentration of 

0.05–0.15 mM to yield an optimal scattering intensity. Disposable cuvettes and disposable folded 

capillary cells were used for the size and zeta potential measurements, respectively. A constant 

voltage of 150 V was used (corresponding to a field strength of 30 V·cm-1). All measurements were 

conducted at least three times — one run consisting of minimum 10 individual measurements. The 

errors were reported as SDs. ILs were mixed with the liposomes 10–15 minutes before the 

measurements.  

 

4.3.3. Capillary electrophoresis 
 

CE with a diode array detector was used for the determination of the distribution constants of local 

anesthetics (Paper III). Wavelengths of 200, 214, 238, 254, and 280 nm were used. The total length 

of the uncoated fused silica capillary, with an inner diameter of 50 μm and an outer diameter of 375 

μm, was 38.5 cm and the distance to the detector was 30.0 cm. A constant voltage of 20 kV 

(corresponding a field strength of 520 V·cm-1) was used throughout the study. Thiourea was used 

as an EOF marker and sodium phosphate buffer (pH=7.4, IS=20 mM) was used as the BGE. New 

capillaries were preconditioned by rinsing at a pressure of ~950 mbar for 15 min with 0.1 M NaOH 

and for 15 min with water. In CE the preconditioning was followed by a rinse with sodium phosphate 

buffer for five min and in LEKC studies a 1–3 min rinse with the PSP. All runs were repeated at least 

five times and the errors were reported as SDs. 

 

4.3.4. Differential scanning calorimetry 
 

DSC was used for assessing the permeation of the ILs into the liposome membrane. DPPC 

liposomes were used due to their well-defined phase transition temperature at 41.3 °C.118 DPPC 

liposomes, with varying concentrations of IL, were diluted in water yielding a final lipid concentration 

of 0.4 mM. Samples were degassed ca. five minutes prior to the DSC measurements to remove 

bubbles. A heating rate of 60 °C∙h-1 was used within a temperature range of 10 to 60 °C (Paper V). 

Three heating and three cooling scans were recorded and the samples were kept at the lowest 

temperature for 30 minutes before the heating scans. The errors were reported as SDs. 

 

 



36 
 

4.3.5. Nuclear magnetic resonance spectroscopy 
 

NMR was used in order to assess the diffusion of ILs with and without the presence of liposomes. In 

DOSY measurements the gradient strength (G) of the pulses varied between 2 and 95% of the 

maximum gradient strength of 0.47 T∙m-1 in 32 steps. The durations of the gradient pulses (δ, 2 ms), 

the delay time (Δ, 150 ms), and the temperature (T, 21 ˚C) were kept constant. The gyromagnetic 

ratio (γ) was 42.6 MHz∙T-1 for 1H nuclei. 

 

5. RESULTS AND DISCUSSION 

5.1 Effect of ionic liquids on zebrafish 
 

In order to evaluate the effect of ILs on living organisms and especially on different organs, zebrafish 

studies were performed. Phosphonium-based ILs having various cation and anion chain lengths 

were chosen to the study (Figure 5; Paper I). In addition, a long-term impact of two potential biomass 

dissolving ILs ([DBNH][OAc] and [P4441][OAc]) were assessed. 

 

5.1.1 Viability of larvae 

 

The impact of cationic and anionic ILs on the viability of zebrafish embryos and larvae was assessed 

by growing the fish in IL solutions for five days (Figure 6). All measurements were repeated three 

times and the errors are given as standard error of means (SEM). Two concentrations of each IL 

classes were used (1 mg·L−1 and 100 mg·L−1 or 1 mg·L−1 and 10 mg·L−1). The lower concentration 

(10 mg·L−1) was used for the ILs having long anion chain lengths ([P4441][CnH2n+1COO]; n≥13) due to 

precipitation in the media. Analysis of variance (ANOVA) was applied to the data to assess the 

significance of the results. Because the data had two independent variables (time and the IL 

treatment) and the data was normally distributed, two-way ANOVA with Dunnett’s multiple 

comparison test was used based on recommendations for such data.119, 120 
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100 mg·L−1 [P14444][OAc] was lethal to all zebrafish embryos within 10 min, whereas 1 mg·L−1  showed 

time dependency and killed all the fish after 120 hours (5 days) post treatment (Figure 6B and A, 

respectively). [P4441][OAc], [DBNH][OAc], and [emim][OAc] on the other hand, were not toxic at the 

tested concentrations (Figure 6A and B). Their EC50 values are >100 mg·L−1, thus, they can be 

considered as practically harmless or harmless based on the GHS classification system.112  

Zebrafish embryos hatch from their chorions on average on the third day postfertilization.121 This 

leads to a direct exposure of the larvae to the environment and external toxicant. After 24 and 72-

120 hours post treatment, 100 mg·L−1 of [P4441][C9H19COO] and [P8444][OAc], respectively, were lethal 

to the embryos (****p<0.0001; Figure 6B and D). [P4441][C9H19COO] kills the embryos already within 

24 hours, meaning that the IL penetrates into the embryo chorions. Therefore, [P4441][C9H19COO] 

can be considered to be more toxic than [P8444][OAc], which initializes larvae mortality after the larvae 

are hatched from their protecting chorions. However, the afore mentioned ILs were not toxic at all 

when embryos were treated with a 1 mg·L−1 concentration of the ILs.  

The other anionic ILs, [P4441][C5H13COO], -[C13H27COO], -[C15H31COO], and -[C17H35COO], did not 

have any significant effect on the viability of the zebrafish embryos and larvae during 5 dpf (Figure 

6 C and D). This was probably due to the short chain of [P4441][C5H13COO] and the low concentration 

Figure 6. Viability of the zebrafish embryos. Two-way ANOVA with Dunnett’s multiple comparison 
test. Time × treatment interaction, n=30 at initial time point. Results are presented as mean±SEM,
***p<0.001 and ****p<0.0001. Effect of A and B) cationic ILs C and D) anionic ILs on the zebrafish 
viability. Adapted with permission from “Ruokonen, S.-K., et al., 2016, Environ. Sci. Technol., 50,
(13), 7116-7125.” Copyright (2018) American Chemical Society. 
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(10 mg·L−1) of the long anionic ILs ([P4441][CnH2n+1COO] n≥13) used. The results indicate that the 

EC50 values of the long anionic ILs were above 10 mg·L−1 and above 100 mg·L−1 for 

[P4441][C5H13COO]. 

 

5.1.2 Ionic liquid-induced malformations on zebrafish larvae 

 

The effect of ILs on the malformation of the fish phenotype was assessed by dividing all the 5 dpf 

fish into three groups based on their phenotypic malformations: no malformations, mild 

malformations, and severe malformations (Figures 7A, B, and C, respectively). 

 

 

Figure 7. Zebrafish having A) no malformation, B) mild malformations, and C) severe malformations. 

Adapted with permission from “Ruokonen, S.-K., et al., 2016, Environ. Sci. Technol., 50, (13), 7116-

7125.” Copyright (2018) American Chemical Society. 

 

The group exhibiting mild malformations had bent tail, short trunk, mild deformation in the head area, 

yolk sac edema, and pericardium edema, whereas the group with severe malformation had severely 

defective (short and curved) trunk development, truncated tail, small eyes, deformations in the head 

area, and yolk sac edema. The IL groups that were lethal to embryos on the viability tests (i.e., 100 

mg·L−1 of [P14444][OAc] and 100 mg·L−1 of [P4441][C9H19COO]) were not included in the study; only live 

fish could be used for the malformation assessment. 

Long alkyl chained [P14444][OAc] at 1 mg·L−1 and [P8444][OAc] at 100 mg·L−1 caused mild malformation 

on the larvae (two-way ANOVA with Dunnett’s multiple comparison test *p<0.05; n=10 and **p<0.01; 

n=7, respectively). 100 mg·L−1 of [P4441][C5H11COO], which had the highest concentration of the 

anionic ILs, was the sole IL causing severe malformation on the zebrafish larvae (*p<0.05; n=120). 

[P14444][OAc] and [P8444][OAc] are the most hydrophobic cationic ILs tested. Thus, it was expected 

that these ILs penetrate the fish tissues and cause more damage than the anionic ILs. In order to 

assess the effect of the hydrophobic moiety location, tests were performed on these ILs using cells.  
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5.1.3 Long-term effect of ionic liquids on zebrafish 

 

Two and a half months old fish, grown 5 days after fertilization in media with 100 mg·L−1 of 

[DBNH][OAc] or [P4441][OAc], were chosen for further long-term studies due to their excellent 

biomass dissolving capability. The long-term tests consisted of assessing the behavior, breeding, 

and histology of the fish. 

Due to an outcome of natural selection, different species exhibit several syndromes, which show as 

individual differences in behavior.122 These differences reflect heritable, fundamentally different 

alternative strategies to cope with environmental changes. Aggressive individuals show an active 

response to external stimuli, whereas nonaggressive individuals adopt a passive strategy. Therefore, 

different external alterations may have an impact on the behavior of individuals.  

Three behavior assays (locomotor activity, novel object, and aggressive-boldness assessment) were 

applied to the adult fish. The behavior of the IL treated fish were compared to the behavior of the 

control group but no significant changes were observed in the behavior of the fish, indicating that the 

ILs did not have major effects on the fish activities.   

The effect of ILs on the fish spawning was tested using five to six months old fish. Three control fish 

groups were able to spawn in a controlled environment, producing 78, 94, and 103 embryos. The 

reason for the relatively small numbers of spawning couples can be the young age of the fish and 

lack of previous experience of spawning. [DBNH][OAc] treated fish did not spawn at all. [P4441][OAc]-

treated fish spawned once and produced 243 embryos, which is almost three times more than the 

average number produced by the control group. However, because only one pair spawned, it is 

plausible that the large number of embryos is not due to the effect of the IL. Because of the small 

amount of spawning couples, no statistical analysis could be performed and no solid conclusion 

could be drawn from the data. The produced embryos were grown for seven days and there were 

no significant differences between the control group and the [P4441][OAc] treated larvae offspring.  

Histological examinations was conducted for the six months old fish. The fish were sagittally sliced 

and stained with hematoxylin and eosin dye. The histological differences between the control group 

and the [DBNH][OAc] and [P4441][OAc] treated fish were compared using a light microscope focusing 

on liver, gills, intestines, and especially on gonads. However, no significant differences were 

observed.  

[DBNH][OAc] and [P4441][OAc] did not cause any significant impact on the behavior, breeding, nor 

histology of the adult zebrafish, and therefore these ILs can be considered relatively safe to fish at 

the used concentrations. 
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5.2 Interactions of ionic liquids and cells 

5.2.1 Determination of median effective concentration  

 

In order to evaluate the toxicity of ILs, various cells lines were utilized. First, a set of ILs (Paper II, 

Figure 5; 0.1–1000 mg∙L-1) were chosen for cytotoxicity testing using HCE and E. coli cells. Because 

the same IL concentration range was used for all ILs, only the long alkyl chained phosphonium ILs, 

[P14444][OAc], [P14444]Cl, [P8444][OAc], and [P8444]Cl could exert toxicity. Next, CHO, HCE, and V. 

fischeri cells were utilized for assessing the selection of cell line (Figure 8A), the effect of cation 

chain length (Figure 8B), and the effect of anion chain length (Figure 8C) on the IL cytotoxicity 

(Papers I and V). 

 

 

Figure 8. EC50 values of various ILs. Impact of A) selected cell line, B) cation chain length, and C) 

anion chain length.   
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All ILs were more toxic toward the bacteria (V. fischeri) than toward the mammalian cells (CHO, 

HCE; Figure 8A). The difference was significant (one-way ANOVA with Tukey HSD post-hoc test) in 

the case of [P4441][OAc], [emim][OAc], and [DBNH][OAc]. Similar difference in the cytotoxicity values 

between bacterial and mammalian cells have been shown before for ILs41 and energetic compounds 

(such as 2,4,6-trinitrotoluene and 1,3,5-trinitrobenzene).123 HCE cells were incubated with the ILs for 

24 hours instead of 15 minutes that was used for V. fischeri cells, indicating that the mammalian 

cells were more resistant than the bacterial cells toward the ILs. Different organisms are known to 

have different susceptibilities to xenobiotics42, 124-126 and the difference can be due the variation in 

the cell structure and metabolism of the prokaryotic and eukaryotic cells. Another plausible 

explanation is the difference in the EC50 determination methods of the assays. Whereas the redox 

sensitive alamarBlue dye is proportional to the alive to dead cell ratio, the decay in the 

bioluminescence of the V. fischeri bacteria is recorded. It is plausible that a same concentration of 

IL that causes bioluminescence quenching would not be enough to kill the cells, hence, the median 

lethal concentration (LC50) for the ILs using the V. fischeri cells could be bigger than the EC50 values 

obtained here. 

Figure 8B shows that elongation of the cation chain length increases the cytotoxicity (decreases the 

EC50 value). The correlation of cytotoxicity and lipophilicity has been shown several times before63, 

127 and it is speculated that the lipophilicity of the cation is the dominating factor for ionic liquid 

toxicity.12, 128 Moreover, the size of the cation has been shown to affect more on the toxicity than the 

three-dimensional shape of the cation.129 

It has been shown, that the cytotoxicity does not increase linearly with lipophilicity for highly lipophilic 

compounds — the cytotoxicity becomes relatively stable after a certain “cut-off alkyl chain length”. 

For example Pernak et al.130 have shown that the cut-off alkyl chain length would be 12 carbons and 

Ranke et al. that compounds having a chain length of 12–14 carbons in benzoalkonium chlorides 

have similar cut-off effects.12 The cut-off effect is also shown to be dependent on the type of 

organism. Ventura et al. showed that the effect could only be seen using Staphylococcus aureus 

bacteria, but it was not be observed with Esterichia coli bacteria, Fusarium sp. fungus, nor Candida 

albicans yeast.131 It has been speculated that this effect could occur due to insufficient solubility of 

the compound in the media. Other plausible explanation is the change in the kinetics of the 

compounds upon increased molecular mass (e.g. cellular uptake slows down in the case of large 

molecules).18 

Even though the effect of cation chain length is under discussion in a myriad of studies, the effect of 

anion chain length has gained less attention. Petkovic et al.132 showed that the toxicity (minimal 

inhibitory concentration, MIC) increased upon an increase of the anion chain length of cholinium 

carboxylate (C2–C10) ILs using filamentous fungi. Rengstl et al., on the other hand, showed that the 
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cytotoxicity (HeLa and SL-MEL28 cells) increased for cholinium carboxylates when the anion chain 

length varied between 6 to 10, while the toxicity was not linear in the range of C2 to C5.  Santos et 

al. got similar results — the toxicity increased when the anion chain length of cholinium carboxylate 

ILs were elongated from 2 to 5 carbons using Daphnia magna crustacean, however there was no 

clear trend in the toxicity when microalgae, macrophytes, or bacteria were used.133 Furthermore, 

Muhammad et al. showed that the elongation of the cholinium carboxylate anions from 2 to 6 actually 

decreased the cytotoxicity instead of increasing it134 and Weyhing-Zerrer et al. showed that the 

elongation of imidazolium based cations (C2-C6) decreased the IL toxicity when bulky 

tris(pentafluoroethyl)trifluorophosphate (FAP) anion were used.135 

It seems that the elongation of the anion moiety increases the toxicity only when a certain “threshold 

carbon amount”, usually C>6, is exceeded. This indicates that the toxicity does not always increase 

linearly when the anion chain length is increased. It is plausible that this is characteristic only for IL 

anions, however, a similar effect was also observed for [P4441][OAc] and [P4444][OAc] (EC50 values 

982 and 1400 mg∙L-1, respectively).  

Hartmann et al.136 showed that the elongation of carboxylate anions from 2 to 10 carbons indeed 

promoted the toxicity of the ILs but that they were unable to induce fungal plasma membrane 

damage, even at concentrations leading to cell death. It was speculated that the impact might occur 

due to electrostatic repulsion between the negatively charged IL moiety and the negatively charged 

plasma membrane.  

The increase of toxicity upon elongation of the anion chain length was not as strong as in the case 

of the cation (Figure 8B and C). Elongation of the acetate anion of [P4441][OAc] to 14 carbons 

([P4441][C13H27COO]), decreased the EC50 value 6 fold (increased the toxicity). However, the 

decrease in the EC50 value was 393 fold when the cation chain length was elongated by the same 

amount of carbons from [P4441][OAc] to [P14444][OAc]. This indicated that [P4441][C13H27COO] was 

approximately 70 times less toxic than [P14444][OAc]. Sosnowska et al.129 have shown that elongation 

of the anion increases the toxicity of the ILs, yet the anion effect never exceeds the effect of a cation. 

Interestingly the toxicity decreased when the acetate anion was changed to hexanoate. It is plausible 

that in the case of [P4441][OAc] the cation determines the toxicity and when the anion chain length is 

increased to hexanoate the anion interacts with the membrane, slightly preventing the interaction 

between the cation and the plasma membrane. It seems that the toxicity increased when the anion 

chain length exceeded 10 carbons. However, the increment was not gradual. In order to assess 

whether the aggregation behavior of the ILs affect their cytotoxicity, the EC50 values were compared 

with the CMC values.  
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5.2.2 Effect of ionic liquid aggregation on toxicity

 

Surface-active compounds aggregate when their concentrations exceed their critical micelle (or 

aggregation) concentrations. The CMCs were measured using two techniques: CAM (Papers I, IV, 

V) and CE (Papers I and II). Comparison of the obtained CMCs are shown in Figure 9. 

 

 

 

Figure 9. CMC values of phosphonium-based ILs obtained using CAM and CE. 

 

The CMC values obtained using both methods varied slightly. In capillary electrophoresis, the CMC 

is obtained by measuring the electric current, which is linearly dependent on the conductivity of the 

electrolyte solution at constant voltage. The current increases linearly upon increased surfactant 

concentration. The increase in the current slows down when the mobility of the surfactant becomes 

slower once the surfactants are occurring in an aggregated form instead of occurring as single 

unimers.137-139 Thus, the CMC can be derived from the intersection point of two linear trend lines 

applied to the current versus IL concentration graph.  

In CAM, the CMC is determined by plotting the surface tension as a function of increasing IL 

concentration and deriving the intersection point where the surface tension is not changed 

remarkably upon addition of unimers. At this point, a balance between unimers, oriented at the 

surface of the drop, and the aggregates is formed and all additional unimers aggregate and the 

surface tension stays relatively constant.104 

All the CMC values were smaller using CAM than when CE was used, except [P4441][C17H35COO]. 

This can be explained by the difference between the methods. The change in the current in CE 

caused by IL aggregation is hardly distinguishable, especially for ILs that aggregate gradually i.e., 
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the aggregation occurs slowly in a broad concentration range. The change in the surface tension 

was more prominent and therefore the optical pendant drop method was more trustworthy and 

preferred.  

The effect of IL aggregation on the cytotoxicity of ILs is shown in Figure 10 (Paper I and IV). 

 

 
Figure 10. Cytotoxicity of ILs using CHO cells and the CMC values of the ILs. 

 

Most of the CMCs were remarkably above the EC50 values, indicating that the ILs were interacting 

with the cells as free unimers. However, [P4441][C15H31COO] and [P4441][C17H35COO] ILs having long 

alkyl chain lengths in the anion moiety were aggregating or more likely reached their solubility limits 

before reaching their EC50 values. Most surface-active compounds have specific Krafft points (i.e., 

Krafft temperatures). Surfactants are not able to attain their CMCs below this temperature because 

their solubility limit is reached and they precipitate out of the solution.140 Because of this precipitation 

there were no free unimers in the solution and hence the toxic phenomenona excerted by 

[P4441][C15H31COO] and [P4441][C17H35COO] were weaker than the effect caused by the other similar 

anionic ILs ([P4441][C9H19COO] and [P4441][C13H27COO]). This explains why the cytotoxicity does not 

increase linearly when the alkyl chain length of the anion moiety is elongated from 2 ([P4441][OAc]) 

to 18 ([P4441][C17H35COO]).  
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5.2.3 Time-dependent cytotoxicity

 

The EC50 measurements showed that the ILs exert toxicity over a wide range of concentrations 

(Figures 8 and 10). Figure 11 shows results of a CellTox™ assay, which was used to determine the 

time of appearance of the cell mortality after treatment with ILs (Figure 5; Paper V) at their EC50 

values. Thus, the expected maximum mortality was expected to be 50%.  

 

 

Most of the ILs ([P4441][OAc, [N4441][OAc], [Ch][Hex], [emim][OAc], [Ch][OAc], [DBNH][OAc], and 

NMMO) behaved in a similar manner, exerting cytotoxicity after a lag period of 8 hours. Noticeable 

exceptions were the long chained phosphonium ILs, [P14444]Cl and [P14444][OAc], which reached their 

maximum toxicity levels in less than 2 hours of incubation. The CellToxTM assay utilizes a non-

permeant fluorescent cyanide dye that highlights cell breakage by interacting with the DNA of a 

ruptured cell.115, 141 Thus, the results suggest that [P14444]Cl and [P14444][OAc] are the most efficient 

ILs at destabilizing the plasma membrane and they affect significantly the integrity of the cellular 

membrane by lysing the cells.  

[N4441][OAc], [Ch][Hex], [emim][OAc], [Ch][OAc], and [DBNH][OAc] could not induce 50% cell death, 

even though the cells were treated with their EC50 concentrations (obtained using HCE cells; Paper 

Figure 11. Real-time measurement of the cytotoxicity of ILs. HCE cells were treated with the 

compounds at the following concentrations: 4 mg∙L-1 [P14444][OAc], 3 mg∙L-1 [P14444]Cl, 3300 mg∙L-1 

[P4441][OAc], 7800 mg∙L-1 [emim][OAc], 11 800 mg∙L-1 [Ch][OAc], 3300 mg∙L-1 [Ch][Hex], 3100 mg∙L-

1 [N4441][OAc], 12 900 mg∙L-1 [DBNH][OAc], and 31 600 mg∙L-1 NMMO. Data was collected at 2, 4, 

8, and 24 hours post treatment. Adapted with permission from “Ruokonen, S.-K., et al., 2017, Chem.-

Eur. J., 2018, 24, (11), 2669–2680.” Copyright (2018) John Wiley & Sons, Inc.   
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V). This can be because the assay for the determination of the EC50 values and the real-time 

cytotoxicity assay employ different methods of detection. Instead of highlighting cell rupturing 

(CellToxTM), the alamarBlue uses a membrane permeable dye and highlights the metabolic activity. 

This indicates that the mechanism of toxicity for [N4441][OAc], [Ch][Hex], [emim][OAc], [Ch][OAc], and 

[DBNH][OAc] is not related to membrane alteration but these ILs more likely interact with the cells 

by other means. For example, [N4441][OAc] at its EC50 concentration kills 50% of the HCE cells by 

affecting the metabolism whereas the cell death is only 15% in the real-time cytotoxicity assay after 

24 hours. This indicates that the plasma membrane integrity is not significantly altered. On the other 

hand, for [P4441][OAc] a similar concentration affects equally the metabolism and the permeability of 

the plasma membrane. Using both methods, we obtained information about the cytotoxicity of ILs 

from different perspectives.  

 

5.2.4. Hemolysis 
 

A hemolysis assay was used to determine whether the mechanism of toxicity is related to membrane 

brakeage or not. RBC cells were treated with ILs (Figure 5; Paper V) at concentrations below and 

above their EC50 concentrations, for approximately 20 minutes. The results are shown in Figure 12.  

Figure 12. Hemolysis of red blood cells. Hemolysis was assessed using binary dilutions. Initial 

concentrations (c) were as follows: 20 mg∙L-1 [P14444][OAc], 20 mg∙L-1 [P14444]Cl, 12400 mg∙L-1 

[P4441][OAc], 25 000 mg∙L-1 [emim][OAc], 49 900 mg∙L-1 [Ch][OAc], 50 000 mg∙L-1 [Ch][Hex], 12 500 

mg∙L-1 [N4441][OAc], 49 900 mg∙L-1 [DBNH][OAc], and 99 600 mg∙L-1 NMMO. The red line indicates 

the negative control level of hemolysis. Adapted with permission from “Ruokonen, S.-K., et al., 2018, 

Chem.-Eur. J., 2018, 24, (11), 2669–2680.” Copyright (2018) John Wiley & Sons, Inc.   
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Only [P14444][OAc] and [P14444]Cl were able to lyse the RBCs within 20 minutes and the lysis occurred 

at IL a concentration (5 mg∙L-1) where the EC50 value was exceeded (3.3 mg∙L-1 for [P14444][OAc] and 

1.8 mg∙L-1 for [P14444]Cl; Paper V). These ILs exert toxicity intercellularly affecting the cell integrity. 

First, the other tested ILs, including [P4441][OAc] and NMMO, which reached the 50% cell mortality 

in the real-time cytotoxicity test, could not lyse the cells within 20 minutes. This indicates that these 

compounds affect the metabolism of cells intracellularly or the membrane penetration requires more 

time and the short test period was only enough for cell lysis of the most lipophilic compounds 

([P14444][OAc] and [P14444]Cl). Secondly, no lysis occurred when the cells were treated with ILs 

([P4441][OAc, [N4441][OAc], [Ch][Hex], [emim][OAc], [Ch][OAc], [DBNH][OAc], and NMMO) at 

concentrations 3.1–15.2 times higher than the EC50 values. This suggests that the membrane 

interactions are not solely proportional to the IL concentration but the time to induce cell breakage 

plays a major role for ILs that are only moderately lipophilic, such as [P4441][OAc].   

The hemolysis assay provided an insight into the mechanism of IL toxicity, however in order to gain 

more subtle information on the interactions between ILs and cell membranes, liposomes were used 

as biomimicking membranes.   

 

5.3 Interactions between compounds and liposomes 
 

The plasma membrane is the first cellular constituent encountered by an external toxicant when 

interacting with cells. Therefore, biomimicking liposomes are excellent models for assessing IL-

membrane interactions. The concentrations of the studied lipids were selected based on two criteria: 

to correspond to those of the studied cells and to be suitable for the particular measurements. For 

example 0.15 mM of eggPC/eggPG (80/20 mol%) liposomes and 0.4 mM DPPC liposomes are 

equivalent to 295 and 565 billion liposomes, respectively, while the concentration of lipids in HCE 

cells was approximated to be 0.34 mM corresponding to 340 000 cells (Paper V).  

 

5.3.1 Selection of liposome composition  

 

The knowledge of the ability of a drug to interact with cell membranes is of importance when 

assessing the behavior of a drug in a biological environment. Understanding the hydrophobicity of a 

compound helps to predict and exploit the behavior in a wide range of situations, such as predicting 

drug solubility, drug delivery and interactions in the body, biological activity, transportation, 

distribution and accumulation of pollutants in the environment.142 Moreover, the knowledge of the 
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partitioning and/or distribution of a drug between an aqueous phase and a hydrophobic phase,

provides information on the hydrophobic (e.g. liposome) phase used.  

Local anesthetics serve as good model compounds to study the distribution of drugs between 

different liposome phases, because they are fairly lipophilic and there are many studies regarding 

their physicochemical behavior.143, 144 Three different liposomes compositions (80/20 mol% 

POPC/POPG, 60/20/20 mol% POPC/POPG/Chol, and 100% RBC liposomes) were assessed in 

order to find the most suitable model liposome for the further IL-liposome interaction studies. The 

effect of liposome lipid composition and temperature in the distribution constants of the local 

anesthetics are shown in Figure 13. 

 

All studied compounds had the strongest interactions with POPC/POPG liposomes. Negatively 

charged propylparaben (degree of ionization 12.9%) had the strongest interaction with all 

liposomes (POPC/POPG, POPC/POPG/Chol, and RBCs) at all temperatures. The high KD of 

propylparaben suggests that it is readily lipophilic and introduction of the compound to a 

physiological environment leads to interactions with different lipophilic phases. This observation is 

in good agreement with previous studies where propylparaben has been shown to be absorbed 

Figure 13. Effect of liposome 

composition and temperature on the 

distribution constants of  analytes using 

80/20 mol% POPC/POPG, 60/20/20 

mol% POPC/POPG/Chol, and RBC 

liposomes as pseudostationary phases in 

LEKC. The BGE comprised 1 mM 

liposomes in sodium phosphate buffer at 

pH 7.4 (IS=20 mM). Separation conditions 

are given in the experimental. Reprinted 

with permission from “Ruokonen, S.-K., 

et al. 2017, J. Chromatogr. A, 1479, 194-

203.” Copyright (2018) Elsevier.  
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from the blood circulation and from the gastrointestinal tract to a variety of tissues.145 In addition to 

propylparaben, bupivacaine and etidocaine had the strongest interactions with the liposomes, 

which is in a good agreement with the fact that they have the highest theoretical distribution 

constants (logD values). 

Intercalating 20 mol% of cholesterol into POPC/POPG liposomes decreased the KD values slightly 

and the decrease was highly dependent on the compound type. The hydroxyl group of cholesterol 

is positioned close to the polar head groups of the phospholipids maintaining the integrity of the 

cell wall and making the lipid bilayer more rigid, thus the passive permeability of the bilayer to small 

molecules is reduced.75-80, 146 The most lipophilic anesthetics (bupivacaine and etidocaine) were 

affected more by the cholesterol addition than the less lipophilic anesthetics. However, this sort of 

correlation was not found in our previous study where common wastewater compounds were 

used.147 Cholesterol is commonly known to diminish the retention of compounds into the liposomes. 

However, surprisingly it has also been shown to increase the interactions slightly when low 

concentrations of cholesterol (10–20%) were added into the POPC/POPS bilayer.148 In addition, 

when the concentration of cholesterol were further increased, the interactions diminished.149, 150 

This suggests, that the compound structure has a major effect on how much the cholesterol addition 

to the liposome prevents compound-liposome interactions.  

The KD values of the compounds decreased approximately three fold when RBC liposomes were 

used as a pseudostationary phase. This can be due to the greater amount of cholesterol in the 

RBC liposome bilayer (49 mol%) than in the POPC/POPG (0%) and POPC/POPG/Chol liposomes 

(20%). Cholesterol is assumed to diminish the interactions of compounds and liposome bilayer 

causing a steric hindrance. Another plausible explanation is that the RBC liposomes contain less 

(8.5 mol%) negatively charged lipids (PS and PI) than the POPC/POPG liposomes (20%) and 

therefore the electrostatic interactions between the positively charged compounds (all except 

propylparaben) and the negatively charged liposomes are weaker.  

Even though the RBC liposomes mimic real cell membranes the best, all studied compounds had 

stronger interactions with the PC/PG liposomes and therefore they were used in further studies to 

model cell membranes. 

 

5.3.2 Effect of ionic liquids on liposome size and surface charge    

 

Zetasizer was used for assessing the effect of ILs on the size and zeta potential of liposomes. First 

the impact of [P14444][AOC], [P14444]Cl, [P8444][OAc], and [emim][OAc] on eggPC/POPG (75/25 mol% 

and eggPC/POPG/Chol 50/25/25 mol%) liposomes with and without cholesterol at concentrations 0, 
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0.1, 1, 10, 100, and 1000 mg∙L-1 were assessed (Paper II). [P14444][OAc] and [P14444]Cl changed the 

zeta potential of the liposomes from negative to positive at concentrations between 10–100 mg∙L-1 

and ruptured the membrane at a concentration of 1000 mg∙L-1. [P8444][OAc], on the other hand, 

diminished the zeta potential close to zero at a concentration of 1000 mg∙L-1 and did not have any 

significant effect on the liposome size. [emim][OAc] did not have any effect on the liposome size nor 

zeta potential at tested concentrations. Addition of cholesterol did not have any remarkable effect on 

the IL interactions, even though cholesterol is known to diminish the interactions between 

compounds and membranes (cf. discussion above). One plausible explanation for this is that 

because [P14444][OAc] and [P14444]Cl had remarkable interactions with the liposomes at the 

concentration range used, the effect of cholesterol was too weak to be detected using the zeta 

potential and size measurements. Because only a narrow concentration range was used, more 

extensive studies were conducted using nine different ILs. 

The effect of the nine ILs (Figure 5; Paper V) on eggPC/eggPG (80/20 mol%) liposomes was 

assessed below and above their EC50 values and the results are shown in Figure 14.  

Figure 14. Effect of ILs and NMMO on the sizes (bars) and zeta potentials (dots) of 0.15 mM 

eggPC/eggPG (80/20 mol%) liposomes. Adapted with permission from “Ruokonen, S.-K., et al., 

2018, Chem.-Eur. J., 2018, 24, (11), 2669–2680.” Copyright (2018) John Wiley & Sons, Inc.   
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The sizes of the liposomes did not change remarkably when ILs were added to the dispersions. 

However, the size distribution was more unstable when [P14444][OAc] and [P14444]Cl ILs were added 

to the dispersion compared to the other ILs. In addition, when the IL concentration exceeded 370 

mg∙L-1 (0.8 mM) the lipid bilayer was ruptured, and multiple sized aggregates could be detected. It 

can be seen from the zeta potential data that the [P14444]+ ILs permeate the lipid bilayer already at 

concentrations of 4.4–6.9 mg∙L-1 (0.01–0.015 mM), converting the zeta potential of the liposomes 

from negative to positive. The concentrations causing a change are relatively close to their EC50 

values, confirming that the mechanism of toxicity of [P14444]+ ILs is related to biomembrane 

permeation. [P4441][OAc] and [N4441][OAc], on the other hand, lowered the zeta potential close to zero 

but did not convert it to a positive. It seems that the ILs are loosely adsorbed on the liposome surface, 

diminishing the negative charge of the phosphate group, yet not covering it totally. The effect of 

[emim][OAc], [Ch][OAc], and [DBNH][OAc] ILs on the zeta potential of the liposomes could not be 

determined at concentrations near and above their EC50 values due to high conductivity and, thus, 

oxidation of the electrodes. However, it seems that the zeta potential did not change  significantly at 

concentrations below the EC50 values. In addition, [Ch][Hex] and NMMO did not cause any significant 

changes to the liposome sizes nor the zeta potentials. 

 

5.3.3 Effect of ILs on the liposome phase transition temperature 

 

When a lipid bilayer is perturbed by an external surface-active compound, the lipid disorder 

increases, resulting in a decrease in the transition temperature (TM) of the bilayer. This decrease in 

TM was followed in order to assess the interaction between the ILs and the liposome bilayer, as 

shown previously.11, 151 The results (Paper V) are presented in Figure 15. 

The TM did not change when [Ch][OAc], [DBNH][OAc], NMMO, and [emim][OAc] at concentrations 

six times higher than the EC50 values were introduced to the liposome dispersion. This indicates that 

the compounds did not compromise the order of the lipids and the mechanism of toxicity of these ILs 

is related to the alteration of the metabolism of the cells. 

The phosphonium-based ILs [P14444][OAc], [P14444]Cl, [P4441][OAc], and [Ch][Hex] decreased the TM 

of the lipid bilayer at concentrations close to their EC50 values. This indicates permeation of the 

hydrophobic moiety of the IL into the membrane. This confirms the results from the real-time 
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cytotoxicity assay, hemolysis assays, and the zeta potential measurements, that the long alkyl 

chained ILs ([P14444][OAc], [P14444]Cl) interact with the cell membranes inducing toxicity.  

A shift was observed in the endotherms for [P14444][OAc] and [P14444]Cl at a concentration range of 

0.04–0.46 mg∙L-1 (EC50 are 3.3 mg∙L-1 and 1.8 mg∙L-1 respectively, Paper V, HCE cells), for 

[P4441][OAc] at 1380–2760 mg∙L-1 (EC50 is 2780 mg∙L-1), and for [Ch][Hex] at 1100–3290 mg∙L-1 (EC50 

is 3420 mg∙L-1). Even though [Ch][Hex] affects the bilayer order, it only caused 25% cell rupture after 

24 h incubation with the HCE cells (section 5.2.3., time-dependent cytotoxicity assay). It seems that 

in addition to the penetration of the IL into the bilayer compromising the integrity of the plasma 

Figure 15. Effect of ILs and NMMO on the phase transition temperature of 0.4 mM DPPC liposomes. 

Adapted with permission from “Ruokonen, S.-K., et al., 2018, Chem.-Eur. J., 2018, 24, (11), 2669–

2680.” Copyright (2018) John Wiley & Sons, Inc.   
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membrane, the toxicity of [Ch][Hex] is caused by an altered organism metabolism. [N4441][OAc] did 

adsorb on the surface of the liposome, as seen from the zeta potential measurements, however, it 

did not permeate into the bilayer at its EC50 concentration lowering its TM. The concentration of the 

IL causing the shift in the endotherm was approximately 10 times higher than the EC50 value, 

suggesting that the mechanism of toxicity of [N4441][OAc] is related to an alteration in the metabolic 

activity of the cell and not to the penetration of the IL into the plasma membrane. This suggests that 

DSC is applicable to predict the concentration ranges where ILs, having surface-active properties, 

exert toxicity.  

An increase in the concentration decreased the TM gradually and another endothermic peak 

appeared in the thermogram when the phosphonium-based ILs [P14444][OAc], [P14444]Cl, and 

[P4441][OAc] were added to the liposome dispersion. It has been shown before with surfactant-lipid 

mixtures that surfactants permeate the liposome bilayer saturating the liposomes with surfactant 

unimers.47, 49 When the surfactant concentration is increased above the saturation concentration, the 

liposomes rupture and mixed lipid-surfactant micelles coexist with the mixed vesicles. The vesicle 

rupturing continues until a solvation concentration is reached where only mixed micelles appear. The 

two endotherms in the thermograms of [P14444][OAc], [P14444]Cl, and [P4441][OAc] suggest this sort of 

a coexistence of vesicles with different amount of IL unimers in them (vesicles containing more 

surfactant unimers have lower TM values). When the surfactant concentration is further increased 

only a small amount of IL saturated vesicles exist before the liposome rupture totally and no transition 

can be observed. Also, because we used MLVs in the DSC studies instead of unilamellar vesicles, 

it is also plausible that the heterogeneous outermost bilayer gives the signal at lower phase transition 

and the remains of the original signal at 41.3 °C is caused by the unaffected lipid lamellae close to 

the core of the liposome.  

Usually the phase transition of pure liposomes is fast resulting in sharp peaks. This is due to 

cooperativity of the lipids, where conformational change in a molecule causes the adjacent 

molecules to adapt due to the high ordering of the lipid bilayer.101 The peak areas decreased upon 

addition of the surface-active IL proving that the number of bilayers undergoing phase transitions is 

gradually decreasing. In addition of getting smaller, the endothermic peaks were wider when the lipid 

bilayer was perturbed with the surface-active ILs indicating a decrease in the lipid cooperativity.  

 

5.3.4 Diffusion of ionic liquids 

 

Compounds diffuse spontaneously in solution and the diffusion rate is dependent on the compound 

size. Thus, following the diffusion constants of ILs at different concentrations, with and without the 

presence of liposomes provide us information on the aggregation and location of the compounds. 
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The diffusion constants of [P4441][OAc], [emim][OAc], [Ch][OAc], [Ch][Hex], [N4441][OAc], 

[DBNH][OAc], and NMMO without liposomes did not change below and above the EC50 values, 

indicating that there were no aggregation of the compound unimers at the concentrations used 

(CMCs of the compounds are shown in Paper V). In addition, the diffusion constants of the 

aforementioned IL cations and anions did not change remarkably in the presence of liposomes, 

shown in Table 7.  

 

Table 7. Diffusion constants of NMMO and IL cations and anions in the presence of eggPC/eggPG 
(80/20 mol%) liposomes. 

  
Concentration range (mg∙L-1) DCation (10-10 m2·s-1)     DAnion

 (10-10 m2·s-1)      

NMMO 590–58600 4.7–5.2   
[P14444][OAc] 230–2300 0.1–0.6 5.8–7.1 

[P14444][Cl] 220–2200 0.1–0.6 5.8–7.1 
[P4441][OAc] 280–8300 3.5–3.6 6.5–6.7 

[N4441][Oac] 780–10400 3.4–3.7 6.5–6.8 
[Ch][Hex] 220–11000 6.2–6.4 4.5–4.8 
[emim][OAc] 170–12000 6.2–6.3 6.6–6.9 
[Ch][OAc] 490–24500 6.2–6.5 6.5–6.9 
[DBNH][OAc] 180–36800 5.2–5.5 6.2–6.6 

 

Because the maximum concentrations used in this study were 1.5–200 times higher than the EC50 

values of the ILs, we can assume that the possible IL-membrane interactions should be observable 

in this study. However, because the diffusion constants of the ILs were relatively similar with and 

without the liposomes it is likely that ILs are not tightly adsorbed nor absorbed onto/into the 

liposomes, but interact with cells either by binding  to membrane receptors or by being transported 

into the cell where they cause cell damage and eventually cell death. In addition, it seems that the 

interactions between the membrane interacting ILs, [P4441][OAc] and [Ch][Hex], were too weak to be 

detected with this technique — the diffusion constants did not change remarkably, indicating that the 

ILs did not permeate at all or permeated through the plasma membrane without changing the IL 

diffusion rates significantly. The diffusion constants of the neat membrane disrupting ILs [P14444][OAc] 

and [P14444]Cl, on the other hand, decreased upon increasing concentration of ILs due to aggregation 

as shown in Figure 16. 

The most abrupt decrease in the slope was seen at 520–550 mg∙L-1 of the ILs, indicating the 

appearance of the first CMC (CMC1). These changes correlate well with the known CMCs for the ILs 

(Papers I and II). The continuing decrease of the diffusion coefficients suggests that the ILs keep 

aggregating to larger undefined shapes. However, a clear CMC2 could not be determined. Above the 
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CMC1 (520–920 mM), the sizes of the IL aggregates were calculated to be 2.1 nm using the Stokes-

Einstein equation (Equation 7). Above 920 mM the sizes increased to 3.5–3.8 nm, evidencing the 

formation of bigger aggregates.  

The size of pure eggPC/eggPG liposomes was calculated to be approximately 120 nm, which 

correlates well with the DLS data. The diffusion coefficients of the ILs decreased over eight times in 

the presence of the liposomes, evidencing strong interaction between the ILs and the liposomes. 

The ILs were shown to disrupt the liposomes at 430–460 mg∙L-1 (1 mM) concentration, which is 

shown in the figure as an increase of the diffusion coefficient above 500 mg∙L-1. At this concentration 

it is plausible that the ILs behave as common surfactants, as shown before,13 and saturate the vesicle 

(saturation point). Upon increasing the concentration above 500 mg∙L-1, the vesicles start to disrupt 

and mixed vesicles and mixed micelles coexist until a solvation concentration is reached. At this 

point there is no vesicles left in the solution. However, the diffusion coefficients do not reach the 

diffusion coefficients of the neat ILs, indicating a balance between the lipid-IL mixed micelles and 

the neat IL micelles.  

  

Figure 16. Diffusion coefficients of [P14444][OAc] and [P14444]Cl with and without eggPC/eggPG (80/20 

mol%) liposomes. Adapted with permission from “Ruokonen, S.-K., et al., 2018, Chem.-Eur. J., 2018, 

24, (11), 2669–2680.” Copyright (2018) John Wiley & Sons, Inc.   
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6. CONCLUSIONS 

 

The aim of this doctoral work was to assess the toxicity of ionic liquids using zebrafish, various cell 

lines, and biomimicking liposomes. First, information on properties that affect the ionic liquid toxicity 

was collected using zebrafish and various cell lines. Phosphonium-based ionic liquids with long alkyl 

chains in the cation moiety ([P14444][OAc], ([P8444][OAc]) were the most toxic ionic liquids tested, 

causing mortality of cells and malformations of zebrafish. Elongation of the cation moiety instead of 

the anion moiety by the same carbon amount increased the IL toxicity 70 fold, confirming the cation 

moiety as the major factor affecting the IL toxicity. This indicates that the total hydrophobicity of the 

ionic liquid can be increased, without remarkably increasing the toxicity, by elongating the anion 

instead of the cation. In addition, it was shown that elongation of the IL anion increased the toxicity 

linearly only when the longest alkyl chain exceeded six carbons. Most of the ILs interacted with the 

plasma membranes as unimers instead of in the form of aggregates. When the carbon number in 

the anion reached 16 carbons the cut-off-effect was met and the ILs precipitated, which decreased 

the IL toxicity. This indicates that IL aggregation and/or precipitation can lower the toxicity of the long 

alkyl chained anionic ILs. 

Furthermore, the toxicity of the ILs is dependent on the tested organism. Bacterial cells were less 

resistant against the ILs than the mammalian cells. This can be due to a different cell structure or a 

different detection method. Whereas the toxicity is measured by detecting the decay of 

bioluminescence of the bacterial cells, the mortality of the mammalian cells is measured.  

The time of IL exposure had a significant impact on the IL toxicity. Surface-active ILs could induce 

toxicity within minutes whereas the non-surface-active ILs, which affected the metabolism of the test 

organisms, induced mortality after several hours. Also ILs, exerting toxicity both by affecting the 

metabolism and the plasma membrane, did not cause any membrane damage even at 

concentrations multiple times above their EC50 values if the exposure time was too short (IL exposure 

time < time causing cell damage at the EC50 concentration). 

Liposomes, comprising phosphatidylcholine and phosphatidylglycerol and no cholesterol were the 

preeminent option for the IL-plasma membrane interaction studies. Dynamic light scattering was 

utilized for attaining information on the IL concentration inducing liposome rupturing. Zeta potential 

measurements were used for detecting the concentration where the IL is permanently sorbed into 

the liposome, converting the liposome surface charge. In addition, if the IL-liposome interaction is 

weak the liposome charge is neutralized, not converted. Differential scanning calorimetry results, on 

the other hand, revealed the EC50 concentration ranges for surface-active ILs. PFG NMR was used 

for studying the aggregation of ILs and IL-lipid aggregates. It also revealed whether the surface-

active IL unimers are fully bound to liposomes or if they occurred as free unimers in the solution.  
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The analytical methodologies presented in this thesis provided methods for assessing the toxicity of 

ILs inducing toxicity through IL-plasma membrane interactions, without the use of living organisms. 

Based on the results from the analytical methodologies the ILs were divided into three categories: 

1) liposome rupturing ILs ([P14444][OAc], [P14444]Cl, and [P4441][OAc])  2) ILs affecting the metabolism 

as well as plasma membranes ([N4441][OAc], and [Ch][Hex]), and 3) ILs having an effect solely on 

the cell metabolism ([emim][OAc], [Ch][OAc], and [DBNH][OAc). 

 

Based on the results of this study it is likely that surface-active ILs exert toxicity by intercalating the 

cell membrane. However, it is more difficult to predict the mechanism of toxicity of moderately 

surface-active ILs. The easiest way to determine whether the IL permeates into the membrane or if 

it is adsorbed onto the membrane is to use differential scanning calorimetry. However, if the IL exerts 

toxicity also metabolically other methodologies need to be used as well. For example, determining 

the EC50 values using two different dyes, which highlight different mechanism of toxicities, on a cell 

line is recommended. Also, if ILs with hydrophobic properties want to be used in an application, it is 

recommended to elongate the anion moiety instead of the cation moiety, in order to avoid remarkable 

increase of the toxicity. 
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