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Abstract

Abstract

The e↵ect of organic salts of low melting temperature, called ionic liquids (ILs), on mechano-

elasticity of cell membranes and migration of cells have been investigated by a combination

of experimental approaches, including neutron scattering and atomic force microscopy (AFM),

complemented by biological assays; nanostructuring of ILs in water solution and optical prop-

erties of ILs relevant for biological applications have been investigated by computational ap-

proaches, including molecular dynamics (MD) simulations and density functional methods.

A major part of this Ph.D. work focuses on the e↵ect of sub-toxic concentration of imida-

zolium ILs of varying chain length ([bmim][Cl] and [dmim][Cl]). At the IL concentrations below

their critical micellar concentration, a combined neutron scattering and AFM studies showed in-

sertion of [bmim][Cl] IL-cation into the lipid bilayer and a↵ecting their local mechano-elasticity

in IL chain-length dependent manner. Additionally, in-vitro cell migration assay has resulted

in the IL-induced enhancement of cell migration rate depending upon their chain-length and

concentration. Overall, these e↵ects are stronger for the longer chain-length and the high-

est sub-toxic concentration of the ILs. Combining these biophysical and biochemical studies,

we propose, in the end, a bio-chemical-physical mechanism that relates this IL-induced alter-

ation in the cell membrane with the alteration in the cell migration. The overall result is that

IL-concentration and IL-cation chain-length can tune the cell membrane elasticity and cell mi-

gration. The chemical-physical manipulations of the lipid-bilayer elasticity hold the promise of

e↵ective therapeutic and diagnostic approaches.

The chemical-physics background underlying the complex phenomena explored previously

by experiments has been investigated by computational means, focusing on the nanostructuring

in the water of protic and aprotic ILs. Here, by employing MD simulations based on empirical

force fields, we analysed the fluctuations of the ions and water molecule distribution in space

in solutions spanning a wide salt concentration range, from 25 to 75 wt%. Depending upon

the salt concentration, the transition of nanostructuring from water-rich to salt-rich condition

has been observed. Additionally, a combination of density functional methods has been used to

compute absorption and luminescence properties of gas-phase single ions and neutral ion pairs

from ILs.
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Q9= 0.106 Å�1. (c) Relaxation rate for bending fluctuations, �Bending(Q),

versus Q3 together with equation 4.3 fitting curves at 30�C and (d) at 40�C.

Error bars represent standard deviations. . . . . . . . . . . . . . . . . . . . . . 73

4.8 Bending elasticity, , for neat (green) and IL-doped (red) h-DMPC phospholipid

bilayers at 30�C and 40�C. Error bars represent standard deviations. . . . . . . 75

xiv



LIST OF FIGURES

4.9 Bending modulus percentage increase of IL-doped DMPC-phospholipid vesicles

with respect to neat, [(IL - neat) ⇤ 100]/neat] at 30�C and 40�C (red colour),

showing the IL-induced increase in bilayer bending elasticity. Error bars have

been calculated by directly propagating the standard deviations in  entirely. To

judge the extent and the physiological relevance of this IL-e↵ect, several bending

elasticity data extracted from the NSE literature on DMPC phospholipids (in

the liquid-crystalline phase and typically at 30�C) are reported in a dedicated

gray-coloured column on the left side of the plot. Among those data, the “40-

to-30�C temperature decrease” (black) has been computed from our NSE data

as the percentage increase in the bending elasticity of neat DMPC-phospholipid

bilayers with decreasing temperature from 40�C to 30�C, i.e. [[(neat(30�C) -

neat(40�C)) ⇤100]/neat(40�C)]. . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.10 Schematic structure of DOPC phospholipid. It has two un-saturated hydrocar-

bon chains with 18 carbon atoms in each chain. Adapted from [210]. . . . . . 78

4.11 Schematic structure of [bmim][Cl] and [dmim][Cl] ILs with former having 4

hydrocarbon chain length and the later having 10 hydrocarbon chain length. . . 78

4.12 (a) Representative AFM topographic images of a DOPC bilayer before and af-

ter; starting from top to bottom; 5 h of incubation in the neat bu↵er, 0.5

M [bmim][Cl] diluted bu↵er and 0.005 M [dmim][Cl] IL diluted bu↵er solu-

tion respectively. (b) Thickness, (c) spring constant and (d) rupture force of

supported DOPC phospholipid bilayers before and after 5 h of incubation in

solutions of [Na][Cl] at 0.5 M (black colour), [bmim][Cl] at 0.5 M (red colour),

and [dmim][Cl] at 0.005 M (blue colour). A clear trend is visible: sti↵ness and

penetration resistance of the bilayer are both reduced which could be due to the

di↵usion of the IL-cations into the phospholipid region. . . . . . . . . . . . . . 80

4.13 AFM topography as height images of the lipid bilayers (i), and (ii) the plots

represent mechano-elastic properties - thickness, rupture force, and spring con-

stant for neat and 0.005 M [dmim][Cl] IL treated-bilayer samples as a function

of time. The results are normalised and presented as average and standard

deviation (taken together all the independent experiments). . . . . . . . . . . . 81

4.14 Mechano-elasticity of the neat and 2.8 mM [bmim][Cl]-treated DOPC:DPPC

phospholipid bilayers: (a) topography, (b) adhesion, and (c) modulus. The

subdivision into micrometric patches of the two lipids is stable over macroscopic

times. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.15 Viability of MDA-MB-231 cells as a function of concentration of (a) [bmim][Cl],

(b) [dmim][Cl] and (c) [Na][Cl]. . . . . . . . . . . . . . . . . . . . . . . . . . . 84

xv



LIST OF FIGURES

4.16 Flow cytometry and western blotting results: (a) Cell death, (b) cell cycle ob-

tained from flow cytometry and (c) protein expression for various cell cycle

proteins, (d) protein bands obtained from Western Blotting on MDA-MB-231

cells after treatment with [bmim][Cl] and [dmim][Cl] ILs at concentrations of

2.8 mM and 1.5 µM, respectively. . . . . . . . . . . . . . . . . . . . . . . . . 85

4.17 Migration of MDA-MB-231 cells incubated at sub-toxic doses of ILs. (a,b)

Representative images of cell migration in incubation with [bmim][Cl] (second

row) and [dmim][Cl] (third row): images taken with phase-contrast microscopy

(4⇥ magnification) at 0 h, 24 h, and 48 h at the lowest sub-toxic concentration

in each sub-set (a), and 0 h, 16 h and 32 h at the highest sub-toxic doses (b);

the control images are shown on the first row. (c) Wound area as a function

of time for case (b). The dots average 3 independent experiments in triplicate

with their standard deviations; the lines are their best linear fits with slopes

representing the average migration rates. (d) The extracted migration rates

clearly show that sub-toxic doses of (these two) imidazolium-ILs enhance cell

migration and that the enhancement is more pronounced for the longer-chain

IL, which also shows a concentration dependence. . . . . . . . . . . . . . . . . 86

4.18 Colony scattering of MDA-MB-231 cells incubated at sub-toxic doses of ILs. (a)

Representative images taken with phase contrast microscopy (4X magnification)

of cell colonies in control (where two compact colonies are shown), [bmim][Cl] at

2.8 mM (two loose colonies), and [dmim][Cl] at 1.5 µM (two scattered colonies).

Percentage of compact (b) and loose + scattered (c) colonies for control and

4 di↵erent IL-doses (average of two independent experiments in triplicate with

their standard deviations). The B and D labels on the x-axes correspond to

the following doses of [bmim][Cl] and [dmim][Cl], respectively: B1=0.05 mM,

B2=0.1 mM, B3=0.5 mM, B4=2.8 mM, D1=0.05 µM, D2=0.1 µM, D3=0.5

µM, D4=1.5 µM; the label C is for the control. B4 and D4 correspond to the

highest doses used in the migration experiments, B2 and D2 to the lowest ones. 87

5.1 Structure of the [Tea]+, [Ms]� and [H2PO4]� ions. Blue color: N (nitrogen);

orange: P (phosphorus); yellow: S (sulphur); red: O (oxygen); grey: C (carbon);

white: H (hydrogen) atom. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.2 Atomistic structure of the [DxC10]2+ di-cation. The two P atoms (orange) are

linked by a –(CH2)10– chain. All other chains are hexyl groups. . . . . . . . . . 92

5.3 Density–density (Snn) and charge–charge (SQQ) structure factors for the sample

made of 240 [Tea][Ms] ion-pairs and 4075 water molecules (lower panel). The

structure factors for the corresponding [Na][Cl]/water sample are given as a

comparison (upper panel) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

xvi



LIST OF FIGURES

5.4 Low-k portion of the density–density structure factor in water solutions of: (a)

[Tea][Ms]; (b) [Tea][H2PO4]; (c) [DxC10][Cl]2. In order of increasing height of

Snn(kmin), the curves correspond to SAMP1,. . . , SAMP8. Notice the di↵erent

vertical scale in the three panels. . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.5 Density-density and charge-charge structure factors in [DxC10][Cl]2/water sam-

ples of di↵erent concentration. . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.6 Radial distribution functions (coarse grained from atomistic trajectories) for the

[Tea]+, the [Ms]� and the [H2PO4]� ions in [Tea][Ms]/ and [Tea][H2PO4]/water

solutions at low salt concentration (Nw = 8075). . . . . . . . . . . . . . . . . 98

5.7 Radial distribution functions (coarse grained from atomistic trajectories) for the

[DxC10]2+ and [Cl]� ions of [DxC10][Cl]2 in water at low (Nw = 8075) and

high (Nw = 1075) salt concentration. . . . . . . . . . . . . . . . . . . . . . . 98

5.8 Concentration dependence of the first peak of g+�(r) in [DxC10][Cl]2/water

solutions. The height of the first g+�(r) peak increases with increasing salt

concentration, along the sequence SAMP8, SAMP7,. . . , SAMP1. The inset

shows the cation–anion coordination number, computed by integrating the radial

density up to the first minimum of g+�(r) at r = 6 Å. . . . . . . . . . . . . . 99
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Chapter 1

Introduction

1.1 Thesis overview and aim

Most biological systems thrive in a liquid environment consisting of water and simple electrolytes

(or inorganic ions), such as [Na]+, [K]+, [Cl]�, which screen the charge on biomolecules af-

fecting their structure, aggregation propensity, solubility, and reactivity, and regulate crucial

environmental parameters such as di↵usivity, and viscosity. The variety of structures, phenom-

ena, and e↵ects of ions on biomolecules can be greatly enhanced by taking relatively bigger and

complex electrolytes consisting of inorganic molecular ionic species (such as [NH4]+, [NO3]�,

[ClO4]�, [PF6]�) and especially organic ions such as alkyl-imidazolium, pyridinium, ammonium,

phosphonium cations; sulfonate, carboxylate, mesylate anions; which represent the building

blocks of ionic liquids (ILs).

ILs are ionic compounds that exist in a liquid state near room temperature. Together

with a low melting point, their other characteristics include negligible vapor pressure and high

chemical, and thermal stability [1–4]. Because of their intriguing characteristics, ILs have

long been considered an environmentally benign alternative to volatile organic solvents; and as

Green solvents, however, this assessment is now being reanalysed. Most industrial chemistry

takes place in solution (usually water solution, which is volatile), the potential market for IL

as solvents is massive, and it is the main motivation of research on ILs. They have numerous

other potential applications such as electrolytes in batteries, fuel cells, solar cells, and sensors;

as separation media in carbon capture and liquid membranes; as advanced materials in artificial

muscles, pharmaceuticals; and solvents in bio-catalysis and protein crystallization.

The first studies of the interaction of ILs with biomolecules and bio-organisms were moti-

vated mainly due to their introduction in industry and for assessing the risks associated with it

[5, 6]. It has been heavily investigated since then, and in the 2000s, several such studies have

pointed out the toxicity of selected ILs on living organisms, e.g., plants and animals [7–20].
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1.1. THESIS OVERVIEW AND AIM

This toxicity aspect has stimulated a series of biophysical, biochemical, and chemical-physical

studies focussing on the mechanism of actions of ILs, e.g., on cells, a clear understanding of

which would be a crucial step towards IL application in pharmacology, bio-nanomedicine, and

bio-nanotechnology [21–23].

With the proven correlation between ILs toxicity and their lipophilicity, and with the fact

that the interaction between ILs and cells has to be mediated, firstly, through the cell (or bio-)

membrane, several chemical-physical and biochemical studies reported within the last decade on

the interaction of ILs with model cell membranes were designed to understand the relationship

between IL induced cell death, and cell membrane disruption [24–26]. It has been reported that

lipophilicity and toxicity of ILs towards phospholipid bilayers increase with increasing the chain

length of IL-cation. The more easily the IL disrupts the phospholipid bilayers, the more toxic it

is. These studies were usually done in the range of the IL critical micellar concentration (CMC).

The presence of these micellar supramolecular structures of ILs in solutions at the cell-water

interface drives the overall disruption of lipid bilayers, or in general, cell membranes [27].

On the other hand, the niche sub-class of these chemical-physical studies have been focussed

on the concentration of ILs below their CMC, the region where ILs do not a↵ect the overall

stability of cell membranes [28–32]. Our first research interest has been on this relatively

new research e↵ort, and it focuses on the e↵ect of this low concentration of ILs on model cell-

membrane and living cells. Assessing the e↵ect of ILs on phospholipid bilayers, a basic model of

cell membranes, is the required first step towards the path of the molecular-level comprehension

of biological e↵ects of ILs on cell membranes and cells. Another study that we focussed on is

the formation and stability of nanostructures of protic and aprotic ILs in water solution. From a

biochemical point of view, IL nanostructuring might be a relevant aspect [33] that produces an

alternation of polar and apolar regions for the solvation of a third species, with a characteristic

length scale that might induce high selectivity in the interaction with macromolecules [34].

To investigate the molecular mechanism behind the interaction of ILs with cell membranes

and cells, we have employed diverse experimental techniques together with computational meth-

ods, including neutron scattering, atomic force microscopy (AFM), dynamic light scattering

(DLS), and biological assays, and molecular dynamics (MD) simulations respectively. These

techniques have been successfully used in previous years for similar studies [27–32, 35–41].

Because of its sensitivity to lightest elements down to hydrogen atom, neutron scattering is a

major player to provide quantitative data on the structure and dynamics of systems and provide

mechano-elastic properties of phospholipid bilayers in an aqueous environment. This is usually

complemented with a table-top technique DLS, which provides equilibrium size and shape of

liposomes. A technique that plays a larger role is AFM, which can characterize topography

and a variety of nano-mechanical properties of the phospholipid bilayers or, more generally,

the biomolecules in an aqueous environment. The knowledge gained by these investigations
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1.2. THESIS OUTLINE

on model systems has been transferred at the cell level. In this context, by combining several

biochemical approaches, we have investigated the e↵ect of ILs on cell migration. Finally, we

have proposed an explicative hypothesis linking the IL-e↵ect on cell migration to their e↵ect on

cell-membrane mechano-elasticity. In parallel with these experimental investigations, we have

run a set of atomic MD simulations based on empirical force fields focusing on the nanostruc-

turing of ILs in water solutions, and applied a combination of density functional methods to

estimate absorption and luminescence properties of gas-phase single ions and neutral ion pairs,

selected among those giving origin to broad families of IL; this study has been carried out in

view of IL applications in biosensing through luminescence.

In this thesis, we mainly investigate by experiments the microscopic interaction of imi-

dazolium ILs, [bmim][Cl] (1-butyl-3-methylimidazolium chloride), and [dmim][Cl] (1-decyl-3-

methylimidazolium chloride), with model phospholipid bilayers by AFM and neutron scattering

techniques. The investigation includes single (DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine

and DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine) phospholipid bilayers and a mixed (DOPC:

DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine) phospholipid bilayer. Since ILs have shown

to a↵ect cells and the cell membrane is a primary barrier that the ILs encounter, partitioning

of ILs in lipid bilayer region upon insertion is important from the chemical point of view to

study, for which we utilized neutron scattering techniques. From the biophysical point of view,

mechano-elastic properties of the cell membranes are important; as they play an important role

in di↵erent biochemical processes like cell migration and replication, so controlling these proper-

ties can have a positive impact in several fields of applications, e.g., bio-nanomedicine, diagnos-

tic, therapeutics, and bio-nanotechnology [21–23], for which we have utilized both the neutron

scattering and AFM techniques. We tried to translate the results obtained from these investi-

gations to cell level, and we studied the interaction of ILs directly with MDA-MB-231 cells, for

which we employed a set of biological assays, including cell viability assay, cell cycle assay, and

cell migration and adhesion assay. In parallel, we have studied nanostructuring of three ILs, two

protic ([Tea][Ms] (triethylammonium-mesylate), [Tea][H2PO4] (triethylammonium-dihydrogen

phosphate)) and one aprotic ([DxC10][Cl]2, phosphonium di-cation) IL, for which we utilized

MD simulations; and optical properties of ILs by a combination of density functional methods.

1.2 Thesis outline

This thesis is organized into six chapters containing the following: introduction, state-of-the-

art, materials and methods, experimental studies, computational studies, and conclusion and

future outlook. Following this Introduction (Chapter 1), which describes the thesis overview

and aim, and thesis outline:

• Chapter 2, entitled State-of-the-art, starts with describing cell membranes and ILs, fol-
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1.2. THESIS OUTLINE

lowed up with presenting the state-of-the-art behind the toxicity of ILs, the interaction of

ILs with cell membranes and phospholipid bilayers, then cell migration and IL, and lastly,

the nanostructuring of ILs in water solution.

• Chapter 3, entitled Materials and methodology, experimental and computational proto-

cols, describes materials used, and sample preparation and sample measurement methods

with their relevant theory and working principle, and experimental and computational de-

tails. This is the longest chapter of this thesis, as we are presenting all the experimental

and computational details of our investigations. We opted for this presentation style to

have the results chapters 4 and 5 well focused on the actual results, which can help any

general reader interested in the scientific results only.

• Chapter 4, entitled Experimental studies, presents and discusses the experimental investi-

gations on the interaction of imidazolium ILs of di↵erent cation hydrocarbon chain lengths

with the model phospholipid bilayers and a type of living cell. Four sections compose

this chapter: (1) Neutron scattering studies: E↵ect of ionic liquids on bending rigidity

of phospholipid bilayers, (2) Atomic force microscopy studies: E↵ect of ionic liquid chain

length on mechano-elasticity of phospholipid bilayers, and (3) Biological studies: E↵ect

of ionic liquid chain length and sub-toxic doses on cell migration. The chapter ends

with presenting the final (4) discussion and conclusion, describing potential universal

bio-chemical-physical mechanisms connecting these major results in a unified explicative

scenario.

• Chapter 5, entitled Computational studies presents and discusses the computational in-

vestigations on ILs. Two sections compose this chapter: (1) Transition from salt-in-water

to water-in-salt nanostructures in water solutions of ionic liquids, which is investigated by

MD simulations based on an empirical force field, and (2) Absorption and luminescence

properties of neutral ion pairs from ionic liquids, which is estimated by a combination of

density functional methods; this is work in progress.

• Chapter 6 presents the overall Conclusion and future outlook.

4



Chapter 2

State-of-the-art

This chapter contains seven sections, which starts with describing cell membranes and ILs. This

is followed up by presenting the state-of-the-art behind the toxicity of ILs, the interaction of

ILs with cell membranes and phospholipid bilayers, then cell migration and IL, and lastly, the

nanostructuring of ILs in water solution.

2.1 Cell membranes

Cell membranes are a vital component of any living cell. Cells are building blocks of life,

discovered by Robert Hooke in 1665. It is the basic structural, functional, and biological unit

of all living organisms. The number of cells in plants and animals varies depending upon

species; the number of cells estimated in humans is ⇠ 40 trillion [42]. Cells are divided into

two types: prokaryotic and eukaryotic cells. Prokaryotes are single-cellular organisms that

do not contain a nucleus, e.g., bacteria. In comparison, eukaryotes are either single-cellular

or multi-cellular organisms containing a nucleus, e.g., plants, animals, fungi, algae, etc. A

(eukaryotic) cell consists of a cytoplasm surrounded by cell membranes containing various

membrane-bound organelles placed in specialized compartments. These are responsible for

specific functions critical for cell survival, and the organelles work together to meet the overall

needs of the cell. The (a) nucleus houses the cell’s DNA, which is the hereditary material of

genes, where DNA replication and RNA synthesis occur, (b) mitochondria generate energy from

food molecules, (c) lysosomes break down and recycle organelles and macromolecules, (d) the

endoplasmic reticulum is a transport network for molecules targeted for certain modifications

and specific destinations, and (e) the Golgi apparatus folds and packages various proteins and

cellular products. All of the organelles are stabilized and given physical support through the

cytoskeleton. Figure 2.1 shows the schematic structure of a eukaryotic (animal) cell.

Cell membranes play an active and crucial role in life; their common representation is known
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2.1. CELL MEMBRANES

Figure 2.1: Schematic structure of a eukaryotic (animal) cell. Taken from [43]

Figure 2.2: Schematic structure of a eukaryotic cell membrane. Proteins, carbohydrates, cholesterol

are embedded in phospholipid bilayer. Taken from [44].

as the Fluid Mosaic Model, proposed by Singer and Nicolson [47]. They are a defining feature

of life and essential for the compartmentalization of biochemical processes. The schematic

structure of a eukaryotic cell membrane is presented in Figure 2.2. It is composed of phos-

pholipid bilayers into which various types of (hundreds to thousands of) lipids and proteins,

saccharides, and other bio-complexes are incorporated into. These supramolecular structures

separate intracellular proteins, bio-complexes and bio-machineries, and nuclei from the extra-

cellular environment. This is the first target of extracellular physical, chemical, and biological

cues, e.g., heat, mechanical and chemical stress, toxins, hormones, viruses, and other cells.

This physical barrier regulates the di↵usion of a variety of molecules or chemical species into

cellular cytoplasm either through specific (protein) channels or simply by absorption into their
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2.1. CELL MEMBRANES

Figure 2.3: Schematic structure of liposome, micelle, phospholipid bilayer sheet, and a phospholipid

molecule having hydrophilic head containing glycerol, phosphate and alcohol and hydrophilic chains with

one saturated and another unsaturated. Taken from [45, 46].

phospholipid bilayer; they are responsible for electron/proton transport pathways (e.g., photo-

system complexes in plants), the transformation of ADP into ATP, cell migration, cell adhesion,

cell replication and, at the same time, they favour the expulsion of toxins and other molecular

waste.

Considering all the membrane-surrounded organelles, despite their complex compositions

and constant exchange or di↵usion of membrane materials, they maintain characteristic prop-

erties, which determine their identity and ultimately warrant their function and cell survival.

Cell membranes are very responsive and have unique characteristics: they may be robust and

rigid, and also fluid, self-repairing, and selectively permeable. With any external perturbation,

either environmental or dietary, they can adapt their composition quickly while maintaining the

organelle-specific characteristics.

Phospholipid bilayers are a well-accepted simple model of cell membranes [45, 48], the

basic unit of which is a phospholipid. Phospholipids are amphiphilic in nature, meaning that

they consist of a hydrophilic head and hydrophobic chains (or tails) [49]. Therefore, when

exposed to an aqueous environment, depending upon phospholipids’ concentration in water,

their geometry, and physico-chemical conditions, they may form di↵erent types of structures

called micelles, uni-lamellar vesicles, and multi-lamellar vesicles, and supported single-, bi-, and

multi-layers. The schematic structure of a liposome, a micelle, a phospholipid bilayer sheet is

presented in Figure 2.3. As the supported bilayers and vesicles reproduce the double layer of

cell membranes, they can be considered the best models to mimic them.

The schematic structure of a phospholipid molecule is also presented in Figure 2.3. A

phospholipid consists of hydrocarbon chains derived from two fatty acids connected through a
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glycerol unit and a polar headgroup containing a phosphate group and an alcohol group. The

chains can be either saturated or unsaturated or both, meaning that one or more double bonds

between carbon atoms are present. The fatty acid chains contain an even number of carbon

atoms, typically between 12 and 24. Di↵erent alcohols lead to a variation in head groups and

thus a variation in the phospholipid bilayer properties. Due to the di↵erence in shape, size,

and chemical makeup, membrane phospholipids are of the following types: PC (Phosphatidyl-

choline), PE (Phosphatidylethanolamine), PS (Phosphatidylserine), PG (Phosphatidylglycerol),

PI (Phosphatidylinositol), etc. PC group is the most abundant phospholipids in cell membranes

accounting for about half the total phospholipids in most mammalian cells. Found mostly in

the outer layer of cell membranes, PC is important structurally to membranes as it helps to

maintain membrane shape. While phospholipid chains primarily modulate the bilayer phase be-

haviour, the headgroup determines the bilayer surface chemistry. The lipids can be zwitterionic

or ionic. PC is a zwitterionic headgroup, as it has a negative charge on the phosphate group

and a positive charge on the amine, but these local charges balance each other out, resulting

in no net charge.

In addition to cells, large families of viruses have a lipid bilayer envelope; corona-viruses, in

particular, have it.

2.2 Ionic liquids

ILs are molten salts that comprise an organic cation and either an organic or inorganic anion,

whose melting temperature fall below the conventional limit of 100�C. The structural formula

of some representative cations and anions from selected ILs are shown in Figure 2.4. It is their

large cationic structural size and the weak coordination with anions that a↵ect the packing of

these ionic motives in a crystal lattice, which leaves these compounds in a liquid state around

room temperature [22, 50]. For instance, talking concerning ILs only: for a well-known 1-

alkyl-3-methylimidazolium IL family, increasing its cationic chain length (e.g., see Figure 2.4

where the chain length is increasing on moving from (a) to (d)) have resulted in a decrease

in its respective melting temperature. In which case, the e↵ect is attributed to inter-chain

dispersion interactions, competing with the Coulomb interaction of the molecular heads. With

the possibility to prepare millions of ILs with varying cation and/or anions, ILs are also called

designer solvents; and this allowed to design ILs with di↵erent chemical and physical properties.

For instance, the physico-chemical properties of ILs are recognized as ranging broadly from non-

volatile, non-flammable, and air and water stable to those that are distinctly volatile, flammable,

and unstable.

ILs were discovered independently several times, with Walden P. study about [EtNH3][NO3]

IL (melting point of 12�C) being the earliest ones to be reported in the literature in 1914 [1, 2].
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2.3. TOXICITY OF IONIC LIQUIDS

Figure 2.4: Structural formula of cations and anions from selected ILs. The MILs (magnetic ILs) sub-

category consists of magnetic (IL) anions. AAILs (amino acid ILs) represent anions made of deprotonated

amino acids. Taken from [21].

The main motivation behind the initial studies with ILs was their potential to exist in a liquid

state at room temperature for applications. ILs grabbed the attention of a wider audience

towards the end of the 20th century and because of the idea that they can be used as a ‘designer

solvent’ for various applications of choice [3]. Wilkes J. introduced the first imidazolium ILs;

1-alkyl-3-methylimidazolium chloride aluminium chloride ([CnC1im]Cl-AlCl3, where n = 1–4);

in 1980s [51]. Moreover, in 1999, most ILs became commercially available first and in high

quality. The two broad classes of ILs are (1) protic IL: it forms through proton transfer from a

Brønsted acid to a Brønsted base [52, 53], and (2) aprotic IL: this can be seen as a result of

substituting the acidic proton in a protic IL with a broad choice of a cationic moiety.

2.3 Toxicity of ionic liquids

Several studies have been done to assess toxicity of a variety of IL. Those studies highlighted

that an IL toxicity strength varies from mild to a high level based on their structure[54]. This

points towards a potential danger for their use in (industrial) applications and suggests tuning

its chemical structure to lower the toxicity. EC50 (half-maximal e↵ective concentration) is

a measure of toxicity that tells the concentration at which only 50% of cells are viable. A

lower EC50 value reflects higher toxicity. For ILs, it is usually in µM to mM range [55],

but nM range have also been reported [56]. As the IL toxicity depends on its structure, the

following are the general trend: (a) in general, cytotoxicity increases with increasing lipophilicity

and hydrophobicity; especially in the case of alkyl-imidazolium based ILs, hydrophobicity and

lipophilicity increases with increasing IL cation hydrocarbon chain length, and, as expected,

cytotoxicity increases with increasing IL-concentration[55, 57], (b) IL-cation toxicity strength

is much higher than that of IL-anion [58].
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(a) (b)

Figure 2.5: Sketch summarizing main mechanisms of action of ILs on living cells - (a) on cell membranes,

and (b) in cell cytoplasm. The red star indicates ILs. Adapted from [59]
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Strong IL-cell interaction can be used to our advantage for application in pharmacology,

biomedicine, and bio-nanotechnology [21, 22, 60–68]. For instance, (a) choline-based IL has

been used in oral delivery in rats and found to prevent the absorption of fat molecules through

intestinal tissue [69], (b) depending upon IL type, one can be toxic towards cancerous cells [70–

73]. When an IL with a triphenylphosphonium substituent applied intra-vesically to mouse, it

has killed bladder cancer cells, with adjacent healthy cells una↵ected [73]; This selective ability

of ILs makes them potential candidates against cancers, (c) some ILs are toxic towards gram-

positive and gram-negative bacteria [61, 74–78], (d) ILs are antiviral and can stop replication

cycle of viruses like HIV [79]

2.4 Interaction of ionic liquids with cell membranes

Here, we present the state-of-the-art of mechanism of actions of ILs towards cell membranes and

living cells in general. Various mechanisms of action of ILs on cells are possible [59], as presented

in Figure 2.5. For instance, when IL interacts with the cellular membrane, it could di↵use into

and alter the arrangement of phospholipids, the membrane potential, and the overall fluidity and

viscoelasticity of the membrane and may disrupt it [21, 55, 80–90]. This could, in turn, impact

several cellular biochemical and biophysical processes such as cell recognition, transportation,

signalling, migration, adhesion, division, and mechano-transduction, which could ultimately lead

to di↵erent e↵ects up to cell death either by apoptosis or necrosis. For instance, IL di↵usion into

the cell membrane could alter its ability to cluster-specific membrane proteins required to carry

out specific biochemical functions and a↵ect the distribution of glycolipids and glycoproteins

involved in cell recognition. Additionally, the interaction of ILs with cell membranes could

lead to even stronger e↵ects, for example, alteration in the membrane permeability and, at

most, the membrane disruption by creating pores in them. In these cases, ILs could indirectly

perturb the biochemical gradients between the extracellular environment and the cytoplasm

and induce either the di↵usion of the intracellular content outside the cell or the penetration

of extracellular material into the cytoplasm. Thus, the biochemical function of the cellular

membrane and several membrane proteins could be strongly a↵ected and thus the overall

stability of the membrane, leading to cell death.

When interacting with membrane proteins and enzymes, for instance, (i) transmembrane

lipid-transporter proteins (e.g., flippases and floppases) which are responsible for aiding the

movement of phospholipid molecules between the leaflets of the cell membrane and for maintain-

ing their asymmetric phospholipid composition, and (ii) transmembrane protein channels (e.g.,

porins and aquaporins) which are responsible for the passage of water, other ionic molecules

and nutrients, IL a↵ects their biochemical function by binding to them [58, 81, 91–94].

When ILs interacts with the cellular membrane, the following are some of the actions
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observed:

• Membrane shrinkage and lipid peroxidation in human hepatocarcinoma QGY-7701 cells

when incubated in [C8mim][Cl] [95], membrane blebbing, blurring, and shrinkage in insect

Sf-9 cells when incubated in [C2mim][Br] IL [96].

• Reduction in membrane elasticity of the Huh7.5 cells and of Gluconacetobacter sacchari

cells when incubated, respectively, in [C10mim][BF4], and in cholinium-cation vitamin

B-anion ILs [87, 88], see Figure 2.6.

• Alteration in membrane permeability of PC12 cells, in CCO cells, in E. coli DH5a, in

bacteria (E. coli), yeast (Saccharomyces cerevisiae) and RBCs, and in cells extracted

from algae, C. vulgaris and S. quadricauda when incubated, respectively, in [C8mim][Cl]

[80], in [Cnmim]-based [81], in [C8mim][Cl] [97], in [C8mim][Cl] [84], and in [Cnmim][Cl]

ILs [98].

• Destabilization of plasma membrane of HCE cell, NIH/3T3 cell, and PC12 cell after incu-

bation, respectively, in [P14444][Cl] and [P14444][OAc] [99], [C8quin][Br] and [C14quin][Br]

alkyl-quinolinium bromide ILs [100], and oxygenated and alkyl imidazolium ILs [101].

Figure 2.6: Reduction in Young’s modulus of membrane of the Huh7.5 cells and of Gluconacetobacter

sacchari cells when incubated, respectively, in [C10mim][BF4], and cholinium-cation vitamin B-anion ILs.

(a) SEM images (cross sections at 10k magnification) and (b) Young’s modulus of bacterial membranes

(BC) from the bacterial strain Gluconacetobacter sacchari neat (first row), treated with vitamins B

(second row) and treated with choline-based vitamin B ILs (third row). Adapted from [88].
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Figure 2.7: Bilayer domain fluidization of small bulged domains to flat large domains with enhanced

dye specificity in the presence of 10% double-chain imidazolium-based IL [C15IMe][HI] from [31]. Gi-

ant unilamellar vesicles of (a) DOPC/SSM/Chol (33:33:33) and (b) DOPC/SSM/Chol/[C15IMe][HI]

(33:23:33:10) at 38�C, scale 20µm.

• Membrane damage in red blood cells (RBC), in PC12 cells, in MCF-7 cells, in HeLa cells,

in E. coli, in both Gram-negative and Gram-positive bacteria (i.e., E. coli and Staphy-

lococcus aureus), and in marine macroalga Ulva lactuca (U. lactuca) incubated, respec-

tively, in [C4mim][Br], in [C10mim][BF4], and in [BTDA][Cl] [82], in [C8mim][Br] [55], in

[MPPyrro][Br] [83], in [C2mim][BF4] [102], in choline- and geranate-based (CAGE) ILs

[78], in piperazinium- and guanidinium-based ILs [94], and in [C12mim][Br] IL [103].

• Rearrangement of lipid domains by ILs has been observed on model systems [31, 32], see

for example Figure 2.7.

• Inhibition of the enzyme acetylcholinesterase (AChE) in PC12 cells, of plasma membrane

protein p-glycoprotein in several human cancer cells, and cell membrane located enzyme

Na-K-ATPase in CCO cells after incubation, respectively, in [C4mim][BF4] [101], in a se-

ries of newly synthesized imidazolium ILs tethered benzothiazole moieties with fluorinated

counter anions [91], and in [Cnmim][NTf2] ILs [58, 81].

• Increment in lifetimes of gramicidin A channels (which stabilizes the compressed structure

of the lipid bilayer) by incubation in [Cnmim][Cl] ILs [93], see Figure 2.8.

• Alterations in the elasticity of Osteoblast [21] and MDA-MB-231 cells [104] when treated

with [Cnmim]-based ILs, see Figure 2.9.

Additionally, after di↵using through the cell membranes into the cellular cytoplasm, ILs

interact with the nucleus and DNA that can a↵ect nucleolus viscoelasticity and disrupt the

nucleus membrane, alter DNA binding, DNA fragmentation, DNA replication, cell cycle, and cell
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Figure 2.8: Schematic representation of the e↵ect of ILs on the structure and ionic conductivity of

gramicidin A embedded in a supported DPhPC/n-decane lipid bilayer. Each current trace represents

events (a) before and (b) after the addition of 300 µM [C10mim][Cl] (applied voltage 200 mV), (c)

lifetime distribution of gramicidin A dimer, where N(t) is the number of channels with lifetimes longer

than time t, (d) conductance transition amplitude histograms depending on the presence of the IL.

Adapted from [93].

Figure 2.9: AFM scan of the local elastic modulus of Osteoblast cells (a) before and (b) after the

addition of [C4mim][Cl] at 0.1 M concentration, showing the overall reduction of the cell membrane

elasticity and the destabilization of the cytoskeleton motif induced by the IL [21]. In (c) and (d),

Young’s modulus mean values ± errors for MDA-MB-231 cells interacting with di↵erent concentration

of [C4mim][Cl] and [C8mim][Cl], respectively [104].

replication. For instance, when reaching the cell nucleus, IL di↵uses into it, reaching the DNA,

alters the viscoelasticity of the nucleus membrane, and could disrupt it [54, 55, 80, 81, 95, 96],

where these latter e↵ects are key steps in the cell cycle as the alteration in its integrity could
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compromise cell life as well as cell replication [56, 105, 106]]. DNA, one of the most charged

intracellular molecule, contains the genetic code of the cell. When IL alters DNA properties, it

either decreases DNA replication or induces DNA fragmentation [17, 55, 56, 80, 96, 106–109];

it could lead to several e↵ects, including cell death and alteration in the cell genome.

Another observation is that IL interacts with mitochondria and ATP, leading to mitochon-

drial permeabilization and dysfunction, the generation of reactive oxygen species, and a↵ects

ATP to ADP transformation. When it interacts with mitochondria, ILs di↵use into the mi-

tochondrial membrane and alter its functions, such as ATP generation. ATP is the source

of chemical energy responsible for most cellular processes, and conversion from ATP to ADP

is essential for the cells’ lives. ILs could either bind directly to ATP or a↵ect the ATP to

ADP conversion [17, 55, 56, 73, 80, 110]. Thus, such IL interaction a↵ects several signalling

processes involved in the cell cycle, cell growth, cell di↵erentiation, and cell death.

Also, ILs interact with ribosomes and RNA a↵ecting ribosome binding, RNA binding, protein

synthesis, and protein expression [107–109, 111]. While ribosomes are the machinery that

synthesizes proteins, the RNA contains the genetic code needed by the ribosomes for protein

synthesis. Thus, by binding to RNA or ribosomes, IL a↵ects protein synthesis. This type

of interaction could lead to either upregulation or downregulation in protein expression, or at

most to the overall inhibition of the ribosomes’ function. This alteration in protein synthesis

can a↵ect the cell cycle, cell growth, and cell di↵erentiation and lead to cell death.

2.5 Interaction of ionic liquids with phospholipid bilayers

The main aspect of the biophysical investigation of ILs interacting with model phospholipid

bilayers has been the experimental and computational studies of such systems’ structural and

dynamical properties. These studies are critical to unravel the microscopic mechanisms un-

derlying the IL mechanism of action on cells. In what follows are the research activities that

showcase the present state-of-the-art.

Due to their amphiphilic character and charge, IL molecules share properties with most

biomolecules; however, their similarity with phospholipids is more apparent. Both the phos-

pholipids and ILs have a polar character and display hydrophilic and hydrophobic regions. It is

their similarities which is responsible for their strong interaction [45, 112]. Also, because cell

membranes are the first biological structure to interact with any foreign molecules, early studies

were motivated by the interaction of ILs with phospholipid bilayers (the simplest yet the most

relevant model of cell membranes).

The first studies on the interaction of ILs were performed on DOPC phospholipid bilayers,

which reported its structural damage upon the addition of 1-alkyl-3 methylimidazolium cations

([CnC1Im]+, where n = 4, .., 8) in combination with a few di↵erent anions [115]. The damage
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Figure 2.10: Imidazolium IL in water environment: the left square represents ’below CMC’, and the

right one is for the ’above CMC’ condition. Adapted from [113].

Figure 2.11: Phase diagram of [Cnmim][Cl] IL induced morphological changes to a supported ↵-PC

bilayer taken from ref [38]. The EC50 toxicity line (in magenta) for IPC-cell shows a negative correlation

between the toxic concentration and the IL cation chain length [24]. The blue and grey lines are

the predicted EC50 lines for wild-type (with cell wall) and mutant type (without cell wall) strains of

Chlamydomonas reinhardtti, respectively. The green line indicates the IL CMC [114]. The symbols

correspond to the specific morphologies in the right image. Black square is for neat bilayer, and the

navy star is for disrupted bilayer.

was increasing with increasing alkyl chain length or n. Additionally, at a given n, the damage

increased directly with concentration up to the IL CMC. CMC limits the number of free cations

in solution by forming supramolecular structures such as micelles (see Figure 2.10) or vesicles;

because of these structures, the CMC concentration has the special role of separating (or

joining) two regimes in the response of bilayers to the addition of IL, and this concentration

severely a↵ects the bilayer samples. However, IL anions seem to contribute very little; their

cations have shown to play a significant role in such interaction.

The IL cytotoxicity studies done concerning IL cation chain length and IL concentration by

combining experimental techniques with computer simulations [24, 27, 38, 114] have resulted

that (1) at EC50, IL cations nucleate morphological defects on cell membranes of several

organisms, (2) at CMC, IL destroy the cell membranes (Figure 2.11). This implies that molecular

mechanism of IL cytotoxicity may be linked to these IL-induced morphological reorganizations of

16



2.5. INTERACTION OF IONIC LIQUIDS WITH PHOSPHOLIPID BILAYERS

cell membranes, (3) increasing IL cation chain length leads to an increase in cytotoxicity. While

these trends have been reported in several studies, some exceptions exist [31]. Additionally,

when quasi-elastic neutron scattering (QENS) has been employed to determine liver lipid (see

Figure 2.12) and single-component DMPC lipid di↵usion in the presence of [C10mim][BF4] IL,

it showed an increment of the lipid lateral motion [87, 89, 90].

Figure 2.12: QENS results on the interaction of [C10mim][BF4] IL with liver lipid membrane. Variation

of HWHM (half-width at half maximum), obtained by fitting the QENS data with Lorentzian function,

corresponding to the lateral motion for liver lipid in absence and presence of [DMIM][BF4] at 310K.

Solid lines are the fits assuming Fick’s law of di↵usion. Adapted from [87].

Figure 2.13: Density distribution profiles of model single supported phospholipid bilayers as a function

of height (z) from the substrate’s surface obtained by fitting the neutron reflectivity data taken from

[28]. Each bilayer was modelled with four di↵erent density distributions accounting for (i) the inner

phospholipid heads layer (cyan); (ii) the inner phospholipid chain layer (blue); (iii) the outer phospholipid

chain layer (blue); (iv) the outer phospholipid heads layer (cyan); and also (v) the density distribution

of the cations (red), whereas the anion (Cl�) is almost invisible to neutrons. Three cases are reported

combining two single phospholipid bilayers separately with aqueous solutions of two di↵erent ILs at 0.5

M: (a) POPC and [Chol][Cl], (b) POPC and [C4mim][Cl], and (c) DMPC and [C4mim][Cl]. IL-cation

absorption accounts for 8%, 6.5%, and 11% of the phospholipid bilayer volume, respectively. In (c), the

cations’ di↵usion into the inner leaflet is apparent, which can imply di↵usion into the cytoplasm through

the cellular lipid membrane.
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Figure 2.14: Schematic of a sample configurations used in MD simulations [29]. POPC domains in

gray, water layers in red, [C4mim]+ in blue, and [PF6] in green. Inset (a): Representative configuration

of POPC and [C4mim]+. Inset (b): water density profiles: the di↵erence (area in red) points to a water

excess in the POPC doped with [C4mim]+.

A combination of neutron scattering and computer simulations has proved to be a powerful

tool to investigate the chemical-physics of phospholipid bilayer samples [116–120]. E↵ect of

low concentration of ILs, concentration much below CMC, on phospholipid bilayer carried

out by neutron reflectivity [28], and molecular dynamics simulations [29] showed IL-cation

insertion mechanism and partitioning into phospholipid bilayers (Figure 2.13, Figure 2.14).

Low concentration of IL dispersed at the bilayer-water interfaces (i) insert into the phospholipid

bilayers in a few nanoseconds time scale, (ii) driven by the electrostatic attraction between the

positively charged IL-cations with the most electronegative oxygen atom in the phospholipid

heads, and (iii) stabilized by Van der Waals forces between the IL-cation and the phospholipid

chains; (iv) always locates in the outer phospholipid bilayer leaflet, and (v) its amount oscillates

between one to ten IL-cations any three phospholipids. Even though such IL-cation penetration

does not a↵ect the phospholipid bilayer’s overall stability, this could a↵ect the bilayer’s mechano-

elasticity as reported by MD simulation studies on such systems [29]. Furthermore, AFM studies

on them also have shown the ability of IL to change the mechano-elasticity of phospholipid

bilayers without a↵ecting their overall structure and stability [85].

2.6 Cell migration and ionic liquid

Cell migration is a universal process for life, playing the main role in all the organisms start-

ing from simpler unicellular (e.g., bacteria) to more complex multi-cellular organisms (e.g.,

humans and plants). This process already starts with embryonic morphogenesis in mammals;
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then, it contributes to skin renewal, tissue repair, organ regeneration, and immune surveillance

[121–124]. Impaired or enhanced cell migration is related to several pathological processes like

vascular disease, osteoporosis, arthritis, cancer, and bacterial and viral infection and dissem-

ination [123–125]. Hence, the ability to control cell migration holds the promise of e↵ective

therapeutic approaches for treating diseases, cellular transplantation, and preparation of arti-

ficial tissues and organs [126]. Cell migration has been reported to be altered by biochemical

or biomechanical molecular mechanisms [127–131], but the mechanisms are very specific, and

there lacks a universal approach.

To date, IL toxicity has been studied mostly [21–23], other than that some biochemical

studies have reported the ability of ILs to kill cancer cells selectively [70, 72].

2.7 Nanostructuring of ionic liquids in water solution for biophys-

ical applications

Many ILs in pure phase, in particular, are known to be inhomogeneous on the nanoscale.

Hence, they give origin to nanostructures [33, 132–134] whose formation is primarily due to

these ions’ amphiphilic character and the hydrophobic interactions among them. In other words,

several pure ILs form nanostructures because the strength of Coulomb interactions results in

local segregation of ionic and neutral domains. These are separated by intermolecular forces but

inextricably connected by intramolecular covalent bonds. Thus, the nanostructuring gives origin

to confined domains characterised by di↵erent solvation properties, representing in practice self-

assembled nano-reactors, whose size and distribution may control and enhance the reactivity of

solute species, as well as the selectivity of their reactions. At a low salt concentration in water,

the nanostructuring of amphiphilic ILs results in various forms such as micelles [114, 135],

and vesicles [136]; non-IL surfactants also display these in water. Such a condition could

be characterised as salt-in-water nanostructuring. In the high concentration limit, IL-water

solutions tend to preserve the nanostructure of pure ILs [137, 138]. The micro- and nano-

structures of water have been reported by electron microscopy images [139]. However, the

size and distribution of IL vesicles and micelles in the low salt concentration regime can be

probed by a variety of small-angle scattering techniques (using neutron, X-ray, or visible light),

by NMR, and fluorescence spectroscopy.
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Chapter 3

Materials and methodology,

experimental and computational

protocols

This chapter contains eight sections presenting the materials used for the investigations, sample

preparation methods for AFM, DLS, and neutron scattering experiments, describing all the

sample measurement techniques used in this thesis in detail. This is the longest chapter of

this thesis, as we are also presenting all the experimental and computational protocols of our

investigations here.

3.1 Materials

DOPC, DPPC, fully protonated (h-), and chain-deuterated (d54-) DMPC phospholipid powders

with 99% purity were purchased from Avanti Polar Lipids and used without further purification.

Dulbecco’s Phosphate-bu↵ered saline (PBS) and Trypsin-EDTA were purchased from Gibco.

MDA-MB-231 cells were purchased from ATCC. [bmim][Cl] with 99% purity, and [dmim][Cl]

with 98% purity were purchased from IOLITEC (Ionic Liquid Technologies). Heavy water, D2O

with 99.9% purity was purchased from Cambridge Isotope Laboratories (Andover, MA, USA).

MTT (3-(4,5- dimethylthiazole-2-yl)-2,5-diphenyl tetrazoliumbromide), Propidium Iodide (PI)

dye, DMSO, RIPA bu↵er, proteinase/phosphatase inhibitors, chloroform, and NaCl were pur-

chased from Sigma–Aldrich. Enhanced chemiluminescence (ECL) reagent kits were purchased

from Thermofisher Pierce. Polyvinylidene difluoride (PVDF) membrane was purchased from

Millipore. Muscovite mica was purchased from SPI supplies. The following primary antibodies

were purchased from Cell Signaling Technology for the WB study: CDK1 (1:1000), Cyclin E1

(1:1000), Cyclin D3 (1:2000), p27 (1:1000), p21 (1:1000), Rb (1:2000), pRb (1:1000). ß-actin
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(1:5000) and GAPDH (1:1000) antibodies were purchased from Sigma–Aldrich and Millipore,

respectively.

3.2 Sample preparation methods

3.2.1 DOPC phospholipid bilayer for atomic force microscopy

A stock solution of DOPC phospholipid in chloroform of concentration 33.33 mg/ml was pre-

pared. An appropriate amount of that solution was taken in a glass vial, and the chloroform

was dried out by nitrogen gas flow; as a result, a phospholipid film was obtained. It was dried

further by placing the vial containing the dried phospholipids under vacuum for 1 h. An appro-

priate amount of PBS was added to the dried phospholipid to get the final concentration of 2

mg/ml. This solution was vortexed until it mixed well. Phospholipid vesicles were obtained by

this solution when extruded through a porous polycarbonate membrane/filter (pore diameter

100 nm) for 21⇥ at 60�C with Avanti Polar Lipids extrusion kit (Figure 3.1). The extruded

solution was checked by the DLS technique to know the resulting vesicles’ size distribution.

For AFM measurements, a substrate was prepared by gluing a Teflon disc onto a glass slide,

upon which a mica disc was glued. Supported phospholipid bilayers were prepared on a freshly

cleaved mica surface by putting 120µl vesicle solution on it. This combination was placed in a

covered petri-dish with a PBS-soaked filter paper and then placed inside an oven at 50�C for

30 min. The process of supported bilayer formation is the following: When the phospholipid

vesicles hit a suitable solid surface, they may adsorb, break up, and spread to form a bilayer on

a hydrophilic surface, schematic is shown in Figure 3.2). Afterward, the petri-dish was taken

out and stored at room temperature to cool down. It was then washed with the working bu↵er

(PBS) by rinsing it few times to eliminate extra phospholipids. In the end, the sample was

stored with a (200µl) PBS solution for the AFM measurement in a liquid environment. For the

IL-treated case, the bu↵er from the bilayer samples was exchanged directly with the appropriate

amount of IL solution when it was on the AFM stage, and the measurements were continued

following some incubation period wherever required.

3.2.2 DOPC:DPPC phospholipid bilayer for atomic force microscopy

DOPC and DPPC phospholipid mixture in the equimolar ratio was prepared. An appropriate

amount of DOPC-chloroform and DPPC-chloroform solutions were mixed and dried. Starting

from drying, all the steps are the same until the last step of (DOPC) phospholipid bilayer

sample preparation, as explained above for the neat case. Once the phospholipid bilayers were

ready, they were dried by nitrogen gas and then under vacuum (400 mbar, room temperature,

overnight). Samples were taken out of the vacuum 2 h before performing AFM measurements
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Figure 3.1: Extrusion of phospholipid vesicle by Avanti Polar Lipids extrusion kit placed on a hot-plate

for controlling temperature.

Figure 3.2: Schematic showing process of supported bilayer formation.

and left at ambient conditions for equilibration. In the IL-treated case, phospholipid bilayer

samples were incubated in an appropriate amount of IL solution overnight; it was then dried

for AFM measurements in the same way discussed above. I anticipate that the system demixes

forming patches of the two nearly pure phospholipids, on which measurements will be carried

out.

In all these cases, IL solutions of desired concentrations were prepared directly by mixing

the calculated amount of IL in PBS solvent, which is the same bu↵er as the phospholipid bilayer

sample.

3.2.3 DMPC uni-lamellar vesicle for dynamic light scattering and neutron

scattering

As replacing hydrogen atoms with deuterium atoms dramatically alters the neutron scattering

length density contrast without significantly modifying the sample’s physico-chemical properties,

combinations of hydrogenated and deuterated chemicals were chosen to get appropriate samples

for each (neutron scattering) measurement. More specifically, four di↵erent types of DMPC

uni-lamellar vesicles were prepared: (i) h-DMPC in milliQ for DLS; (ii) d54-DMPC in D2O

and (iii) d54-DMPC:h-DMPC (9 : 1 molar ratio) in D2O for small-angle neutron scattering
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(SANS); and (iv) h-DMPC in D2O for neutron spin-echo (NSE). DMPC powder was dissolved

in chloroform at 20 mg/ml concentration, dried under nitrogen gas flow, and then under vacuum

for 1 h. The necessary amount of D2O was added to the dried phospholipids to get 100 mg/ml

for NSE measurements. DMPC uni-lamellar vesicles were prepared in the same way through

extrusion as the DOPC vesicles explained in previous sections. A series of DMPC vesicles were

used as neat samples. For the IL-treated samples, appropriate amounts of [bmim][Cl] were

added to the neat DMPC vesicles to reach 0.1 M IL-concentration and wait for 1 h before use.

For DLS and SANS measurements, the samples were further diluted to 1 mg/ml. For DLS, a

higher IL-concentration of 0.5 M has been used. The vesicle solutions were kept at 60�C until

the measurements.

3.3 Atomic force microscopy

Since its invention in 1986 [140], AFM has quickly evolved, developed, and diversified into a

multifunctional nanoscopic platform with growing applications in diverse fields, ranging from

physics, chemistry, and material science to biology. Part of this success comes from the fact

that AFM can be operated in various environmental conditions such as vacuum, air, and liquid

environments with no specific sample requirement. In particular, the ability to operate in liquid

environments has opened up the possibility of biological studies under more representative aque-

ous conditions when compared with, e.g., electron microscopy (scanning electron microscope

and transmission electron microscope).

AFM is a type of scanning probe microscopy, with a demonstrated resolution of fractions of

a nanometer (typically, a lateral resolution of ⇠ 1�10 nm (limited by tip sharpness) and vertical

resolution of ⇠ 0.1 nm), more than 1000⇥ better than the optical di↵raction limit [141]. The

technique is based on the local sensing of the surface or interfaces with a nanometric-sharp

tip mounted on a flexible cantilever. AFM combines high-resolution imaging from micrometer

down to nanometer range with the capability to apply and measure a wide range of forces

from pico-Newtons to nano-Newtons. This ability is necessary to characterize the biophysical

interactions in biological samples. Together with acquiring topographical images, some AFMs

can measure the other local properties, e.g., mechanical properties, of a sample simultaneously

and display them as an image, often with similarly high resolution.

3.3.1 Working principle

A classical AFM set-up consists of a flexible cantilever ending with a sharp probe (or tip), a laser

diode focused on the back of the cantilever and reflected onto a position-sensitive photodiode,

and a piezoelectric scanner which is connected to the photodiode through a feedback loop.
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Schematic showing the basic principle of an AFM with all operational components is illustrated

in Figure 3.3.

Figure 3.3: Schematic showing basic principle of an AFM with all operational components with z

piezoelectric scanner connected with the cantilever (not shown here).

Typically, during image acquisition, the tip is raster scanned across a sample surface through

the piezoelectric scanner. Variations in interaction forces between the tip and the sample,

reflecting atomic scale di↵erences in sample surface topography, are sensed by the tip and

cause a deflection of the cantilever, which are detected as a change of the laser position on the

position-sensitive photodiode. The feedback loop, then re-adjust in real-time the relative height

position of the sample and the tip in order to keep their parameters of interaction constant

(e.g., the force of interaction, oscillation amplitude, or frequency shift, depending on the AFM

imaging mode), thus enabling the reconstruction of the surface topography with sub-nano-

meter precision. The photodetector is typically composed of four independent quadrants so

that di↵erential signal between the top and bottom directly quantifies the cantilever deflection

after suitable calibration. By knowing the cantilevers’ spring constant, the deflection can be

converted into a force between the tip and the sample substrate. This is done on the assumption

of a linear deformation (Hooke’s law: F = �kx where F is the tip-surface interaction force, k

is the spring constant of the cantilever, and x is the deflection or displacement of the cantilever

from its free position) valid for small deflections (typically < 100 nm). As is evident from the

equation, the cantilevers’ spring constant can be used to control the magnitude of the force

exerted on the sample, which is important for soft biological materials; this must be selected

appropriately to ensure a suitable sensitivity and minimise tip-wear and sample damage. The

above equation also says that the cantilever deflection is directly proportional to the force, and

so the energy of these forces between the tip and the surface can be measured experimentally.
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Over a wide interval, exceeding the elastic ranges just described, the force versus displacement is

qualitatively given by the curve in Figure 3.4, showing both the repulsive and attractive (nearly

linear) parts. The corresponding potential energy curve could be described by a Lennard-Jones

potential.

Figure 3.4: The interaction force between the tip and the sample described by the Lennard-Jones

potential [142].

3.3.2 Modes of operation

The AFM has di↵erent modes of operation, which can be utilised depending on the sample

and application. In general, possible AFM imaging modes are divided into static (also called

Contact) mode and dynamic (non-contact or tapping) mode, where the cantilever oscillates at

a given frequency.

Contact mode works while maintaining a continuous and constant contact between the

tip and sample, where the total tip-surface force is repulsive [143] (see Figure 3.4). In practice,

the tip is raster-scanned over the surface with a constant force, which is equivalent to a pre-

defined setpoint value for the cantilever’s deflection. Even though reasonably easy to operate,

additional concerns arise when working with soft samples, such as biological samples. Due to

the constant tip-surface contact, high lateral forces are associated with this mode, which can

be disadvantageous for soft biological samples as the tip may damage the sample or cause a

drift of relatively loosely attached samples.

Tapping mode The solution to the problem of having high lateral forces between the

tip and surface with still maintaining a very high lateral resolution is performed with the tip

tapping the surface for a short while. This avoids the issue of lateral forces and drags across
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the surface as well. Hence, this mode is referred to as tapping mode (or intermittent contact

mode) [144, 145]. In this mode, the imaging mechanism is dynamic. An extra shake piezo is

used to oscillate the cantilever at a pre-defined amplitude (typically a few nanometers) at or

near its resonant frequency while it raster scans the surface. The cantilever is typically driven

to vibrate near its fundamental resonance frequency to enhance the oscillation amplitude and

the measurement sensitivity. As the tip approaches the surface, the cantilever’s amplitude will

decrease due to tip-surface interaction forces dampening the cantilever energy. Therefore, the

working amplitude is smaller than the amplitude of the tip far away from the surface due to the

tip-surface interaction. This allows for the use of the cantilever amplitude as the feedback signal.

When the cantilever is driven to be close to the surface, it is oscillating at a frequency below its

fundamental resonance to operate at repulsive forces within the Lennard-Jones potential. The

Lennard-Jones potential describes both long-range and short-range interaction forces between

the tip and the surface. There are two di↵erent regimes in AFM tapping mode - the attractive

regime (attractive forces acting between tip and surface) and the repulsive regime (repulsive

forces acting between tip and surface).

In its simplest form, the motion of the tip can be approximated by a driven-damped simple

harmonic oscillator. The harmonic oscillator also quantifies the damping experienced by the

vibrating mass, suggesting that AFM tapping mode can provide more than only topographic

information. Practically, this information is available in the phase of the tip vibration, which

is allowed to vary freely. Hence, in addition to height and amplitude images generated during

a tapping mode scan, phase image (or phase information) is also obtained. This phase image

is the phase shift between the driving oscillation and the resultant cantilever oscillation when

interacting with the surface.

Force spectroscopy A large number of possible AFM-based applications opened the door

to so-called force spectroscopy. In this mode, the tip is cyclically approached and retracted

from the surface while monitoring the variation of the force with respect to the tip-sample

distance [146]. This enables the reconstruction of force-distance curves, the basic output of

a force spectroscopy measurement, with pico-newton sensitivity. A typical force curve, which

is basically a deflection vs. piezo distance curve, is shown in Figure 3.5. The force curve is

performed by ramping the tip against the sample surface (or the sample surface against the

tip, depending upon the type of instrument used) along the vertical (z-) axis. In the absence

of long-range forces or tip-surface interaction, the deflection remains constant during the first

part of the approach (point 1 in Figure 3.5). At point 2, the tip jumps to contact under the

action of surface attractive force; point 3 is the contact region, where a strong repulsion acts

between the tip and the sample. Normally, when performing force spectroscopy, a setpoint on

the deflection is fixed; once the setpoint is reached, the tip’s motion is reversed, increasing the
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Figure 3.5: Force curve obtained from a force spectroscopy measurement on a location of a sample.

The meaning behind all the points from 1 to 6 are explained in the text. Adapted from [147].

tip-sample distance. Point 4 extends from the setpoint to point 5, where the tip detaches from

the surface and comes back to the non-interaction regime, returning to the starting position,

point 6. At point 5, interaction with the sample traps the tip until a certain force necessary to

free it is reached: this force is the adhesion force. The obtained raw force curve contains the

distance travelled by the piezo during the ramp along x-axis (set by the user) and deflection

signal in Volts along y-axis.

In order to get a real force curve, i.e., force, e.g., in nano-newton, versus the tip-to-sample

distance, two operations must be fulfilled. Firstly, deflection sensitivity (zsens) has to be

measured, and secondly, the cantilever spring constant has to be calibrated. Calibration of

the tip-cantilever-photodetector sensitivity is required for quantitative measurements to relate

the measured signal at the photodetector to the actual displacement of the cantilever and

to calculate the cantilever’s spring constant. The zsens is necessary to convert the deflection

signal from Volts to nanometres. In order to obtain a correct conversion, the acquisition of force

curves is performed on a cleaned rigid substrate, whose sti↵ness provides negligible deformations

compared to the deflection on the cantilever in the range of forces applied. The contact part

of this force curve in nm units is expected to be linear with unitary slope because the only

contribution is due to the cantilever bending, and the amount of deflection in Volts is equal

to the distance travelled by the piezo driving the tip: the zsens is inverse of the slope of the

contact part of force curve. Now, the force curve is converted in deflection in nm versus the

distance travelled by the piezo. It is more appropriate to show the deflection as a function of

the tip-sample distance (a real force curve). The z-axis should be rescaled so that the point

of contact (point 2 in Figure 3.5) corresponds to zero. The tip-sample distance is calculated
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as z = (zp � z0) + d, where zp is the distance travelled by the piezo, d is the tip deflection

in nm, and z0 is the o↵set to shift the contact point at d = 0. A force versus (tip-sample)

distance curve can be obtained at this point, multiplying the deflection by the cantilever’s spring

constant. Using thermal noise method (e.g.), the cantilever’s spring constant can be calibrated

based on the measurement of the cantilever’s free oscillation due to thermal energy, following

the equipartition theorem. By raster-scanning across the sample surface, a map of measured

forces can be acquired; this process is commonly termed force mapping.

Force spectroscopy can be coupled to the imaging, allowing finding the area of interest

and then performing measurements on specific locations on the morphological scan. Consider-

able processing and analysis of force curve provide meaningful information like mechanical and

physico-chemical sample properties, such as elasticity, sti↵ness, and adhesion.

PeakForce Tapping mode is a relatively new imaging mode that operates similarly to the

tapping mode in the sense that it avoids lateral forces by intermittently contacting the sample

[148, 149]. However, it is di↵erent from the tapping mode as it operates in a non-resonant

mode. Meaning that the PeakForce Tapping oscillation is performed at frequencies well below

the cantilever resonance, thus avoiding a resonating system’s filtering e↵ect and dynamics. In

this mode, each tap acquires a force curve, meaning that it gathers a force curve per pixel.

Thus, simultaneously acquiring a topography image of a sample, it acquires images of their

nano-mechanical properties. PeakForce Tapping refers to the individual peak force points as

triggering mechanisms to force the z-piezo to retract. Another advantage of this mode is that

it operates at very low forces, which is crucial for obtaining high-resolution data on soft samples

like phospholipid bilayers.

3.3.3 Experimental protocol

Following are the details applied for the studies presented in this thesis.

(1) AFM is operated in liquid, allowing measurement and characterisation of a model cell

membrane in an aqueous environment. As the cell membranes exist in an aqueous environment

in general, the AFM’s ability to image in such an environment is advantageous for obtaining

meaningful results. However, operating AFM in liquid environments is challenging due to

the liquid altering the cantilever dynamics and the tip-substrate interactions. When the AFM’s

tapping mode is used appropriately, one can study these samples with a good imaging resolution.

Imaging and force measurements were performed using an MFP-3D AFM (Asylum Research,

USA) (Figure 3.6) and V-shaped cantilevers (DNP A and MLCT F, Bruker) with a nominal

spring constant of 0.35 N/m and 0.6 N/m, respectively and tip radius of 20 nm. The mica

substrate containing sample with a drop of solvent on it was mounted on the AFM sample
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Figure 3.6: MFP-3D AFM from Asylum Research, USA.

Figure 3.7: AFM force-separation curve collected while approaching (in red) and retracting (in blue)

the AFM tip from our model phospholipid bilayer in aqueous solution (a) as illustrated in (b), and force

mapping protocol for the AFM measurement (c): the tip raster-scanning and acquiring force curves on

16⇥ 16 matrix on the given sample area.

stage and the mounted AFM tip was immersed into the solvent, leaving this set-up for about

2 h to stabilize thermally and hence stabilize the laser deflection. The force curve method

and thermal noise frequency method have been employed to calibrate the inverse optical lever

sensitivity and spring constant. Parameters including scan rate, scan velocity, and trigger

point during the imaging and force-mapping were optimised for each experiment and were kept

the same throughout the experiments, as the change in any parameter may a↵ect the result.

The experiments were performed at room temperature (21 ± 1�C). Topographic images were

recorded using tapping mode. To characterize the mechano-elasticity of model phospholipid

bilayer before and after adding [bmim][Cl]-PBS solution below the CMC, we utilised AFM in

force spectroscopy mode that has been successfully utilised previously to study the mechano-
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elasticity of model phospholipid bilayers in liquid environments. Following sample scan on pure

phospholipid bilayer sample, force-mapping (of either 16⇥ 16 or 20⇥ 20 matrix meaning either

256 or 400 force curves, respectively, were performed, depending upon the scan size) on the

same scanned area. For convenience, this measurement result is called neat. In the next step,

the solvent or sample bu↵er was exchanged with either the same (PBS) bu↵er or NaCl added

bu↵er for the control experimental case and, with IL (of required concentration) added bu↵er.

This was done with extreme care so not to disturb the AFM-sample physical setting, which

helped to stay in the same scan area in the sample. Then, the same sample area was scanned

immediately with the same parameters. This was followed up with force-mapping; we called

it 0 h. These steps were repeated after 2 h and then after 5 h. All the data were recorded,

post-processed, and analysed.

Here, the force curves obtained as a result of force-mapping can be explained as the fol-

lowing: the force with which the AFM tip approaches the surface of the phospholipid bilayer is

recorded as a function of the separation between the tip and the substrate on which the model

phospholipid bilayer is deposited. Far away from the sample, the tip does not experience any

interaction with the bilayer. By approaching the phospholipid bilayer surface, the tip experi-

ences short-range interaction forces due to its interaction with the phospholipid bilayer surface.

The forces have a varying origin, ranging from Derjaguin–Landau–Verwey–Overbeek (DLVO),

hydration or steric forces [150] (magnitude and nature of which is dependent on the bilayer

chemistry, the physico-chemical properties of the bu↵er solution used for study and the chem-

istry of the AFM tip), a combination of which extends up to a few hundred of piconewtons,

in general. With increasing force, the tip comes in mechanical contact with the phospholipid

bilayer, where it elastically deforms the phospholipid bilayer until it ruptures, then it reaches

the mica substrate, and the force keeps increasing until it reaches setpoint. The rupture event

is the fingerprint for the intrinsic physical properties of a phospholipid bilayer. Afterward, the

tip retracts away, and at the water-phospholipid bilayer interface, it experiences some adhesion.

Once overcoming that, it moves far up the sample and loses any interaction with the phos-

pholipid bilayer. From the elastic portion of the force-separation curve, the sti↵ness or spring

constant of the phospholipid bilayer can be determined. The value of the force at the rupture

event (shown in Figure 3.7 (a)) is defined as the rupture force, it is a measure of the rigidity

of the system. The distance between the substrate (point 3) and the contact point between

tip and system surface (point 2) provides a measurement of the phospholipid bilayer thickness

or penetration depth of the phospholipid bilayer (Figure 3.7 (a)). For the studies presented

in this thesis, the phospholipid bilayer penetration depth, rupture force, and sti↵ness were ex-

tracted, then the data were checked for Gaussian distribution then plotted and represented in

the bar-charts with mean value and standard deviation. Experiments were repeated to check

reproducibility.
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For di↵erent days of experiments, the distribution of rupture forces depends mainly on the

error in the calibration of the cantilever’s spring constant, which is around 15–20% when using

the equipartition theorem [151]. Also, the typical rupture force of phospholipid bilayers ranges

between 1 and about 70 nN [152–155] dependent on phospholipid packing, structure (phospho-

lipid head group, acyl chain length, and degree of unsaturation). Other than this, experimental

parameters such as cantilever softness [155] tip radius [154], tip chemistry [150, 156, 157] and

approach speed [155, 158, 159], and also temperature and composition of the liquid environ-

ment have shown to play a crucial e↵ect on the measured mechanical stability of phospholipid

bilayer samples or the rupture force [151, 160]. Therefore, for the sake of comparison, experi-

ments have been conducted in a reproducible experimental set-up.

Figure 3.8: Bruker Dimension Icon AFM (Santa Barbara, USA).

(2) AFM is operated in air and DOPC:DPPC phospholipid bilayer samples were mea-

sured in air at room temperature and ambient pressure. AFM has been performed using a

Bruker Dimension Icon AFM (Santa Barbara, USA) (see Figure 3.8) in Peak-Force-Quantitative-

NanoMechanics (PF-QNM) Scanasyst air mode with Scanasyst fluid probe (nominal k = 0.7

nN/nm, nominal radius = 20 nm), at a frequency of 2 kHz. The AFM was calibrated for deflec-

tion sensitivity, spring constant (by thermal noise method), and modulus (by relative modulus

calibration using PDMS-1 reference sample (Bruker)). Young’s modulus of the sample (Es)

was calculated at each pixel of the image from the force F applied in the contact part of the

retraction trace of each oscillation cycle by fitting DMT model for a spherical tip of radius R

indenting an elastic half-space [161]. DMT model fits the equation:

F =
4

3
E
p
Rd3 (3.1)

Where F = Ftip�Fadh, Ftip denotes force acting on AFM tip and Fadh denotes adhesion force.
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d defines the indentation and E is the reduced modulus, expreseed as:

E =


1� ⌫2s
Es

+
1� ⌫2t
Et

��1

(3.2)

Where ⌫t and ⌫s (= 0.4) are Poisson’s ratios for the tip and the sample, respectively, whereas

Et denotes the Young’s modulus of the tip. For biomolecules, the sti↵ness of the tip is much

larger than that of the sample, and hence the second term in equation 3.2 can be neglected.

Therefore, equation 3.1 can be re-written as:

F =
4

3

Es

(1� ⌫2s )

p
Rd3 (3.3)

Several additional properties of the sample can be obtained, like adhesion force, deformation

and dissipation. The adhesion force at each contact point can be extracted from the vertical

di↵erence of the minimum force during retraction and the zero-force in a force-distance plot.

The deformation of the sample is assigned to the horizontal di↵erence between the peak force

tip-sample separation and the tip-sample separation corresponding to the onset of the overall

repulsive force during an approach.

The data were acquired at possible low peak force setpoint and small deformations (⇠ 1

nm), conditions under which the DMT approximation should be valid. Theoretically, in order

to ignore substrate e↵ect and overestimation of E in thin soft-gels (or, thin-film sample), the

indentation should be ⇠ 20% of the sample thickness [162]. For the case of a phospholipid

bilayer, say DOPC:DPPC phospholipid bilayer, the optimised phospholipid bilayer deformation

has been used in various studies [161, 163] is ⇠ 1 nm as its height in favourable condition

is ⇠ 5 � 6 nm. Each set of Young’s modulus measurements on a sample corresponds to

256⇥256 (meaning 65, 536) force-separation curves obtained over a micron-sized phospholipid

area from the samples. For the analysis of DMT modulus, which uses the retrace curve and

includes adhesion, the best force-fitting range was between ⇠ 30% to ⇠ 90%. Image analysis

was performed using the Nanoscope Analysis Software (Bruker). The topography map of the

sample was displaying domain edges, which allowed us to extract the di↵erence in the height

of the two phospholipid bilayers by measuring the depth.

3.4 Dynamic light scattering

DLS is a widely used technique in biophysics and soft matter physics that uses correlations

in the time-dependent fluctuations of the scattered light to extract information about the size

distribution of the particles in solution or suspension (in the length scale of nanometres and

micrometres), which are freely moving in Brownian motion through random collisions with the
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molecules of the solution. This method has the advantage of being non-invasive and non-

destructive, as it does not alter the sample while monitoring real-time changes or dynamics of

the samples.

Figure 3.9: Schematic of a typical DLS set-up. Taken from [164].

Figure 3.10: Steps involved in obtaining a result from a DLS experiment. Random di↵usion of particle

in solution (a), intensity of the scattered light versus time (b), autocorrelation function (G(⌧)) versus

delay time (⌧) (c), histogram obtained (d) to estimate the mean diameter (or size) and width of the

distribution (i.e., the polydispersity) of small and coarse particle. Adapted from [165]

3.4.1 Working principle

In a typical set-up of a DLS experiment (Figure 3.9), the sample is contained in a fixed holder,

illuminated by the laser light source (often He-Ne with 632.8 nm or Ar-ion with 592 nm
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Figure 3.11: Obtaining DLS data from correlation coe�cient versus time (i.e., from cumulant analysis

of correlogram). Taken from [166].

wavelength). The light is scattered (thus causes a Doppler Shift and results in a change in the

wavelength of the incoming light), and the scattered signal is collected with either a detector

placed at 90� (right angle) or that placed at 173� (back angle) scattering angle. This scattered

signal is the sum of the scattered signals from each suspended particle. Because these particles

are constantly in motion (Figure 3.10 (a)), the obtained scattered optical signal fluctuates

randomly (Figure 3.10 (b)). These fluctuations, which can be seen as noise, are directly related

to the di↵usion rate of the molecules in the solution and are used to extract the particle size

(distribution). The optical signal can be interpreted in terms of an autocorrelation function.

Incoming data is processed in real-time with a digital signal processing device known as a

(digital) correlator, and the autocorrelation function is extracted as a function of delay time,

⌧ (Figure 3.10 (c)). The correlator’s role is to compare the intensity of the scattered light at

time t with that at time t+ �t, t+ 2�t, etc., and thus generates a correlation function, which

can be mathematically linked to particle size (Figure 3.10 (d)). Since small molecules di↵use

faster, they lead to a faster (exponential) decay in the measured correlation function. The

steepness of that exponential decay (or measured decay rate) is determined by the particle’s

hydrodynamic radius (Figure 3.11). The hydrodynamic radius can be thought of as the radius

of an equivalent hard-sphere that experiences the same di↵usion as the particle due to Stokes

drag.

The correlation function generated is then fitted with (1) a single exponential to obtain the
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mean diameter (termed the Z-average) and an estimate of the width of the distribution (i.e.,

the polydispersity) (Figure 3.10 (d)), and (2) multiple exponentials to obtain the distribution

of particle sizes.

The Stokes-Einstein equation models the Brownian motion, and the di↵usion coe�cient D

is related to the hydrodynamic radius RH by the following equation, often used for particle size

analysis:

RH =
kBT

6⇡⌘D
(3.4)

Where kB is Boltzmann’s constant, T is absolute temperature, ⌘ is the solvent (water in our

case) viscosity.

3.4.2 Experimental protocol

Following are the details applied for the studies presented in this thesis. The vesicle size

distributions were characterised on a DLS Zetasizer Nano-ZS device (Malvern Instrument)

equipped with He-Ne laser (� = 633 nm). For the measurements, 10 mm diameter polystyrene

semi-micro-cuvettes were used as a sample container into which the DMPC unilamellar vesicles

solutions (1 mg/ml) were placed in. Experiments were carried out at the fixed scattering angle

of 173� and a temperature of 25�C. Experiments were repeated three times for both neat and

the IL-doped conditions, and mean values and standard deviations were computed and retained

as final results.

3.5 Neutron scattering

Neutron scattering is a powerful technique for studying the structure and dynamics of biological

systems at the atomic scale (from micrometres to one-hundred-thousandth of a micrometre)

and time scale from milli-seconds to ten-million-millionths of a millisecond, (see Figure 3.12)

complementary to other structural probes, such as those using photons (from visible light to

synchrotron X-rays) or electrons (microscopy and di↵raction), as well as to standard laboratory

measurements. This is due largely to the basic properties of the neutron, combined with

technology that allows the production of high neutron fluxes and instrumentation designed

specifically for the study of biological systems.

Together with protons, neutrons form nuclei of all the atoms in nature (except for hydrogen).

Discovered in 1932 by James Chadwick [167], neutrons are subatomic particles without electrical

charge and with a mass slightly higher than that of the protons. As neutrons have no charge,

they are insensitive to the charges in the atoms’ electron cloud, thus penetrating deeply (up to

several centimetres) into matter and interacting closely with the atomic nuclei, thereby probing
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the sample’s bulk properties. Neutrons, therefore, have the advantage that they can see light

atoms in solids that also contain heavy atoms. The energy and momenta of thermal neutrons

match well with those of a range of thermal excitations; thus, the dynamics of materials can

be studied.

Figure 3.12: Time scales and length scales probed by di↵erent experimental techniques. Taken from

[168].

Figure 3.13: Schematic representation of the neutron scattering geometry
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3.5.1 Basic principles

When a neutron, in the form of a plane wave with wave vector k, is incident on a sample, it

interacts with a nucleus in a sample and scatters as a spherical wave with wave vector k’ in

the direction (2✓, ) at relative solid angle d⌦ through di↵erential scattering area dS. These

scattered neutrons are detected and counted by a detector. The schematic of neutron scattering

geometry is shown in Figure 3.13. The scattering wave vector is represented as Q = (k� k’).

The incident and final neutron energies are E and E0:

E = ~2|k|2/2m (3.5)

E0 = ~2|k’|2/2m (3.6)

Where m is the mass of the neutron, and the energy transferred to the sample is

�E = E–E0 = ~2(|k|2 � |k’|2)/2m (3.7)

The incident and final neutron momenta are p and p’:

p = ~k (3.8)

p’ = ~k’ (3.9)

and the momentum transferred to the sample is

~Q = �p = p–p’ = ~(k–k’) (3.10)

If the energy of the neutrons does not change after the interaction (�E = 0 meV), the

scattering is called elastic scattering. Otherwise (�E 6= 0 meV), the scattering is called

inelastic scattering. For a typical powder scattering experiment, neutrons are measured, which

have scattered through an angle 2✓. The magnitude of the momentum transfer is then given

by

Q2 = k2 + k022kk0 cos 2✓ (3.11)

therefore

Q = 4⇡/� sin(✓) (3.12)

In crystal, equation 3.12 can be translated into the condition for di↵raction. According to

Bragg’s law:

2d sin(✓) = n� (3.13)

Where n is an integer and d is the lattice constant, a relationship between Q and d can be

obtained as

Q = 2⇡/d (3.14)
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The primary aim of a typical neutron scattering experiment is to determine the probability of

neutrons being scattered in Q and !; this is defined as the dynamic structure factor S(Q,!). In

the scattering experiment, the neutron-nucleus interaction potential V is expressed by adopting

Fermi’s pseudo-potential:

V (r) =
2⇡~2
m

bi�(r) (3.15)

Where ~ = h/2⇡ and h is the Planck’s constant, m, bi, �(r), and r, respectively, is mass of the

neutron, neutron scattering length (tells the strength of interaction), delta function, and the

position vector from the scattering center (at position of the nucleus i). Di↵erent isotopes or

spin states of nuclei give di↵erent bi. Since isotopes and nuclear state are randomly distributed

in samples, it is useful to define the coherent, �coh, and incoherent, �incoh, scattering cross-

sections as the average and variance of the possible b of a nucleus:

�coh = 4⇡hbi2 (3.16)

and

�incoh = 4⇡(hb2i � hbi2) (3.17)

The total cross-section is a sum of a coherent part and an incoherent part:

�tot = (�coh + �incoh) = 4⇡hb2i (3.18)

The di↵erence in the scattering cross-sections of di↵erent isotopes is frequently used in neu-

tron scattering experiments to tune the materials’ scattering length by the isotope substitution.

Coherent scattering depends on Q and originates from a scattering of di↵erent nuclei simul-

taneously, creating an interference pattern from scattered waves; is therefore, the part contains

structural information of samples. Incoherent scattering, Q independent (i.e., featureless), is

caused by scattering from individual scatterers at di↵erent times that adds independently and

contains information about the material scattering density (and hence dynamics).

3.5.2 Sources and instrumentations

The primary goal of neutron sources is to deliver a high-intensity beam of neutrons useful for

scattering experiments. There are two conventional ways of producing neutrons for research:

continuous reactors and spallation sources. Continuous reactors operate in a continuous neutron

generation mode (to produce a steady flux of neutrons) using a controlled nuclear fission

reaction. Whereas spallation sources function in a pulsed mode as the proton pulses produced

in a synchrotron are fired into a heavy metal target resulting in the emission of neutron pulses.

Both sources use a moderator to control the velocity of the neutrons. The temperature of the

moderator determines whether the resultant neutron beam contains thermal neutrons (T ⇠
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300K), cold neutrons (T ⇠ 25K), or hot neutrons (T ⇠ 2400K). The distribution of neutron

energies in the beam is related to temperature by En ⇡ kBT .

A traditional way of classifying neutron scattering instruments is in terms of elastic and

inelastic scattering. The instruments that perform elastic scattering are called di↵ractometers,

and they include instruments like SANS and reflectometers. The instruments that perform

inelastic scattering are called spectrometers, and they include NSE spectrometer and Time-

of-flight spectrometer. The following subsections briefly describe the particular categories of

instruments that are used for the studies presented in this thesis: SANS and NSE.

3.5.3 An overview of small angle neutron scattering

Developed over 40 years ago, SANS is a technique of choice for the characterization of structures

in the nanometric size range. This covers structures from the near Angstrom scale to the near

micrometer scale. Since the length scale is much larger than the atomic distances, it is useful

to define the scattering length density (SLD), ⇢, of a material,

⇢ =
NX

i

bi
V

(3.19)

Where V is the volume containing N atoms. In other words, this equation represents

averaging of the scattering length over the volume of the material. This also means that

when working at a small Q, one cares about the di↵erence in material properties ⇢1 and

⇢2,�⇢ = ⇢1 � ⇢2, which is referred to as the scattering contrast. With this, certain parts of

the samples can be made visible or invisible to neutrons in order to highlight specific structural

and dynamical properties; this is referred to as contrast matching.

In SANS, the incident neutron beam interacts with the sample and scatters; the scattered

intensity is measured as a function of momentum transfer (Q) and gives an average (SANS

coherent) scattering from the sample as follows:

I(Q) =
d⌃c(Q)

d⌦
=

N

V
V 2
p (⇢� ⇢sol)

2|F (Q)|2 (3.20)

where N , V , and Vp refers to the number of molecules in solution, total sample volume,

and molecular volume, respectively. ⇢ and ⇢sol are the scattering length density of the sample

and solvent, respectively, and |F (Q)| is the sample form factor that provides sample shape

information in solutions. The detector image gives the structure of the sample in reciprocal

space. After Fourier transformation, this is converted to a real space for size and structure de-

termination (unlike microscopy). Otherwise, the scattering data is fitted to models describing

structures in reciprocal space. Scattering methods measure (density-density) correlation func-

tions. Because of this, the phase information is completely lost. Its recovery is complicated
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and involves measuring a series of samples with identical structures but di↵erent contrasts. The

incoherent scattering cross-section d⌃i/d⌦ = ⌃i/4⇡ is a constant (Q-independent).

Figure 3.14: Basic schematic of a SANS instrument with various components. Taken from [169].

Figure 3.14 shows a basic schematic of a SANS instrument. The set-up contains a neutron

source, i.e., a reactor that produces neutrons with multiple energies, and these neutrons are

very hot with high energy distribution, high-momentum, and short wavelength. So, to cool

them down or slow them down to lower energy, moderators are used. For a standard SANS

experiment, it is often desired to see a sample with neutrons having a defined wavelength,

�, within a narrow bandwidth (��/�) because of the inverse relationship between � and the

momentum transfer of the scattered neutrons, Q: Q = 2⇡✓/�. When these incoming cold

neutrons travel to the velocity selector (used to select a slice of the (often cold) neutron

spectrum), only the ones with selected wavelength comes out of it and continues travelling

through the collimated guide and apertures (placed meters apart). These collimated neutron

beams interact with (either liquid or solid) samples, and some, if not all, neutrons undergo

scattering events with momentum transfer and propagate toward (area) detectors placed inside

an evacuated scattering vessel. Detectors are often made of elements with very large neutron

absorption cross-sections, e.g., the isotope helium-3. The 3He nuclei of the detector absorb the

scattered neutron to generate tritium and a proton. As the proton is charged, its signal can be

converted into a voltage/current, and thus the counting is possible of the otherwise-neutrally-

charged scattered neutrons.

A complete set of SANS data involves measurements from the sample, from an incoherent

(usually non-deuterated) scatterer that yields a flat (Q-independent) signal from the empty cell,

and from a calibrated sample. Obtained SANS data are corrected, rescaled to give a macro-

scopic cross-section (units of cm�1), then averaged. Reduced data are finally plotted using

standard linear plots (like Guinier, Zimm, or Kratky) to extract qualitative trends for sample

characteristics (such as correlation length, persistence length, and radius of gyration) or fitted

to models for more detailed data analysis. An example of SANS data reduction for the case of

a sample measured in a liquid is shown in Figure 3.15. The sample scattering consists of scat-
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Figure 3.15: An example of SANS data reduction for the case of a sample measured in liquid. (a) A

sample scattering consists of scattering contributions from the macromolecules in the sample and the

solvent as well. (b) Solvent scattering contributions are subtracted from the sample scattering after

measurement of an exactly matched solvent. This results in (c) coherent scattering intensities derived

solely from the population of macromolecules in the sample. Taken from [169].

tering contributions from the macromolecules in the sample and the solvent. Preserved spatial

correlations of the macromolecules in the aqueous sample give rise to a summed-coherent SANS

signal (a). The neutrons scatter from the solvent, but an absence of their long-distance spatial

correlations results in a flat scattering (b). The solvent scattering contributions are subtracted

from the sample scattering after measuring exactly the same solvent. After other necessary

corrections like background subtraction (to take into account any di↵erences in neutron absorp-

tion between the sample and the solvent), the final result is the coherent scattering intensities

derived solely from the population of macromolecules in the sample (c). The intensity of coher-

ent scattering signal encodes the frequency of preserved spatial correlations between scattering

centres internal to the macromolecules, i.e., the size, shape, and structure.

3.5.4 Small angle neutron scattering experimental protocol

Following are the specific details applied in the SANS studies presented in this thesis. The

experiments were carried out at NG3 30 m SANS instrument at the NCNR at a neutron

incoming wavelength of 6 Å (wavelength spread ��/� = 11%), and data were collected with a

two-dimensional detector at three di↵erent sample-to-detector distances (1, 4 and 13 m) in order

to cover the scattering vector range of 0.002 < Q(Å�1) < 0.4, where Q = (4⇡/�) sin(✓/2)

with � and ✓ as the incident neutron wavelength and scattering angle, respectively. A SANS
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Figure 3.16: SANS instrument at the NIST (National Institute of Standards and Technology) Center

for Neutron Research (NCNR), Gaithersburg, Maryland, USA. Taken from [170]

instrument at NCNR, Maryland, USA is shown in Figure 3.16. Neat and IL-doped DMPC uni-

lamellar vesicles samples were contained in 1 mm path-length quartz cells and were measured

at two temperatures above the gel-to-fluid main transition temperature of the phospholipids,

i.e., at 30�C and 40�C (where the transition temperature, TM is 24�C). The temperature was

controlled with a recirculation bath with an accuracy of 0.1�C. Data reduction was performed

using the Igor Pro based reduction macros supplied by NIST to correct for detector sensitivity,

instrumental background, empty cell, sample transmission, and solvent background, providing

1D I(Q) versus Q SANS profiles [171]. Data analysis was performed with the software SasView.

3.5.5 An overview of neutron spin echo

NSE is an ideal technique to probe thermal equilibrium undulation dynamics of cellular phos-

pholipid membranes, which can then be modelled to access their elastic and viscous properties.

NSE is a complementary technique to SANS in this sense, i.e., to provide dynamic information

about a sample. This technique measures correlations in the time (not the energy) domain.

The NSE technique automatically performs a Fourier transform in energy, thus providing re-

sults in the time domain, see Figure 3.17. NSE measures the intermediate scattering function,

I(Q, t). Because of this unique character, NSE is best suited to measure relaxation processes

(slow dynamics, e.g., di↵usive motions in soft materials).

Among neutron spectrometers, the NSE covers the smallest Q (meaning largest length

scales); 0.02Å�1 to 1.8Å�1 and smallest energy scales (meaning highest energy resolution

and longest times). With the probing times in the range of 0.01 to 100 ns, this method
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allows obtaining the highest energy resolution possible (sub µeV) over a wide range of incident

wavelengths. One of the main strengths of NSE is its wide dynamical range. The SLD concept

discussed in the previous section of the SANS technique is applicable here as well.

Figure 3.17: Fourier transformation in energy (a) provides NSE results in the time domain represented

by normalised intermediate scattering function, I(Q, t)/I(Q, 0) versus time plot (b). Taken from [172].

Schematic of the NGA-NSE spectrometer (at NIST, USA) set-up is presented in Figure

3.18. The technique uses polarised neutrons and employs Larmor precession of the neutron’s

spin as an internal clock [173]. When kept perpendicular to an external magnetic field, the

neutron spin starts to precess around the magnetic field (Larmor precession). The precession

encodes each neutron’s incoming velocity; it can be compared with the same neutron’s velocity

when it scatters from a sample. The technique’s basic principle is the following: the incoming

neutrons are flipped perpendicular to the external magnetic field by a 1st ⇡/2-flipper (shown

in Figure 3.18). Along the neutron flight path from this flipper to the sample, the precession

frequency is controlled by the magnetic field. A symmetric set-up is placed in the flight path

between the sample to the 2nd ⇡/2-flipper. Also, a ⇡-flipper is placed near the sample, which

flips the precession angle to 180� so that for an elastically scattered neutron, there is no net

spin-flip at the second ⇡/2-flipper, irrespective of the starting velocity of the neutron. Change in

the neutron velocity after interacting with the sample will lead to a di↵erence in the precession

angles between the 1st flight path and the 2nd flight path. Therefore, polarization change after

the 2nd ⇡/2-flipper is observed, and the polarization is a Fourier transform of the wavelength.

In another case, instead of using p flipper at the midpoint, the magnetic field direction is

reversed in the second coil placed between sample to detector path. Using these set-ups,

making extremely accurate measurements of the energy change during the scattering process

is possible.

Again, in this neutron scattering technique, necessary background subtraction and data

reduction are required.
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Figure 3.18: Schematic of the NGA-NSE spectrometer set-up and its various components. Taken from

[172].

Figure 3.19: NG-A NSE spectrometer at the Center for High Resolution Neutron Scattering (CHRNS)

at the NIST (National Institute of Standards and Technology) Center for Neutron Research (NCNR),

Gaithersburg, Maryland, USA. Taken from [173].

3.5.6 Neutron spin echo experimental protocol

Following are the details we have applied in our NSE studies. h-DMPC and D2O were used

in NSE experiments to enhance the scattering signal from the phospholipid vesicle. NSE
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experiments on both neat and [bmim][Cl]-doped h-DMPC unilamellar vesicles were carried out

at the physiological temperatures of 30�C, and 40�C, here the phospholipids are in the liquid

phase (TM = 24�C), using the NG-A NSE spectrometer at the Center for High Resolution

Neutron Scattering (CHRNS) at the NIST (National Institute of Standards and Technology)

Center for Neutron Research (NCNR), Gaithersburg, Maryland, USA (Figure 3.19). Incident

neutron wavelengths of 8.0 or 11 Å were selected by a velocity selector (wavelength resolution

of about 18%) to access a Q-range of 0.03 to 0.12 Å�1 and Fourier times ranging from 0.01

to 100 ns corresponding to the bilayer bending undulations. Titanium NCNR-standard sample

cells with quartz windows with a path length of 2 mm were used to load the samples. The

temperature was controlled with a circulating bath with an accuracy of 0.1�C, and the samples

were equilibrated for 30 min before starting the NSE measurements. The raw data were reduced

and corrected for instrument resolution, and D2O solvent background by the DAVE software

package [174] to obtain the normalised intermediate scattering function I(Q, t)/I(Q, 0), where

Q and t correspond to wavenumber transfer and Fourier time, respectively. Data analysis was

performed with the software Igor Pro.

3.6 Biological assay

This section introduces relevant aspects of biological assays and explains the methods used

for the studies presented in this thesis. When biological samples, e.g., cells from animals, tis-

sue, etc., are exposed to (e.g.,) a drug, whose concentration/dose is usually varied, they will

respond to it in a dose-dependent manner. The response can be the occurrence of a certain

phenomenon, e.g., cell death. In contrast with physical or chemical methods, detailed infor-

mation of the drug activity as a function of the dose is obtained from here. Ideally, biological

samples, even coming from the same source and kept under the same environmental conditions,

vary. It is this special characteristic that leads to the largest sources of variation in the outcome.

Since the drug dose-response is dependent on the biological samples, the aforementioned char-

acteristics introduce large variability between measurements obtained by identical experiments

[175]. So, the biological assays are usually comparative. A drug’s capacity to cause a specific

e↵ect is estimated relative to a standard (e.g., control). The standard and the test samples are

identical in their biological activity principle and di↵er only in how drugs are diluted in solvents.

This type of biological assay is used in the pharmaceutical industry to determine the potency

of new batches with respect to standard sample [176, 177].

Some basic terminologies are explained in the following paragraphs:

Cell culture is the process by which cells are grown under controlled conditions outside
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their natural environment. The cells are derived from multi-cellular eukaryotes, say animals, and

subsequently maintained under carefully controlled environmental conditions. These conditions

vary depending upon cell type but generally consist of a suitable container with a substrate or

medium supplying the essential nutrients (such as amino acids, carbohydrates, vitamins, and

minerals), growth factors, hormones, and gases (CO2,O2) and regulate the physio-chemical

environment (pH bu↵er, osmotic pressure, temperature). Most cells require a surface (for ad-

herent cell culture), whereas others can be grown free-floating in a culture medium (suspension

cell culture). The lifespan of most cells is genetically determined.

Following are the details applied for the studies presented in this thesis. MDA-MB-231

cells were cultured in RPMI 1640 medium supplemented with GlutaMAX-I, 10% fetal bovine

serum, and 1% penicillin/streptomycin. Cells were incubated at 37�C, 5% CO2 in a humidified

atmosphere.

Cell viability is a measure of the proportion of live/healthy cells within a cell population.

Cell viability assays are used to determine cells’ overall health, optimize culture or experimen-

tal conditions, and measure cell survival following treatment with molecules, such as drugs.

Typically, cell viability assays provide information on cell health measuring metabolic activity,

ATP content, or cell proliferation. Cell viability can be assessed using cell toxicity assays that

provide a readout on markers of cell death, such as a loss of cell membrane integrity.

Cell toxicity refers to the ability of a substance/molecule to damage or kill cells. This can

be assessed indirectly using cell viability assays.

Live/dead cell counting is used to count both live and dead cells in the cell population.

A cell counting machine hemocytometer can be used for this purpose. Here, trypan blue dye

(e.g.) is used to stain dead cells as only dead cells with damaged membranes can take up

trypan blue. The number of dead cells, which are stained blue, and viable cells (colorless) can

be counted.

Cell proliferation refers to an increase in the number of cells as a result of cell division

that takes place at the final stage of the cell cycle. Healthy cells actively proliferate whereas

growth-arrested, and dead or dying cells do not. Therefore, cell proliferation assays are a useful

tool for assessing cell viability or cell survival by providing information on the number of actively

dividing cells present in a sample. Such assays can measure cell division events directly (by

counting cells) or using markers of cell division or DNA replication such as DNA content; such

assays are performed using standard methods, e.g., flow cytometry.
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Cell membrane integrity is assessed to determine if cells have damaged or the cell mem-

branes are ruptured due to necrosis. Membrane damage causes a release of cytosolic contents,

including the enzyme lactate dehydrogenase (LDH), into the extracellular environment. The

amount of this extracellular LDH can be analysed by a colorimetric assay that directly correlates

the amount of product formed to the quantity of dead/damaged cells in the sample. Another

way to assess the cell membrane integrity is by analyzing the uptake of membrane-impermeable

dyes such as PI.

The following sections present various biological assays performed for the studies presented

in this thesis. Firstly, the assays are described, and then the details used to perform the studies

are explained.

3.6.1 Viability assay (MTT assay) and experimental protocol

Various tetrazolium compounds are used to detect viable cells, among which the most common

are MTT, XTT, MTS, and WST-1. They fall into two basic categories: (1) MTT, which

is positively charged and readily penetrates viable eukaryotic cells, and (2) MTS, XTT, and

WST-1, which are negatively charged and do not readily penetrate the cells.

Metabolic assays such as the MTT assay quantify cell health by measuring the reduction

of a colorimetric substrate by mitochondrial enzymes. MTT reduction is a marker that reflects

the metabolism of viable cells, and not specifically cell proliferation. The MTT assay quantifies

the relative quantity of viable cells using this approach. Cultures are incubated with the yellow

tetrazolium dye MTT, which in healthy cells is converted by mitochondrial enzymes into an in-

soluble purple formazan product with an absorbance maximum near 570 nm. Dead cells cannot

convert MTT into formazan, so the color formation serves as a useful and convenient marker of

viable cells. The formazan product of the MTT tetrazolium, which accumulates as an insoluble

precipitate inside cells and deposited near the cell surface and in the culture medium, must

be solubilised prior to absorbance measurement. This can be solubilised either by detergents,

DMSO, or isopropanol (etc.). Afterward, the quantity of formazan (presumably directly pro-

portional to the number of viable cells) is measured by recording changes in absorbance using a

plate reading spectrophotometer. Figure 3.20 shows an example of MTT assay samples (in 96

well plates) ready for measurement under plate reader (equipped with UV/Vis Spectrometer)

with a change in colour along the horizontal direction represents the result of di↵erently treated

cell samples.

Experimental protocol Following are the details applied for the studies presented in this

thesis. Cell viability was assessed by MTT assay. 2⇥103 MDA-MB-231 cells/well were cultured

in 96-well plates. Next day, they were treated with increasing concentrations (in the micro-

to-milli-Molar range) of [bmim][Cl] IL, [dmim][Cl] IL and [Na][Cl], and also left untreated in
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Figure 3.20: An example of MTT assay samples (in 96 well plate) ready for measurement under

plate reader (equipped with UV/Vis Spectrometer) with change in colour along the horizontal direction

represents result of di↵erently treated cell samples.

culture medium for control. 5 days post-treatment, cells were incubated with 20µl of MTT

solution (5 mg/ml MTT dissolved in PBS) for 4 h. Media was removed, and 200µl of DMSO

was added to dissolve formazan crystals. Absorbance was measured using a microplate reader

CLARIOstar Plus (equipped with Ultra-fast UV/vis Spectrometer) at 550 nm. The data was

analysed by calculating the relative percentage of cell viability based on the absorbance ratio

between IL-treated cells and untreated controls. Three independent experiments were run in

triplicate. The average cell viabilities have been plotted in a semi-log scale as a function of

concentration, along with standard deviations. The IC50 values were extracted by fitting the

experimental points with sigmoid functions.

3.6.2 Cell migration assay and experimental protocol

Cell migration or in-vitro scratch assay is a straightforward, economical, and well-developed

method to measure cell migration in-vitro. The basic steps involve creating a scratch in a

confluent cell monolayer, the cells on the edge of the newly created gap or wound will move

toward the opening to close the gap until new cell-cell contacts are established again, captur-

ing the images at the beginning, i.e., immediately after the scratching and at regular intervals

during the cell migration until the gap is closed, and comparing the images to quantify the

migration rate of the cells. Compared to other methods, this method is particularly suitable

for studying the cell-cell interactions on cell migration. It mimics cell migration during wound

healing in-vivo to some extent and is compatible with imaging of live cells during migration to

monitor intracellular events if desired.
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Experimental protocol Following are the specific details from the assay performed for the

studies presented in this thesis. 2 ⇥ 105 MDA-MB-231 cells/well were seeded and grown to

90% confluency into a 12-well plate. The cell monolayer was scratched to create a gap using a

sterile p200 pipette tip. The cells were then incubated in ILs at two sub-toxic concentrations,

i.e. 2.8 mM and 0.1 mM for [bmim][Cl] IL, and 1.5µM and 0.1µM for [dmim][Cl] IL, and

left untreated in culture medium for control. For the lowest IL concentration, a serum-starved

condition was also studied. Optical microscopy images (pixel: 2592 width, 1944 height) were

taken at various time points at a defined location (this location was achieved by finding the

mark on the backside of the well plate created with a colour pen beforehand) of the wound

(Olympus CKX53). Images were analysed using ImageJ software to compute the wound areas

(in pixel squared) at each condition and time point. Average and standard deviation represent

three independent experiments in triplicate. The average values of the wound areas were plotted

as a function of the time interval, and the migration rate for each condition was extracted by

a linear fit.

3.6.3 Colony scattering and experimental protocol

Loss of cell-cell adhesion is a crucial event with the transition from collective to single-cell

migration characteristics. Colony scattering assays are used to investigate the ability of cells to

detach from a cell colony and exhibit single-cell migration; the process is defined as the scatter

phenomenon [178].

Experimental protocol Following are the specific details from the assay performed for the

studies presented in this thesis. 2⇥ 105 MDA-MB-231 cells/well were seeded in 6-well plates.

After 24 h, cells were treated with ILs at several sub-toxic concentrations starting from 2.8 mM

for [bmim][Cl] and 1.5µM for [dmim][Cl], and left untreated in culture medium solutions for

control. Following 2 days of treatment, cells were trypsinised, collected, and re-seeded in a 12-

well plate at low density (500 cells/well) and allowed to grow to form colonies. The cells were

counted using an automated cell counter (Invitrogen Countess Automated Cell Counter). After

8 days, cell colonies were imaged using an inverted optical microscope. A colony was defined

as a group of � 10 cells. Colonies were categorised as compact (with > 90% confluency of

cells in the colony), loose (with 50–90% confluency of cells in the colony), and scattered (with

< 50% confluency of cells in the colony) and calculated as a percentage of a total number of

colonies counted. Three independent experiments were performed in duplicates. Averages and

standard deviations were computed.
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Figure 3.21: Schematic showing various steps in Western Blotting experiment. Adapted from [179].

3.6.4 Western blotting and experimental protocol

Western blotting is a widely used analytical technique in the field of cell and molecular biology.

Figure 3.21 shows a schematic of various steps involved in a typical Western Blotting ex-

periment. Using a western blot, it is possible to (separate and) identify specific proteins from a

complex mixture of proteins extracted from cells. Starting with extracting proteins from the cell

samples, the sample undergoes protein denaturation (step 1 in Figure 3.21); this ensures that

proteins are separated based on size and prevents proteases (enzymes that break down proteins)

from degrading samples. This is followed up by gel electrophoresis (step 2). Based on molecu-

lar weight, proteins are separated through gel electrophoresis. SDS-PAGE (SDS-polyacrylamide

gel electrophoresis) is generally used for the denaturing electrophoretic separation of proteins.

SDS is generally used as a bu↵er and in the gel to give all proteins a uniform negative charge

since proteins can be positively, negatively, or neutrally charged. Following the electrophoretic

separation, the proteins are transferred onto a membrane (typically nitrocellulose or PVDF)

(step 3), where they are blocked with blocking agents (e.g., milk) (step 4) to prevent non-

specific antibody binding and then stained with antibodies specific to the target protein (step

5). The membrane is washed in a solution containing the primary antibody before excess (un-

bound) antibody is washed o↵. Lastly, the membrane is stained with a secondary antibody

that recognizes the primary antibody staining and binds to them, which can then be used for

detection by a variety of methods such as staining, immunofluorescence, and radioactivity (by

X-ray film development) (step 6), allowing indirect detection of the specific target protein. A

semi-quantitative estimation of proteins can be obtained from a protein band’s size and colour

intensity on the blot membrane. This is called semi-quantitative because it provides a relative
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comparison of protein levels but not an absolute measure of the quantity.

Experimental protocol Following are the specific details from the assay performed for the

studies presented in this thesis. 2 ⇥ 105 MDA-MB-231 cells/well were seeded and grown up

to 90% confluency in a 6-well plate and treated with 2.8 mM [bmim][Cl] IL, 1.5µM [dmim][Cl]

IL, and left untreated in culture medium solutions for control. 48 h post-treatment, proteins

were isolated by centrifugation at 13, 000 rpm and 4�C for 15 min using RIPA bu↵er plus

proteinase/phosphatase inhibitors. The BCA assay was used for protein quantification. 50µg

of each denaturated protein sample was run on SDS-PAGE polyacrylamide gel and transferred

onto a PVDF membrane. We choose to study the proteins which are involved in cell cycle. The

following primary antibodies were used for WB: CDK1, Cyclin E1, Cyclin D3, p27, p21, Rb, and

pRb. Moreover, ß-actin and GAPDH were used as loading controls. The blots were incubated

with the primary antibodies at 4�C overnight. Following washing of the blots, it was incubated

with secondary antibodies for 1 h at RT. Anti-rabbit or anti-mouse secondary antibodies were

used depending on the primary antibody. Protein bands were detected using ECL detection

reagents, and images were captured using an Amersham Imager 600. For semi-quantitative

analysis of the amount of proteins, densitometry was performed on the captured images using

ImageJ software. Experiments were run in triplicates and repeated five times. Average and

standard deviation were computed.

3.6.5 Flow cytometry and experimental protocol

Flow cytometry is a powerful and widely used laser-based technology for analysing cells’ charac-

teristics, e.g., expression of cell surface and intracellular molecules, characterizing and defining

di↵erent cell types in a heterogeneous cell population, and analyzing cell size and volume.

While many cell viability assays indirectly tell about cell health by measuring cell proliferation

or metabolic activity, flow cytometry allows the direct identification of live and dead cells in a

sample. Cell viability can be measured through the exclusion of dyes; PI, DAPI - membrane-

impermeable dye used to identify dead/dying cells with damaged membranes; or by the binding

of a dye to amines within a cell to determine if the cell membrane is intact, e.g., calcein-AM used

to label live cells. Dyes are predominantly used to measure fluorescence intensity produced by

fluorescent-labeled antibodies detecting proteins or ligands that bind to specific cell-associated

molecules, e.g., PI and DAPI binding to DNA.

The three main components of a flow cytometer are fluidics, optics, and electronics (Figure

3.22).

• The fluidics system of a flow cytometer is responsible for transporting samples from the

sample tube to the flow cell, past the laser, sorted, and discarded.
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Figure 3.22: Schematic showing flow cytometry set up and its various components. Taken from [180].

• The components of the optical system include excitation light sources, lenses, optical

filters, and detection system.

• The electronics or flow cytometer instrumentation.

This technology rapidly analyzes single cells as they flow past single or multiple lasers

while suspended in a solution. Basically, a sample containing cells is suspended in a fluid and

injected into the flow cytometer instrument. The flow cell has a liquid stream that carries and

aligns the cells with passing a single cell through the light beam for sensing. The measuring

system commonly uses the measurement of impedance (or conductivity) and optical systems -

lamps (mercury, xenon); high-power water-cooled lasers; low-power air-cooled lasers, red-HeNe,

green-HeNe, HeCd (UV)); diode lasers (blue, green, red, violet) resulting in light signals. The

lasers are utilised as light sources to produce both scattered and fluorescent light signals read by

detectors. Each cell in the cell populations (sample) is then analysed based on their visible light

scattering and fluorescent characteristics. Flow cytometers can analyze many thousands of cells

per second in real-time. The light scattered is characteristic of the cells and their components.

Visible light scatter is measured in two directions: (a) the forward direction (called Forward

Scatter, FSC), which indicates the relative size of the cell, and (b) at 90� (called Side Scatter,

SSC), that indicates the internal complexity or granularity of the cell. In this manner, cell

populations can often be distinguished based on di↵erences in their size and granularity. Light

scatter is independent of fluorescence. The light signals can be amplified by an amplification

system that can be linear or logarithmic. The analog-to-digital conversion (ADC) system

converts analog measurements of FSC and SSC as well as dye-specific fluorescence signals into

digital (or electronic) signals that are stored in and analysed by a computer via specialised flow

cytometry software associated with the chosen instrument and written to a standardised format
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(.fcs) data file.

One of the main reasons for using flow cytometry is analyzing the complete cell cycle and

analyzing DNA content in di↵erent phases. Cell cycle analysis assays consist of staining DNA

with a saturating amount of DNA binding dye. In most cases, the cells are fixed with a 70%

ethanol solution that permeabilizes the cells and then is stained. The cells are incubated in

tubes for measurement on the flow cytometer. In this type of experiment, samples are acquired

at a low flow rate with linear amplification and then analysed using ploidy modeling software

to determine the cell cycle phases. Following are the details about di↵erent cell cycle phases:

• G1 phase: RNA, ribosomes, and proteins are synthesized

• S phase: DNA is replicated

• G2 phase: Represents the phase between DNA synthesis and mitosis

• M phase: cells are divided into two daughter cells

Analyzing these di↵erent phases of cell cycle for a cell can reveal alteration in DNA content,

and other anomalies indicate tumor presence or signs of advanced cell death.

Experimental protocol Following are the specific details from the assay performed for the

studies presented in this thesis. 2 ⇥ 105 MDA-MB-231 cells/well were seeded and grown up

to 90% confluency in 6-well plates. After a day, cells were treated with 2.8 mM [bmim][Cl] IL

and 1.5µM [dmim][Cl] IL, and left untreated for control. Following 48 h incubation, adhered

cells were trypsinized, collected, and added to cells in suspension. Following centrifugation at

12, 000 rpm for 5 min, all the cells were stained using (400µl) PI dye solution, incubated on ice

for 15 min, and run on the Flow Cytometer equipped with a 488 nm argon laser. Data were

acquired using the BD CFlow R� Plus software, and re-analysis was performed using the FCS

Express 4 RUO software. Three independent experiments were run in triplicates. Average and

standard deviation were calculated for each condition.

3.7 Molecular dynamics and computational protocol

MD is a computer simulation method for analysing the physical movements of atoms and

molecules in order to understand the properties of assemblies of molecules, such as their struc-

ture and the microscopic interactions between them. The atoms and molecules are allowed

to interact for a fixed period of time, providing a snapshot of the dynamic evolution of the

system. In the most common case, the trajectories of atoms and molecules are determined by

numerically solving Newton’s equations of motion for a system of interacting particles, where
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forces between the particles and their potential energies are often calculated using interatomic

potentials or molecular mechanics force fields. Developed in the early 1950s, with its first

use in the field of theoretical physics, the MD method become common in biochemistry and

biophysics since the 1970s [181].

In general, any system made of N particles (atoms, in our computations) is described

by a set of 3N coordinates {ri, i = 1, ..., N} and 3N momenta {pi, i = 1, ..., N}. These

6N variables together defined the so-called phase space of the system. To compute struc-

tural, dynamical, and thermodynamical properties, one first defines the function of coordinates

E[{ri, i = 1, ..., N}] which, for any admissible configuration, gives the corresponding potential

energy. This association of one energy for every configuration is made possible by the Born-

Oppenheimer approximation[182]. The potential energy E[{ri, i = 1, ..., N}] can be combined

with the kinetic energy KE:

KE =
NX

i=1

p2
i

2mi

(3.21)

(mi being the mass of particle i) to give either the Lagrangian:

L[ri, ṙi] = KE � E (3.22)

or the Hamiltonian of the system:

H[ri,pi] = KE + E (3.23)

from which equations of motion can be derived:

d

dt

@L
@q̇

� @L
@q

= 0 (3.24)

in the Lagrangian case, and:

ṙi =
@H

@ri
(3.25)

ṗi = �@H
@pi

(3.26)

in the Hamiltonian case.

The equations of motion in equation 3.24 represent a set of 3N second order di↵erential

equations with 6N initial conditions {ri(t = 0); ṙi(t = 0)}.
The equations of motion in equation 3.25, 3.26 represent a set of 6N first order di↵erential

equations with 6N initial conditions {ri(t = 0);pi(t = 0)}.

Although the two formulation are equivalent (apart from mathematical subtleties), in MD

the Lagrangian formulation is used more often, also because it is more readily suitable to treat

generalised (non-Cartesian) coordinates.
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In the computations discussed below, only Cartesian coordinates will be considered, and the

Lagrangian equations of motion closely correspond to the usual Newton’s equations of motion:

mir̈i = fi (3.27)

where the fi are the forces on the atoms:

fi = �@E
@ri

(3.28)

Given the initial conditions specified above, the equations of motion equation 3.27 can be

integrated by incrementing t in discrete, small steps of amplitude �t, using a variety of numerical

integration schemes. Popular integration approaches like Runge-Kutta, however, turn out to

be unstable, hence they are not routinely used in MD simulations. A simple scheme that goes

under the name of Verlet algorithm (Ref. [183]) is widely used. This can be derived by noting

that:

ri(t+ �t) = ri(t) + �tṙi(t) +
1

2
�t2

fi
mi

+ o(�t3) (3.29)

ri(t� �t) = ri(t)� �tṙi(t) +
1

2
�t2

fi
mi

� o(�t3) (3.30)

hence:

ri(t+ �t) = 2ri(t)� ri(t� �t) + �t2
fi
mi

+ o(�t4) (3.31)

This simple algorithm is e�cient and reliable, provided �t is su�ciently small. A way to

check the accuracy of the integration is to verify that symmetries and conservation laws implicit

in the equations of motion are reflected in the simulated trajectory. For instance, in the absence

of external, time-dependent forces, the total energy of the system is conserved. It is known

that trajectories computed according to equation 3.31 conserve energy over very long times if

�t is su�ciently small (�t < �̄t), while energy diverges to +1 if �t > �̄t, and the transition

between the two regimes at �t = �̄t is relatively sharp. This empirical observation allows us to

chose a suitable �t for our simulations.

In the form of equation 3.31, the Verlet integration scheme is a leap-frog algorithm, since

the velocity at time t can be computed only at time t+ �t as:

ṙi(t) =
ri(t+ �t)� ri(t� �t)

2�t
(3.32)

This property is sometimes a disadvantage, and for this reason the original Verlet algorithm

has been largely replaced by a variant known as velocity Verlet [184, 185] which is in fact a

predictor-corrector integration algorithm.

Serving as a complement to conventional experiments, computer simulations act as a bridge

(see Figure 3.23) between microscopic length and time scales and the macroscopic world of
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Figure 3.23: Simulations act as a bridge between (a) microscopic and macroscopic: (b) theory and

experiment. Taken from [186].

the laboratory. Here, by providing a guess at the interactions between molecules, we obtain

exact predictions of bulk properties. Also, the simulations act as a bridge between theory and

experiment. We may test a theory by conducting a simulation using the same model, and also

test the model by comparing with experimental results.

MD simulations, in particular, provide a way to follow the time evolution of samples of

the material of interest under a variety of non-equilibrium conditions, highlighting dynamical

processes and microscopic mechanisms determining the properties of the system. More im-

portantly, MD is applied to estimate thermodynamic properties under equilibrium conditions,

providing the connection to macroscopic measurements alluded to in the previous paragraph.

At equilibrium, in particular, all the statistical properties of the system can be computed from its

probability distribution ⇢(rN ;pN ), giving the probability to find the system in a neighborhood

of any given point (rN ;pN ) of the phase space. Then, the equilibrium value of any observable

A(rN ;pN ) is given by:

hAi =
Z

A(rN ;pN )⇢(rN ;pN )dpNdrN (3.33)

The distribution function ⇢(rN ;pN ) is normalised:
Z
⇢(rN ;pN )dpNdrN = 1 (3.34)

and depends on the thermodynamic conditions of the experimental measure or of the simulation.

For instance, ⇢(rN ;pN ) in the microcanonical ensemble (constant N, volume V and total energy

E+KE) di↵ers from its canonical (NVT) counterpart (given by the well known Boltzmann

distribution), and also from its isobaric-isoenthalpic (NPT) version. In all cases, the internal
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energy of the system can be computed as:

hUi =
Z "

NX

i=1

pi
2

2mi

+ U(rN )

#
⇢(rN ;pN )dpNdrN (3.35)

while temperature is a measure of the average kinetic energy:

T =
2

3
hKEi/kBN =

2

3kBN

Z "
NX

i=1

pi
2

2mi

#
⇢(rN ;pN )dpNdrN (3.36)

The role of MD in computing properties of this kind is established through the ergodic

theorem, stating that for any ergodic system (see below) phase space averages such as equation

3.33 can be computed as averages over a dynamical trajectory:

hAi = lim
⌧!1

1

⌧

Z
⌧

t=0
A[rN (t);pN (t)]dt (3.37)

Averages estimated over constant energy trajectories by the methods discussed above provide

average quantities in the microcanonical (NVE) ensemble. Methods have been developed to

compute the corresponding averages in di↵erent ensembles. In our case, for instance, we

adopted the isobaric-isothermal ensemble, that usually is the ensemble of experiments. To

achieve this result, a Langevin thermostat [187] has been applied, together with a Parrinello-

Rahman barostat [188] to set the temperature at 1 atm.

To minimize finite size e↵ects, periodic boundary conditions (pbc) are introduced and used

throughout our simulations. In other terms, the simulated system is enclosed into a cell, whose

size and shape is defined by three non-coplanar vectors a, b and c. The periodic repetition

of this cell fills the whole space, making the system homogeneous on the large scale. The

simulation cell volume is a ·b⇥c. The three basis vectors and the volume of the simulation cell

fluctuate in time during NPT simulations, in such a way to reproduce the equilibrium volume and

the isothermal compressibility of the systems at any given pressure and temperature imposed

on the simulation.

The discussion of the previous paragraphs set the stage for the determination of dynamical

and thermodynamical properties of a material of interest, provided we are able to calculate the

forces fi acting on the atoms, that can be derived from a potential energy E[{ri, i = 1, ..., N}].
To this aim, we need to define the function E[{ri, i = 1, ..., N}] in such a way that approximates

as well as the possible system potential energy as a function of atomic coordinates, while, at

the same time, being inexpensive to compute, and easy to di↵erentiate, since the computation

of energy and forces has to be repeated at each simulation step.

The most fundamental approach used sometimes in MD to approximate the potential en-

ergy surface E[{ri, i = 1, ..., N}] of organic and biological systems is represented by quantum
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Figure 3.24: An example of an equation used to approximate the potential energy surface that govern

molecular movement. Taken from [189].

chemistry methods, that in the soft-matter community consist of density functional approxi-

mations. These methods, predictive and accurate, but also computationally heavy and thus

limited to the analysis of small samples and short times, have been used in our simulations,

but their discussion is beyond the scope of the present thesis. In our computations we used

the Perdew-Burke-Ernzerhof [190] approximation to the energy-density functional, and ab-initio

simulations have been carried out using the CPMD package [191].

By far the most popular choice for systems made of water, organic and biological molecules

relies on an empirical force field model. Despite the variety and complexity of the structures

they form, the potential energy of organic systems is relatively simple to approximate. First of

all, most of the systems we are interested in consist of a limited choice of light atoms, such as

H, C, N, O, with the occasional addition of P, S and a few other elements. These elements

are joined into closed-shell ions and molecules by predominantly covalent bonds. Especially

for the systems we considered, Coulomb forces play an additional important role. Neglecting

the possibility of chemical reactions, the covalent backbone of molecules can be seen as a

network made of atoms (the nodes) connected by a fixed topology of bonds (the links), whose

properties depend primarily on the molecular topology, and are transferable among a wide

variety of homologous molecules. For instance, a single C-C covalent bond will have similar

properties in a vast number of aliphatic species. In other molecules, a neighbouring nitrogen

or oxygen atom might a↵ect the primary C-C bond, whose properties, however, will remain

relatively unchanged. Light atoms have a marked sp character, and intra-molecular angular

forces are relatively simple. Whenever d electron metals are involved, as in the prosthetic metal

centers of proteins, modeling becomes far more challenging. Besides intra-molecular, covalent

bonds, one has to model inter-molecular, i.e., non-bonded, interactions consisting of pair-wise

Coulomb and dispersion forces. The combination of bonded and non-bonded energy terms used

to drive our simulations is shown in Figure 3.24. More in detail, the energy of each molecule in
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its ground state (i.e., minimum energy configuration) is set to zero, and the expression for the

bonded terms in Figure 3.24 represents the energy requires to change bond lengths, bending

and dihedral angles from their equilibrium ground state values. Non bonded terms represent

short-range repulsion and dispersion energy, summarised by a Lennard-Jones 6-12 pair potential,

and by a Coulomb term. In most simulations, the parameters for the Lennard-Jones and for the

Coulomb potentials are decided at the outset, and never changed during the simulation (rigid-

ion approximation). This simple picture neglects, first of all, polarisability, whose inclusion,

however, is expensive and problematic. Moreover, the analytical expression each term is clearly

approximated, in order to have a simple and manageable computational task. For medium and

large systems (> 10000 atoms) most of the computational time is requested to evaluate the

Coulomb energy. In our computations, this term has been evaluated by the particle-mesh Ewald

(PME) method.

In order to reproduce the actual behaviour of real atoms and molecules in motion, the

energy terms described above are parameterised to fit quantum-mechanical calculations and

experimental data. This parameterization includes identifying the ideal sti↵ness and lengths

of the springs that describe chemical bonding and atomic angles, determining the best partial

atomic charges used for calculating electrostatic-interaction energies, and identifying the proper

van der Waals atomic radii. Collectively, these parameters are called a ’force field’ because

they describe the contributions of the various atomic forces that govern molecular dynamics.

Several force fields are commonly used in molecular dynamics simulations, including AMBER

[192, 193], CHARMM [194], and GROMOS [195]. Generally giving similar results, these force

fields di↵er principally in the way they are parameterised. The design of a molecular dynamics

simulation should account for the available computational power. Simulation size (number of

particles N), time step �t (i.e. the time length between evaluations of the potential), and

total time duration must be selected so that the calculation can finish within a reasonable time

period. Most of the events of biochemical interest take place on time scales of nanoseconds,

microseconds, or longer. With the atomistic models we used, the time step is limited to a

few fs (10�15) at most, reducing to a fraction of a fs in the case of ab-initio simulations. At

present, simulations of complex chemical-physics and biophysics systems based on empirical

force fields typically cover 100 ns, and in a few cases reach the µs scale, requiring billions of

time steps. Even with this exceptional computational e↵ort, the simulation time scale is often

shorter that the real-life time duration of the phenomena of interest. Nevertheless a wide range

of approaches, collectively known as accelerated sampling methods,[196] have been devised to

reach statistically meaningful estimations on long time scale phenomena using simulations of

shorter duration.

These considerations explain why simulations turn out to be very computationally demand-

ing. Thus, MD simulations are typically performed on computer clusters or supercomputers
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Figure 3.25: A supercomputer at the Swiss supercomputer centre (CSCS), called PizDaint.

using hundreds or thousands of processors in parallel. Figure 3.25 shows a supercomputer at the

Swiss supercomputer centre (CSCS), called PizDaint. Many of the commonly used simulation

software packages, which often bear the same names as their default force fields e.g., AMBER

[197], CHARMM [194], and NAMD [198, 199]. These are compatible with the Message Passing

Interface, a system of computer-to-computer messaging that greatly facilitates the execution

of complex tasks by one software application on multiple processors operating simultaneously.

Analysis of MD trajectories Data analysis is a crucial stage of any simulation study,

often more challenging than simply running the simulation. The considerations collected in this

subsection concern the analysis we carried out of IL/water solutions over a broad concentration

range.

Configurations selected at regular time intervals (every 10 ps) are collected during the

simulation and stored in a trajectory file for further analysis. The basic information obtained

from the trajectory includes structural properties such as the radial distribution functions and

the partial structure factors; linear dynamic coe�cients such as the di↵usion constants and the

electrical conductivity; bonding properties such as the number and distribution of hydrogen

bonds.

For the systems we simulated, several of the properties of interest concern the mutual

arrangement of cations, anions and water. To simplify the analysis and interpretation of the

data, we will resort to a coarse grained picture, in which ions are represented by the coordinate

of the atom(s) whose Coulomb charge is prominent, and water is represented by the position

of its oxygen atom. This approach is not motivated by the computational cost of computing

properties on all atoms, but only by clarity considerations. Moreover, we emphasize that coarse

graining is applied only during the analysis of the trajectory, which, on its part, has been

computed at the atomistic level.
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Radial distribution functions Radial distribution functions are introduced to characterise

the local environment around the ions and water molecules. For instance, from the trajectory

file, one can compute the average number hdN↵�(r)i of ions of type � at distance r from

each ion of type ↵. In a homogeneous system, this number will be proportional to the average

density ⇢� of ions of type � throughout the system, and to the volume element dV = 4⇡r2dr.

The proportionality constant g↵�(r):

hdN↵�(r)i = g↵�(r)⇢�4⇡r
2dr (3.38)

measures the deviation of hdN↵�(r)i from the number expected on the basis of a homogeneous

distribution of all species. From this definition, it is apparent that g↵�(r) gives the conditional

probability of finding an ion � at distance r provided an ion ↵ is at the origin. In other terms,

it measures the correlation in the distribution of ions due to ion-ion interactions. By definition,

liquids lack long range positional ordering, hence correlations will vanish at long range, implying

that all radial distribution functions will tend to 1 at long distance.

What has been explained here using ions as an example, can be extended to ion-water and

to water-water radial distribution functions. Because of periodic boundary conditions, simula-

tion allows the determination of the radial distribution functions up to half of the simulation

box side L (assuming the box to be a cube). Beyond r = L/2, the computed g↵�(r)’s are

a↵ected by the presence of pbc replicas, which might introduce spurious e↵ects. In practice,

this limitation prevents us from reaching the range at which g↵�(r) ! 1, providing only a

partial picture of the long range oscillations of the g↵�(r)’s.

Computation of partial structure factors and of Kirkwood-Bu↵ integrals Structure

factors enter the definition of the scattering intensities measured by X-rays and by neutrons,

therefore their determination by MD allows a direct comparison of computational and exper-

imental results. Structure factors represent the Fourier transform of the corresponding radial

distribution functions, hence their determination from simulation trajectories is in principle

redundant (given the discussion of radial distribution functions of the previous paragraphs).

However, the statistical noise on the radial distribution functions computed by MD and, more

importantly, their finite range imposed by pbc imply that their accurate determination cannot

be achieved by Fourier transforming the g↵�(r)’s. Therefore, in our simulations the structure

factors are computed directly from their definition in terms of correlations in the amplitude of

wave-like fluctuations in the distribution of all species of interest.

Here, as in the case of radial distribution functions, coarse graining ions and water is crucial

to obtain a clear picture, that can be interpreted in simple terms. Therefore, in what follows,

our samples will be viewed as a three-component system, consisting of cations, anions and

water, labeled by a Greek index. Each ion and water molecule will be represented by a single

particle, neglecting the complexity of their intra-ion or intra-molecular structure.
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In the case of the ions, partial structure factors S↵,�(k) are first defined as:

S↵,�(k) =
1

N
h⇢↵(k)⇢�(�k)i (3.39)

where {↵,� ⌘cations, anions }, N is the number of neutral ion pairs in solution, and:

⇢↵(k) =
X

j2↵
exp (ik · rj) (3.40)

Periodic boundary conditions select the set of k vectors compatible with the system size,

consisting of all elements of the reciprocal lattice [200] defined by the periodically repeated

simulation cell. In what follows, therefore, the choice of k vectors is restricted to this set.

A more physically transparent picture of the ions structure factors is obtained by combining

the S++, S+�, S�� structure factors in the combinations:

Snn(k) = [S++(k) + S��(k) + 2S+�(k)] (3.41)

SQQ(k) = [S++(k) + S��(k)� 2S+�(k)] (3.42)

describing the correlation of neutral (Snn(k)) and charged SQQ(k) density fluctuations. A third

independent member of this derived set of structure functions describes the correlation between

neural and charged fluctuations, being defined as:

SnQ(k) = S++(k)� S��(k) (3.43)

In traditional (inorganic) molten salts, SnQ(k) is very small and usually it is neglected. In

organic molten salts, SnQ(k) is no longer negligible, but still much smaller than its nn and QQ

counterparts. For this reason, it will be neglected also in our discussion.

The structure of water will be characterised by the single structure factor:

Sww(k) =
1

Nw

h⇢W (k)⇢W (�k)i (3.44)

where Nw is the number of water molecules, and ⇢W (k) is computed from the position of the

OW atoms only, using an expression analogous to equation 3.39.

In all cases, the feature we are interested in is the presence of a pre-peak in the Snn(k)

of the ionic component, and in the Sww(k) of water, pointing to clustering in the ions and in

the water distribution on a length scale longer than the nearest neighbour distance. No similar

pre-peak is present in SQQ(k), since, in this case clustering is suppressed by the high energy

cost of grouping like charges together.

Besides this geometric interpretation of Snn(k) and Sww(k) in terms of clustering, the role

of concentration structure factors is related to their thermodynamic interpretation in terms

of (Gibbs) free energy. A detailed theoretical analysis[201] shows that the Gibbs free energy
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required to produce a composition fluctuation of wave vector k and given amplitude is inversely

proportional to the corresponding S(k).

A similar analysis, [202] equivalent in principle, but di↵erent in the computational details,

is often given in terms of Kirkwood-Bu↵ (KB) integrals G↵� , defined as [203] :

G↵� = 4⇡

Z 1

0
[g↵�(r)� 1] r2dr (3.45)

where ↵, � are the chemical species whose mixing is being investigated (hence, water and salt,

in our case), and g↵� are the radial distribution functions defined in this section.

Since, in the thermodynamic limit, the partial structure factors of equation 3.39 can be

expressed in terms of the radial distribution functions as:

S↵�(k) = x↵�↵� + 4⇡x↵x�⇢

Z 1

0
[g↵�(r)� 1]

sin kr

kr
r2dr (3.46)

(where x↵, x� are the molar fraction of the ↵ and � species, and ⇢ the total number density),

one can easily verify that:

G↵� =
1

⇢↵x�


lim
k!0

S↵�(k)� x↵�↵�

�
(3.47)

This relation is important, because it connects a thermodynamic property such as the G↵� to

quantities such as the structure factors that can be obtained by a structural experiment, for

instance by X-ray or neutron di↵raction. With the finite (and relatively small) cells of atomistic

simulation, the k ! 0 limit is not accessible, the computation of any k-dependent property

being limited to a kmin = 2⇡/L, where L is the system size (assumed to be cubic, for the sake

of simplicity).

Sophisticated statistical mechanics methods have been developed to estimate G↵� in the

thermodynamic limit from finite-size simulation results. However, since these extrapolations

rely on a variety of assumptions whose validity in our case in di�cult to assess, we will adopt

the practical definition of the KB integrals as:

G↵� =
1

⇢↵x�
[S↵�(kmin)� x↵�↵� ] (3.48)

equation 3.48 does not solve the problem of extrapolating G↵� to the thermodynamic limit,

but it clearly identify the approximation we are making. Moreover, it connects the real space

information summarised by the G↵� to thermodynamic properties through the structure factors,

whose thermodynamic interpretation is well established.

Number and distribution of hydrogen bonds A crucial property of our systems, belonging

to the protic IL family, is represented by the number and distribution of hydrogen bonds among
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cations, anions and water. In the context of MD simulation based on empirical force fields,

hydrogen bonds are defined in purely geometric terms. Given two highly electronegative atoms

X1, X2 (Xi ⌘ N, O) a hydrogen bond is formed between them by a proton covalently bound

to either X1 or X2 provided the distance d(X1-X2) and the deviation of the ˆX1HX2 angle are

both less than a present cuto↵. In our computation, we made a list of Xi atoms and of the

protons covalently bonded to them, and we set the cut-o↵ distance to 3.2 Å , and the deviation

of ˆX1HX2 from linearity to less than 30�. Needless to say, this analysis requires the atomistic

trajectory, and no coarse graining is involved.

3.8 Density functional methods and computational protocol

We investigated the absorption and luminescence properties of IL in view of their application in

biosensing, exploiting their a�nity for biomolecules and their role in biological processes such

as the assembling of amyloid fibres.

The first stage of our investigation of optical properties of IL ions and neutral ion pairs

has been represented by the determination of ground state geometries and electronic structure

within the Perdew-Burke-Ernzerhof (PBE [190]) approximation of DFT. Computations have

been carried out using the CPMD [191] and Quantum Espresso [204] packages, based on the

pseudopotential-plane wave approach. Norm conserving pseudopotentials [205] have been used,

Kohn-Sham orbitals have been expanded on a plane wave basis with a kinetic energy cuto↵

of 80 Ry, and structures have been optimised by either the Broyden-Fletcher-Goldfarb-Shanno

(BFGS) or the quenched MD methods.

In our study, optical properties of IL ions and neutral ion pairs have been estimated first

by time-dependent density functional theory (TDDFT) which has the advantage of seamlessly

matching to our ground state computations, and of being implemented into widely available

computer packages, including the QE we used for ground state computations. TDDFT resorts

to perturbation theory to compute the e↵ect of a small time dependent perturbation Vext(r; t)

on the electron density. Linear perturbation theory, in particular, allows to estimate the induced

charge as:

nind(r; t) =

Z
dt0dr0�(r, r0; t� t0)Vext(r

0; t0) (3.49)

where �(r, r0; t � t0), the electron polarisability, is a retarded function, vanishing for t < t0

because of causality.

Considering now the special case of the linearly polarised perturbation eE0zei!t/2 the

dynamic dipole polarisability is:

↵(!) = � 2

E0

Z
drznind(r; t) (3.50)
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and the photo-absorption:

�(!) =
4⇡!

c
I[↵(!)] (3.51)

where c is the speed of light, and I[↵(!)] indicates the imaginary part of the complex function

↵(!). In practice, computations have been carried out using the TDDFT extension of QE,

implementing a Liouville-Lanczos algorithm that allows the computation of the absorption

spectrum over a wide frequency interval [206].

A natural energy scale to gauge absorption is the energy of the continuum with respect to

the ground state, that in our study has been measured by the vertical ionisation potential I.

This last quantity has been computed by the �SCF method, [207] comparing the energy of

the the system with N and (N � 1) electrons at clamped atomic positions. Since the neutral

and ionised configurations are ground states of the systems with N and (N � 1) electrons,

respectively, the energy di↵erence, i.e., I is a genuine DFT quantity, whose computed value

usually agrees well with experiments. Needless to say, the computation has to take into account

the di↵erent spin polarisation of the N and (N � 1) states, and periodic boundary conditions

need to be removed, despite the plane wave basis of the electronic structure computation. We

extensively use the energy of the continuum in our discussion, therefore it might be useful to

point out that comparing the �SCF quantity I and the TDDFT spectra is not fully consistent,

since TDDFT describes only perturbatively the e↵ect of electronic relaxation, hence the TDDFT

spectrum and in particular, its energy gap are likely to be shifted at higher energy with respect

to our estimate of the continuum energy.

Present days ab-initio norm-conserving pseudopotentials are non-local, and this feature may

cause a slight deviation [208] of the �(!) normalisation from the well-known f -sum rule. The

deviation, however, is quantitatively unimportant, and it will be neglected in the discussion of

our results.

The perturbative character of TDDFT implies that this method neglects excitonic e↵ects.

To estimate these e↵ects, the energy of the lowest energy singlet state has been computed by

the restricted open shell Kohn-Sham theory of Ref. [209]. The static energy di↵erence with

the ground state has been interpreted in terms of an excitation energy again through a �SCF

picture.

To estimate luminescence, one has to consider the relaxation of the excited molecule before

re-emitting the photon. This information is not immediately available, since the structure of the

molecule in the excited singlet state cannot be computed by standard variational approaches.

We resort in this case to restricted open shell Kohn-Sham theory of Ref. [209] coupled to

ab-initio molecular dynamics to determine the relaxed configuration of the excited system.

The corresponding energy at the end of the relaxation is interpreted in terms of vertical and

adiabatic de-excitation energies through the �SCF approach. More precisely, the energy

di↵erence between KS and singlet ROKS at the geometry of the relaxed excited state provides
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the vertical luminescence energy ELvert(ROKS), while the energy di↵erence between the

ground and excited states in their relaxed geometry provides the adiabatic luminescence energy

ELadiab(ROKs).
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Chapter 4

Experimental studies

This chapter is dedicated to the experimental results and discussion representing the major

part of this Ph.D. work. Three major experimental results are presented in sections 1 to 3.

Section 1 describes the e↵ect of [bmim][Cl] IL on mechano-elasticity of DMPC phospholipid

bilayers; section 2 describes the e↵ect of IL chain length, considering two ILs - [bmim][Cl]

and [dmim][Cl], on the thickness, rupture force and spring constant of DOPC phospholipid

bilayers. To link this e↵ect at the cell level, we investigated the e↵ect of IL chain length on

MDA-MB-231 living cells. Section 3 presents this study reporting the e↵ect of IL chain length

and their sub-toxic doses on cell migration. The last section (4) discusses a potential universal

bio-chemical-physical mechanism that links the e↵ect of ILs on cell migration with their e↵ect

on cell membrane mechano-elasticity in a unified picture.

Recent studies have reported that sub-toxic concentrations of imidazolium-ILs reduce cell

sti↵ness of MDA-MB-231 cells [104].

4.1 Neutron scattering studies: E↵ect of ionic liquids on bending

rigidity of phospholipid bilayers

Studies performed on IL interaction with phospholipid bilayers by neutron reflectivity have shown

the microscopic mechanism of insertion of imidazolium and choline IL-cations into phospholipid

bilayers which, at equilibrium, results in about three to seven IL-cations for every ten phospho-

lipids absorbed in the phospholipid phase [28]. Moreover, the MD simulations have also shown

that the presence of IL-cations in the phospholipid region alters the bilayer bending elasticity

[29]. This investigation aims to explore this computational forecast experimentally. To do

so, NSE spectroscopy has been employed to investigate the e↵ect of one of the most studied

IL, i.e. [bmim][Cl] (or [C4mim][Cl]) [3, 45, 112], on the bending elasticity of a model cellular

phospholipid membrane represented by DMPC phospholipid vesicles. Schematic structures for
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the DMPC phospholipid and [bmim][Cl] IL are shown in Figure 4.1 and Figure 4.2 respectively.

Figure 4.1: Schematic structure of DMPC phospholipid. It has two saturated hydrocarbon chains with

14 carbon atoms in each chain, Adapted from [210].

Figure 4.2: Schematic structure of [bmim][Cl] ILs having hydrocarbon chain with 4 carbon atoms in it.

A comparison between the phospholipids and the IL cations highlights their similarities.

The zwitterionic character of DMPC mimics the distribution of charge in the neutral ion pair,

both have high polarity, and comprise hydrophilic and hydrophobic regions. In general, their

similarities are responsible for their mutual a�nity. Moreover, they suggest that a combination

of (i) electrostatic interactions, (ii) dispersion interactions, (iii) hydrophobic and hydrophilic

e↵ects, and (iv) hydrogen bond structures and dynamics at the interface have to be taken

into account. These describe the mechanisms of interaction that should result in a balance

between all these competing forces. It should then also be clear that even small changes in their

chemistry could a↵ect this balance and, in turn, dramatically change the system properties.

Phospholipid bilayers exist in many lamellar phases depending on the surrounding tem-

perature and phospholipid structure, such as the length of the hydrocarbon chains and the

composition of the head group, namely the liquid-crystalline phase, gel phase, sub-gel phase,

and ripple phase. It is widely accepted that many biologically relevant processes occur in the

liquid-crystalline or fluid phase, and therefore many works have focused on the study of struc-

tural and mechanical properties of this phase [211, 212]. DMPC has been chosen among other

phospholipids because (i) PC-based phospholipids are the most abundant phospholipid-type in

cell membranes [213], and (ii) among the other PC-based phospholipids, DMPC is fluid al-

ready at physiological temperatures (TM = 24�C). This NSE study is supported by DLS and

SANS investigations focused, respectively, on vesicle structural stability and IL-partitioning in

IL-doped vesicles. In the following paragraph, DLS and SANS results will be presented first,

followed by the NSE study.
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4.1.1 Dynamic light scattering studies

DLS technique has been employed to check the structural integrity of DMPC phospholipid

vesicles upon the addition of 0.5 M [bmim][Cl] IL. The IL-concentration has been set quite

below the IL CMC (5 M) to avoid structural damage to the phospholipid vesicles. Figure 4.3

shows the size (diameter) distribution of the vesicles for the neat and IL-doped case. The

distributions for both the cases were identical and overlapped even after a day of incubation

in the IL. The hydrodynamic size of the vesicles was obtained with the average diameter to be

110 ± 2 nm, which is the same for both cases. This confirmed the overall structural stability

of the phospholipid vesicles remains intact at this low IL-concentration.

A lower concentration of 0.1 M of [bmim][Cl] has then been used in the following SANS

and NSE study to guarantee the structural stability of the vesicles fully as well as to minimize

the direct contribution of the IL to the measured relaxation dynamics.

Figure 4.3: Representative size (diameter) distribution of neat (green) and 0.5 M IL-doped (red)

DMPC-phospholipid vesicles obtained by DLS.

4.1.2 Small angle neutron scattering studies

Because at physiological conditions, lipid bilayers exist in a liquid state, so we focussed our

investigations on the temperature range where they exist in the liquid phase. Since the melting

temperature of DMPC phospholipids is 24�C, we have done our investigations at temperatures

30�C and 40�C.

To gain the best spatial resolution condition to resolve the inner structure of DMPC phos-

pholipid vesicles and compute the IL-cation partitioning in a better way, deuterated-chain DMPC

phospholipids have been used. The phospholipid mixture of 9:1 molar ratio d54-DMPC:h-DMPC

and pure d54-DMPC phospholipids were used for the neat and IL-doped cases, respectively. A

phospholipid vesicle can be seen as a 3-layer structure that consists of (a) an outer layer phos-

pholipids heads, (b) an inner layer phospholipid heads, and (c) double-layer phospholipid chains

in between the heads. The deuterated d54-DMPC phospholipid provides a significant scattering

contrast between (i) headgroups and acyl chains, (ii) headgroup and D2O, and (iii) acyl chains
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and IL, providing the best spatial resolution condition to resolve the phospholipid vesicles 3-layer

structure and measure the IL-partitioning.

The obtained SANS experimental data have been modelled by a core 3-shell model com-

posed of (i) a D2O polydisperse core, (ii) an inner phospholipid-heads layer, (iii) a phospholipid-

chains double-layer, and (iv) an outer phospholipid-heads layer exposed to the solvent [214].

Using a poly-core 3-shell model, the scattering intensity from the vesicles in solution is given

by the following equation:

I(Q) = A

"
4X

i=1

3Vi(⇢i � ⇢i�1)
sin(Qdi)�Qdi cos(Qdi)

Qd3
i

#2

+ bkg (4.1)

Where A is the scaling factor, bkg is the constant background, and V , d , and ⇢i are the

volume, thickness, and scattering length density (SLD) of the core and the 3-shells, respectively.

For the first fitting iteration, the thicknesses of outer and inner phospholipid head-regions

and phospholipid chain-region were fixed to the values obtained by us with neutron reflectivity

measurement [28] on supported neat DMPC-phospholipid bilayers (at 30 �C). These values have

been used for both the measured temperatures, i.e., 30 and 40 �C. This has been done because

the SANS data are not sensitive to the variation of the order of the Angstrom in thickness

expected between 30 and 40 �C. This has been confirmed by the fact that the associated errors

are all comparable and of the order of a few Angstrom. For the second fitting iteration, those

values were allowed to relax slightly. For the IL-doped cases, together with these thicknesses,

the polydisperse core radius has also been fixed to the neat-case values. Fixing the values

provides a good fitting of the data. The SLDs of each molecular species, along with some

other parameters, are reported in Table 4.1 and the results of the fits are reported in Table 4.2.

Table 4.1: Theoretical SLD calculated from the neutron scattering length, b, of each atom and the

volume of each molecule. Chemical formula, molecular weights, and densities are also reported. d54-

DMPC is the deuterated-chains version of h-DMPC; hence for both the phospholipid types, the heads

are fully hydrogenated.
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Table 4.2: Structural parameters obtained by fitting the SANS data of neat and IL-doped DMPC

phospholipid vesicles at 30�C and 40�C. The uncertainties reported in brackets are standard deviations.

Where “fix” is written, it means that the first fitting iteration has been done by fixing that value to

either the neutron reflectivity obtained value or to the neat-case value for neat and IL-doped cases,

respectively. All the lengths are in Å, and the SLD in 10�6Å�2. The core radius poly-dispersity ratio is

0.3 for all the fits.

Figure 4.4: SANS data (circles) collected on neat (green) and IL-doped (red) chain-deuterated DMPC-

phospholipid vesicles (a) at 30�C and (b) at 40�C together with the fitting curves obtained using the

polydisperse core 3-shell model of equation 4.2. Error bars represent standard deviations and are usually

smaller than the symbols.

Figure 4.4 (a) and (b) reports SANS experimental data points and fit curves for both neat

and IL-doped DMPC vesicles at 30�C, and 40�C case respectively. By comparing the SLD of

the phospholipid-chain layer measured for the IL-doped sample with that of the neat sample,

the number of IL-cations di↵used into the phospholipid bilayer region was determined with

good accuracy. As a result, the IL-cations account for (6.1 ± 0.4)% and (6.5 ± 0.4)% of

the bilayer volume at 30�C and 40�C, respectively, corresponding to about 5 IL-cations each

11 phospholipids (see Figure 4.5). Notably, this result is in good agreement with a previous

investigation performed by neutron reflectivity on the partitioning of [bmim]+ cations into single

supported phospholipid bilayers of POPC and DMPC [28], and with atomistic MD simulations

[29].
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Figure 4.5: Sketch of the IL-doped phospholipid bilayer with DMPC-phospholipids in green and IL-

cations in red: about 5 IL-cations per 11 phospholipids di↵uses into the phospholipid region, based on

the SANS results.

4.1.3 Neutron spin echo studies

With ensuring the overall structural stability of DMPC phospholipid vesicles by DLS and quan-

tifying the number of IL-cations inserted into the phospholipid bilayer by SANS, here with

the NSE spectroscopy technique, we are presenting the studies on the e↵ect of the absorbed

[bmim]+ IL-cations on the phospholipid bilayer elasticity. The spatial scale of NSE allowed us to

probe a small portion of the phospholipid vesicles, which seems like looking at a bilayer (Figure

4.6). Hence, it is called a bilayer in this case. Taken together with the ability of neutrons to

distinguish between hydrogen and deuterium atoms [215, 216], the longest time window acces-

sible by NSE allows to probe thickness and bending fluctuations of model phospholipid bilayers,

which are the bilayer thermal equilibrium motions in nanosecond-to-microsecond [216, 217].

With the NSE being a well-established technique now to compute the bending elasticity of

phospholipid bilayers, including the DMPC-phospholipid bilayers [217–226], the study we are

presenting here is the first one concerning IL-phospholipid bilayer combination, to the best of

our knowledge.

Figure 4.6: Spatial scale of NSE allowed us to probe small portion of the phospholipid vesicles, which

seems like looking at a bilayer.
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Neutron scattering signals coming from the bilayer bending dynamics were maximised by

adding a high concentration of h-DMPC phospholipids in D2O, which is 100 mg h-DMPC

phospholipids per ml of D2O as mentioned in the methods section. The measured NSE signal

describes the thermal equilibrium collective bilayer undulation dynamics or height fluctuation,

i.e., bending motions. This can be modelled using the Zilman-Granek theory [227]:

I(Q, t)

I(Q, 0)
= e�(�Bending(Q)t)2/3 (4.2)

Where I(Q, t)/I(Q, 0) is the normalised intermediate scattering function, �Bending(Q) rep-

resents the relaxation rate for bending fluctuations, and Q is the Fourier reciprocal of the spatial

coordinate or wavenumber transfer, and t corresponds to Fourier time.

Figure 4.7: Normalised intermediate scattering functions measured by NSE at (a) 30�C and (b) 40�C

along with equation 4.2 fitting curves for neat (green colour) and [bmim][Cl] IL-doped (red colour) h-

DMPC-phospholipid bilayers in D2O at three Q-values: (starting from top to bottom) Q7= 0.081 Å�1,

Q8= 0.094 Å�1, and Q9= 0.106 Å�1. (c) Relaxation rate for bending fluctuations, �Bending(Q), versus

Q3 together with equation 4.3 fitting curves at 30�C and (d) at 40�C. Error bars represent standard

deviations.
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Here, the temperature dependence of the bending elasticity has been investigated by per-

forming the measurements at two di↵erent temperatures: 30�C and 40�C, which are physio-

logically relevant and also higher than the DMPC phospholipid phase transition temperature

(TM = 24�C), so the phospholipid was in liquid-crystalline phase (as in a standard physiological

case). The raw experimental data was reduced and fitted with the equation 4.2 for selected

Q-values for both pure and IL-doped DMPC vesicles. Figure 4.7 (a) and (b) represents the

reduced data as normalized intermediate scattering functions for h-DMPC phospholipids in

D2O and the fitting curves at 30�C and 40�C respectively. The three curves for red (for neat

case) and green (for IL-doped case) colour represents result at three di↵erent Q-values, e.g.,

starting from top to bottom, the first, second and third curve corresponds to Q7 = 0.081Å�1,

Q8 = 0.094Å�1, and Q9 = 0.106Å�1 respectively. The behaviour of the fitting curves re-

flects the collective relaxation dynamics of the DMPC bilayers. The di↵erence in its behaviour

can be clearly seen from Figure 4.7 (a) and (b); this reflects a measurable e↵ect of the IL.

This indicates that the presence of the IL-cations in the DMPC phospholipid bilayer decreases

the characteristic relaxation rate of the bending fluctuations of the bilayer in a Q-dependent

manner. Hence, this suggests that the IL-doped vesicles are more rigid than the neat vesicles.

In agreement with predictions from the Zilman-Granek theory, �Bending(Q) is proportional

to Q3. This is shown in Figure 4.7 (c, d) for 30�C and 40�C. With Watson-Brown refinement

to the Zilman-Granek theory, that accounts for the contributions from dissipation within the

bilayer at the length and time scales accessible by NSE [228], and assuming that the membrane

elasticity follows the polymer brush model [217], the measured relaxation rate for bending

thermal fluctuations, �Bending(Q), is given by the following expression:

�Bending(Q) = 0.0069

r
kBT

k

kBT

⌘
Q3 (4.3)

Where  is the (e↵ective) bending modulus (or bending elasticity), ⌘ is the solvent viscosity,

kB is Boltzmann constant, and T is temperature.  was obtained by fitting �Bending(Q) with

Q following the above equation 4.3 (see Figure 4.7 (c) and (d)). The obtained  value for the

neat and IL-doped case at the two temperatures are plotted in Figure 4.8 and the corresponding

values are provided in Table 4.3.

Evidently, the bending elasticities obtained for the neat case are in good agreement with

the reported literature values [217]. To facilitate comparison with reported values, the data are

presented in Figure 4.9 as the percentage increase between IL-doped and neat bending elasticity,

i.e. [(neat(30�C�neat(40� C)) ⇤ 100]/neat(40�C). For both the temperatures considered in

this study, the IL-doped phospholipid bilayer’s bending elasticity was higher than the neat bilayer

case. The increment is obtained as (25.2 ± 6.1) % at 30�C and (60.4 ± 13.3) % at 40�C. The

possible explanation behind the increment at the higher temperature could be that the water

hydration of anions decreases with increasing temperature. That removes a constraint in the
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mutual motion of water and anions, and increases the entropy. To emphasize, this is just a

speculation which would require computations to be supported (as this could be more di�cult

with experiments). In the neat case, the bending elasticity of the bilayer decreased by (17.1 ±
3.1) % with increasing temperature from 30�C to 40�C.

Table 4.3: Bending elasticity, , for neat and IL-doped phospholipid bilayers at 30�C and 40�C with

standard deviation represented in the bracket.

Figure 4.8: Bending elasticity, , for neat (green) and IL-doped (red) h-DMPC phospholipid bilayers

at 30�C and 40�C. Error bars represent standard deviations.

To better judge the IL-e↵ect, the e↵ect of other molecules on the bending elasticity of

DMPC-phospholipid bilayers is briefly discussed here. So, the bending modulus variation in-

duced by the other molecules is shown in a dedicated control (gray-coloured) column on the

left side of Figure 8 for clear comparison with the variations induced by the IL. For all the fol-

lowing cases, the bending elasticity has been accessed by NSE spectroscopy, the bilayers were

in the liquid-crystalline phase, and only small variations in the bilayer thickness; of the order

of Angstroms; have been recorded. In the reported studies, the bending elasticity of DMPC

bilayers has (i) reduced by 20% with addition of 0.2 to 0.6 mole fraction of DSPC phospholipid

[218]; (ii) reduced by 60%, 50% and 25% with addition of aspirin, ibuprofen and indomethacin

respectively [226, 229]; (iii) increased by 46% with addition of lidocaine [230]; (iv) increased by

59% with addition of the end-phosphorylated polyethylene glycol triblock copolymer [220]; (v)

increased by 50% with increasing pH from 1.6 to 7.4 [229]; (vi) increased by 54% moving from
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symmetric to asymmetric phospholipid distribution in DMPC/DOPC bilayer [231]. Moreover, it

has also been shown that (vii) the cholesterol increases the bending elasticity of DMPC bilayers

in a concentration-dependent manner ranging from 20% up to 150% [232], and (viii) an ionic

surfactant increases the bending elasticity of a non-ionic bilayer by 25% [233]. Considering all

the cases discussed above, this comparison suggests that the IL’s e↵ect on the phospholipid

bilayer bending elasticity is in the range of other observed physiologically relevant cases.

Figure 4.9: Bending modulus percentage increase of IL-doped DMPC-phospholipid vesicles with respect

to neat, [(IL - neat) ⇤ 100]/neat] at 30�C and 40�C (red colour), showing the IL-induced increase in

bilayer bending elasticity. Error bars have been calculated by directly propagating the standard deviations

in  entirely. To judge the extent and the physiological relevance of this IL-e↵ect, several bending

elasticity data extracted from the NSE literature on DMPC phospholipids (in the liquid-crystalline phase

and typically at 30�C) are reported in a dedicated gray-coloured column on the left side of the plot.

Among those data, the “40-to-30�C temperature decrease” (black) has been computed from our NSE

data as the percentage increase in the bending elasticity of neat DMPC-phospholipid bilayers with

decreasing temperature from 40�C to 30�C, i.e. [[(neat(30�C) - neat(40�C)) ⇤100]/neat(40�C)].

Finally, the temperature dependence of the IL-induced increase in the bending elasticity is

discussed here. By looking at Figure 4.8 and Figure 4.9, it is evident that the e↵ect of the IL

increases with increasing temperature from 30�C to 40�C. The greater relative increase in the

bending elasticity, observed at 40�C, can be tentatively related to the relatively higher number

of IL-cation penetration into the phospholipid region at this temperature compared to that at

30�C, as measured by SANS. This suggests a possible correlation between IL-partitioning in
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the phospholipid phase and the bilayer elasticity alteration. The higher number of IL-cations in

the phospholipid phase registered at 40�C could be due to an entropic e↵ect or a higher degree

of IL-ions dissociation in water.

Table 4.4: Summary of the structural (SANS) and elastic (NSE) properties of neat and [bmim][Cl]

IL-doped DMPC-phospholipid bilayers at 30�C and 40�C. The uncertainties are reported in brackets and

represent standard deviation.

To summarize, the e↵ect of a well-known [bmim][Cl] IL on the structural stability, IL cation

partitioning in model DMPC phospholipid bilayer, and bending elasticity of the bilayer have

been investigated by DLS, SANS, and NSE spectroscopy, respectively. The main result is that

the low concentration (0.1 M, much lower than its CMC) of the IL can increase the bending

elasticity of DMPC-phospholipid bilayer in a temperature-dependent manner with the maximum

increment obtained is (60.4 ± 13.3)% at 40�C, and this is physiologically relevant. Table 4.4

summarizes the major results discussed here.

4.2 Atomic force microscopy studies: E↵ect of ionic liquid chain

length on mechano-elasticity of phospholipid bilayers

Cell-membranes are known to perform their function under a complex combination of forces.

Many e↵orts have been devoted to studying the physico-chemical properties of phospholipid

bilayers, e.g., mechano-elastic properties, in recent years since they are crucial to understand-

ing specific membrane function. Several techniques have been employed to investigate such

properties quantitatively. Due to the chemical (and mechanical) diversity of cell membranes,

techniques with nanometric resolution, such as AFM [151, 234] emerged as an excellent ap-

proach to probe the local nano-mechanical properties of the phospholipid bilayers.

4.2.1 [bmim][Cl], [dmim][Cl] ILs and DOPC phospholipid bilayer

In the study presented here, we choose DOPC phospholipids whose melting temperature -

16.5�C, meaning that the DOPC phospholipid bilayer sample was in the liquid-crystalline phase

during the experiments, hence studied in a fluid phase. Here, we have studied the model

DOPC phospholipid bilayer in a liquid environment. This is a good system to study because

(a) DOPC phospholipids (belonging from the PC phospholipid family) is abundantly present
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in most eukaryotic cell membrane [213, 235] and also because (ii) DOPC liposomes have been

successfully used as delivering carrier into cells [127, 236], which suggests the high a�nity of

this phospholipid towards this cell membrane. The schematic structure of DOPC phospholipid

is presented in Figure 4.10, this comprises 18 carbon atoms in each hydrocarbon chain, and

both are unsaturated.

An interesting characteristic of IL is the length of its hydrocarbon chain. Here, we are choose

to study the e↵ect of two most common ILs belonging from imidazolium family: [C4mim][Cl],

and [C10mim][Cl] (1-decyl-3-methylimidazolium chloride, or [dmim][Cl]) [3, 45, 112] on the

model DOPC phospholipid bilayer. The di↵erence between these two ILs is in their hydrocarbon

chain length, with the former having 4 carbon atoms and the latter having 10 carbon atoms.

Schematic structure of [bmim][Cl] [dmim][Cl] ILs are shown in Figure 4.11. Here, together with

topography, we have investigated local nano-mechanical properties like the thickness, spring

constant, and rupture force of DOPC phospholipid bilayer in interaction with and without the

aforementioned ILs dissolved at the bilayer interface by AFM technique.

Figure 4.10: Schematic structure of DOPC phospholipid. It has two un-saturated hydrocarbon chains

with 18 carbon atoms in each chain. Adapted from [210].

Figure 4.11: Schematic structure of [bmim][Cl] and [dmim][Cl] ILs with former having 4 hydrocarbon

chain length and the later having 10 hydrocarbon chain length.

To have biological and environmental relevance of our study, we applied the following ap-

proach for sample measurement. Starting with DOPC phospholipid bilayer sample preparation,

we characterized it by AFM, then exchanged the neat sample bu↵er with IL diluted bu↵er

and continued the characterization. We did this with the idea that any foreign molecule in-

teracts directly with the bio-membranes from outside. For more information regarding sample

preparation, please refer to Chapter 3.

In this investigation, the IL concentrations are chosen carefully with regards to CMC; the
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studied concentrations are 0.5 M for [bmim][Cl] and 0.005 M for [dmim][Cl] diluted in the

working bu↵er solution. These are one order of magnitude below their respective CMC [38].

The same set of control experiments were performed with just the working bu↵er and also

0.5 M NaCl diluted (in working bu↵er) solution. The control experiment was performed in

the following way: we measured the neat bilayer (we name this case neat) by AFM, then

exchanged the bu↵er on the sample with the fresh bu↵er or with 0.5 M [Na][Cl] diluted bu↵er.

AFM measurements were performed after a 5 h incubation period, and this condition is named

5 h incubation. The other set of experiments performed with 0.5 M [bmim][Cl] and 0.005M

[dmim][Cl] incubation of the phospholipid bilayer, where the sample measurement protocol is

the same as explained in the previous case with the only di↵erence in the bu↵er exchange step.

Here, the bu↵er was exchanged from the sample with the respective IL diluted bu↵er solution,

i.e., with 0.5 M [bmim][Cl] diluted bu↵er for the former case and the 0.005 M [dmim][Cl] for

the latter case.

Figure 4.12 (a) reports a set of representative AFM topographic images for the case of

control, 0.5 M [bmim][Cl] and 0.005 M [dmim][Cl], respectively, starting from top to bottom.

This shows that these concentrations of the ILs are not able to disrupt the DOPC bilayer

structure. Figure 4.12 (b) shows the bilayer thickness, rupture force, and spring constant

obtained by AFM measurements. Here, the bilayers’ thickness can be seen to have shrunk after

5 h of incubation in both the ILs studied. Hence, it can be said that below the CMC of ILs, there

are no alterations in the bilayer’s overall structure and stability, except a (small) thinning of the

bilayer, which could be induced because of IL-cation di↵usion into the phospholipid region. The

mechano-elastic properties of the bilayers, such as elastic spring constant and rupture force,

have a↵ected greatly instead, which again could be due to the presence of the IL-cations in

the phospholipid region. Figure 4.12 (c) and (d) shows the sti↵ness (as spring constant) and

the penetration resistance (as rupture force), respectively, for DOPC bilayers before (i.e., neat

bilayers case) and after 5 h of incubation in both the ILs solutions and control or the [Na][Cl]

solutions. Both these properties of the bilayer can be observed to have decreased in the presence

of the IL solution. However, for the case of [Na][Cl], no variation was observed. This may imply

that the observed e↵ects on the phospholipid bilayer’s mechano-elastic properties are not just

ionic in nature, but it depends on the organic character of both the ILs. These are actually the

key characteristics responsible for the insertion of IL-cations into the phospholipid region in the

phospholipid bilayer. The measured decrease in the spring constant and the rupture force of

the phospholipid bilayer is approximately 60% for the [bmim][Cl] case and approximately 90%

for the [dmim][Cl] case.
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Figure 4.12: (a) Representative AFM topographic images of a DOPC bilayer before and after; starting

from top to bottom; 5 h of incubation in the neat bu↵er, 0.5 M [bmim][Cl] diluted bu↵er and 0.005

M [dmim][Cl] IL diluted bu↵er solution respectively. (b) Thickness, (c) spring constant and (d) rupture

force of supported DOPC phospholipid bilayers before and after 5 h of incubation in solutions of [Na][Cl]

at 0.5 M (black colour), [bmim][Cl] at 0.5 M (red colour), and [dmim][Cl] at 0.005 M (blue colour). A

clear trend is visible: sti↵ness and penetration resistance of the bilayer are both reduced which could be

due to the di↵usion of the IL-cations into the phospholipid region.

4.2.2 [dmim][Cl] IL concentration and incubation time and DOPC phospho-

lipid bilayer

We extend the study to investigate the e↵ect of IL incubation time on DOPC phospholipid

bilayers. As the [dmim][Cl] a↵ected strongly the bilayers, we are presenting here the e↵ect of

0.005M [dmim][Cl] at various time points up to 5 h; the time points are 0 h, 2 h, and 5 h.

The sample topography and mechano-elastic properties are presented in Figure 4.13 There is

no appreciable change observed in the topography of the bilayers at these time points. With

thickness fluctuation at 0 h, the appreciable decrement is observed after 2 h, which is by about

30%; and it stayed the same after 5 h. Here, both the rupture force and the spring constant

decreased immediately afterward IL addition to the bilayer, which is by about 70%, following
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Figure 4.13: AFM topography as height images of the lipid bilayers (i), and (ii) the plots repre-

sent mechano-elastic properties - thickness, rupture force, and spring constant for neat and 0.005 M

[dmim][Cl] IL treated-bilayer samples as a function of time. The results are normalised and presented as

average and standard deviation (taken together all the independent experiments).

which the decreasing trend was observed at all the time points, and it seems like following an

exponential decrement with time in the IL-treated samples. Overall, the conclusive result is

that the observables are decreasing in a time-dependent manner.

4.2.3 [bmim][Cl] IL and DOPC:DPPC phospholipid bilayer

Furthermore, we investigated the e↵ect of [bmim][Cl] IL on phospholipid bilayers with more than

one component. Here, we choose to study DOPC:DPPC mixed lipid bilayer because DOPC

and DPPC phospholipids are (a) abundantly present in most eukaryotic cell membranes [213]

like in yeast [237, 238], (b) among the most studied model PC membranes. They di↵er in

their hydrocarbon chain structure; DOPC lipids comprise 18 carbon atoms in each chain and,

both are unsaturated, while DPPC lipids comprise 16 carbon atoms in each chain, and both

are saturated. Their structure leads to phase transition temperature of -16 �C for DOPC and

41 �C for DPPC lipids, hence at room temperature, DOPC lipids exist in a liquid state, and

DPPC lipids exist in a gel state. Due to the fact that DOPC has 2 unsaturated hydrocarbon

chains and the DPPC has 2 saturated hydrocarbon chains, they arrange di↵erently and form

domains when mixed. This results in a di↵erence in their thickness and hence the di↵erence

in the height of lipid bilayer domains in the DOPC:DPPC supported lipid bilayer, as can be
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clearly seen in the Figure 4.14 (a). Sample topography and nano-mechanical properties of

the neat and IL-treated dry DOPC:DPPC bilayer samples are presented in Figure 4.14. In the

case of the neat bilayers, the average height di↵erence between the domains is 1.16 ± 0.12

nm. DPPC lipid domain being more rigid, the average modulus obtained is 559.59 ± 16.61

MPa and 587.96 ± 18.91 MPa for DOPC lipid domains and DPPC lipid domains, respectively

(Figure 4.14 (c)). The corresponding adhesion obtained (Figure 4.14 (b)) are 14.70 ± 0.21 nN

and 12.76 ± 0.79 nN for the DOPC and DPPC lipid bilayer domains respectively.

Figure 4.14: Mechano-elasticity of the neat and 2.8 mM [bmim][Cl]-treated DOPC:DPPC phospholipid

bilayers: (a) topography, (b) adhesion, and (c) modulus. The subdivision into micrometric patches of

the two lipids is stable over macroscopic times.

When treated with IL-bu↵er solution and dried for the AFM measurement, the following

have been observed. However, it was troublesome to scan the IL-treated samples in a dry state
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because of IL’s hygroscopic nature; we managed to find some dry regions in [bmim][Cl]-treated

samples for our investigation. The result presented in Figure 4.14 shows decreased thickness

di↵erence, increased adhesion, and increased sample modulus following the IL-treatment of the

bilayer samples. This is, however, a preliminary result and should be investigated with greater

details.

4.3 Biological studies: E↵ect of ionic liquid chain length and

sub-toxic doses on cell migration

The ability of IL to control mammalian cell migration has been explored here. The sub-toxic

concentration point-of-view has been explored for the first time at the cell level. The ILs

employed for this study are [bmim][Cl] and [dmim][Cl] as before. The cell line used is the

triple-negative breast cancer metastatic cell line MDA-MB-231, which is highly studied for cell

migration studies [239, 240].

4.3.1 Determination of sub-toxic doses of ILs

The sub-toxic doses for both the ILs were determined with the combination of several bio-assays,

such as MTT assay, Western Blotting, and Flow cytometry.

Firstly, MTT assays were carried out to investigate the e↵ect of both the ILs on the cell

viability by extracting IC50 values. Here, the IC50 values represent the concentration at which

the cell viability was reduced to 50%, which are obtained to be 5 mM for [bmim][Cl] and 2.5

µM for [dmim][Cl]. Cell viability was also checked for [Na][Cl], for which the IC50 was obtained

as 75.3 mM. Figure 4.15 shows plots representing viability of MDA-MB-231 cells as a function

of concentration for (a) [bmim][Cl] IL, (b) [dmim][Cl] IL and (c) [Na][Cl]. A much higher

IC50 of [Na][Cl] compared to both the ILs suggests that the cytotoxicity is not only dependent

upon the ionic character, but it is strongly dependent upon the organic character of ILs. This

latter dependence looks like the reason why the IL with the longer hydrocarbon chain, which is

[dmim][Cl] here, has shown a more toxic behaviour than the shorter chain [bmim][Cl] IL. The

IC50 for [dmim][Cl] is about three orders of magnitude lower than that of the [bmim][Cl]. As

the IC50 represents the measure of toxicity, the lower IC50 value implies more toxic behaviour.

Next, an upper limit of the sub-toxic doses for both ILs towards the MDA-MB-231 cell line

was defined. The IL- doses that show no e↵ect on either the cell cycle or the cell death were

checked by flow cytometry and Western blotting experiments. It is the IC30 values obtained

from the viability plot in Figure 4.15, the values are 2.8 mM for [bmim][Cl] and 1.5 µM for

[dmim][Cl]. Any e↵ect of IL on cells is concentration-dependent and incubation time-dependent,

as can be clearly seen in the cell viability plot, and also dependent on the number of cells under
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Figure 4.15: Viability of MDA-MB-231 cells as a function of concentration of (a) [bmim][Cl], (b)

[dmim][Cl] and (c) [Na][Cl].

study. So, taking all these parameters into account, for all the bio-assays performed here,

the sub-toxic concentration upper limit is determined. The plots are shown in Figure 4.16

(a) and (b) represents, respectively, the percentage of cell death and cell cycle for the case

of control, [bmim][Cl] and [dmim][Cl] obtained from the flow cytometry experiment. Clearly,
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incubation of the cells with the selected doses of the ILs has not shown any di↵erence either in

the cell death or the cell cycle when compared with the control experiment. Figure 4.16 (c), (d)

represents the result from the Western Blotting experiment of MDA-MB-231 cells in [bmim][Cl]

and [dmim][Cl] at concentrations of 2.8 mM and 1.5 µM, respectively. In the Western Blotting

experiment, key cell cycle checkpoint proteins such as CDK1, Rb/pRb, p27, p21, Cyclin E1, and

Cyclin D3 were studied. As can be seen from the protein bands in (d) and the corresponding

plot in (c), the above-mentioned IL concentration did not show any measurable di↵erences

in protein expression compared to control. In the studies reported in the literature, ILs have

shown alterations in the cell cycle when treated with toxic-doses of ILs. So, with showing no

alteration in cell cycle, these IL-doses can be referred to as sub-toxic doses for [bmim][Cl] and

[dmim][Cl] towards the MDA-MB-231 cell line.

Figure 4.16: Flow cytometry and western blotting results: (a) Cell death, (b) cell cycle obtained from

flow cytometry and (c) protein expression for various cell cycle proteins, (d) protein bands obtained

from Western Blotting on MDA-MB-231 cells after treatment with [bmim][Cl] and [dmim][Cl] ILs at

concentrations of 2.8 mM and 1.5 µM, respectively.
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Figure 4.17: Migration of MDA-MB-231 cells incubated at sub-toxic doses of ILs. (a,b) Representative

images of cell migration in incubation with [bmim][Cl] (second row) and [dmim][Cl] (third row): images

taken with phase-contrast microscopy (4⇥ magnification) at 0 h, 24 h, and 48 h at the lowest sub-toxic

concentration in each sub-set (a), and 0 h, 16 h and 32 h at the highest sub-toxic doses (b); the control

images are shown on the first row. (c) Wound area as a function of time for case (b). The dots average

3 independent experiments in triplicate with their standard deviations; the lines are their best linear fits

with slopes representing the average migration rates. (d) The extracted migration rates clearly show

that sub-toxic doses of (these two) imidazolium-ILs enhance cell migration and that the enhancement

is more pronounced for the longer-chain IL, which also shows a concentration dependence.

4.3.2 Cell migration studies

Cell migration studies are presented here. Firstly, two sub-toxic doses for each IL were deter-

mined. The highest concentration corresponds to the sub-toxic concentration obtained in the

last section. With this as an upper limit, another concentration was chosen to be about one

order of magnitude lower than this. So, the two sub-toxic doses are 2.8 mM and 0.1 mM for

[bmim][Cl], and 1.5 µM and 0.1 µM for [dmim][Cl]. To check the e↵ect of IL’s sub-toxic doses

on the migration of the cells, a cell-based scratch assay was performed where a wound formed

by scratching the cell monolayer was studied with time by capturing images by an optical micro-

scope. The change in wound area with time, in other words, wound area closure, was quantified

for the analysis. Figure 4.17 (a), (b) shows the representative images of cell migration for the
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control experiment (first row), and in incubation with [bmim][Cl] (second row) and [dmim][Cl]

(third row) ILs at various time points. Figure 4.17 (c) shows the plot of the wound area as

a function of time containing the data points with its fitting curves, and (d) represents the

migration rates extracted from the fitting curve for all the conditions mentioned above.

Figure 4.18: Colony scattering of MDA-MB-231 cells incubated at sub-toxic doses of ILs. (a) Rep-

resentative images taken with phase contrast microscopy (4X magnification) of cell colonies in control

(where two compact colonies are shown), [bmim][Cl] at 2.8 mM (two loose colonies), and [dmim][Cl]

at 1.5 µM (two scattered colonies). Percentage of compact (b) and loose + scattered (c) colonies

for control and 4 di↵erent IL-doses (average of two independent experiments in triplicate with their

standard deviations). The B and D labels on the x-axes correspond to the following doses of [bmim][Cl]

and [dmim][Cl], respectively: B1=0.05 mM, B2=0.1 mM, B3=0.5 mM, B4=2.8 mM, D1=0.05 µM,

D2=0.1 µM, D3=0.5 µM, D4=1.5 µM; the label C is for the control. B4 and D4 correspond to the

highest doses used in the migration experiments, B2 and D2 to the lowest ones.

It can be seen that, in comparison with the control, the ILs enhance the cell migration at

both the sub-toxic doses. The cell migration has resulted in being stronger for [dmim][Cl] in

comparison with [bmim][Cl] IL. The result suggests that the migration rate can be controlled

with the IL-cation chain length, having only a di↵erence in their hydrocarbon chain length.

Also, the maximum increment in migration rate is obtained about 50% that resulted for the

case of the longer-chain IL at the highest of the two sub-toxic doses investigated. The di↵erence

in the migration rate for both the sub-toxic doses observed for the [dmim][Cl] case implies that

the migration rate can be controlled with IL concentration as well. The doubling time of MDA-
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MB-231 cells is 38 h, and we run the experiments for 32 h for the highest concentration in each

sub-set, meaning that we studied the same cells within this complete study and not the new

daughter cells. However, the experiment runs up to 48 h for the lowest doses. In this case, to

rule out any e↵ect on cell migration rate because of the cell doubling, another set of migration

experiments without serum (which is the growth media) in the cell culture media have been

carried out. The obtained result as a migration rate is shown in Figure 4.17 (d), which implies

that the migration rate is not a↵ected without the growth media.

Cell adhesion properties were then investigated with cell colony scattering experiments.

Here, the e↵ect of four sub-toxic IL-doses, including both discussed above, have been checked

on the MDA-MB-231 cells. Figure 4.18 (a) shows representative images of colonies in control

(where two compact cell colonies are shown), [bmim][Cl] at 2.8 mM (where two loose cell

colonies are shown), and [dmim][Cl] at 1.5 µM (with two scattered cell colonies). Figure 4.18

(b) and (c) shows, respectively, percentage of compact and loose + scattered colonies for

control and all the sub-toxic IL-doses with concentration increasing while moving from B1 to

B4 for [bmim][Cl] case D1 to D4 for [dmim][Cl] case. Here, B1 = 0.05 mM, B2 = 0.1 mM,

B3 = 0.5 mM, B4 = 2.8 mM, D1 = 0.05 µM, D2 = 0.1 µM, D3 = 0.5 µM, D4 = 1.5

µM. As can be seen from the plots, IL-treated cells grow in colonies lesser compact than the

control. This e↵ect increases by increasing the IL-concentration, implying with increasing the

ILs-concentration, the number of compact colonies decreases. Thus, reaching about 15% for

the highest concentration in each sub-set of the ILs. This can be seen as an indirect e↵ect of

the enhanced cell migration rates in IL-treated cells discussed above. Hence, the behaviour is

said to be consistent with that of the cell migration rate.

To conclude, the e↵ect of sub-toxic doses of two commonly studied imidazolium-ILs:

[bmim][Cl] and [dmim][Cl] on model MDA-MB-231 cancer cell line have been investigated

on cell viability, cell cycle, cell death, cell cycle protein expression, cell migration, and cell ad-

hesion. The main result is that the cells incubated in sub-toxic doses of both the ILs display

an increment in the cell migration.

4.4 Discussion and conclusion

The e↵ect of sub-toxic concentration of imidazolium-ILs on the biophysical properties of a

model cellular phospholipid bilayer and biochemical properties of cancer cell line MDA-MB-231

is the focus of this chapter dedicated to the experimental investigations. In this context, three

major results have been obtained, which can be summarized as follows: (i) insertion and parti-

tioning of IL-cations into phospholipid region of a phospholipid bilayer, (ii) increment of model

DMPC phospholipid bilayer mechano-elasticity and its reduction in case of DOPC phospholipid

bilayer, and (iii) enhancement of MDA-MB-231 cell migration. In this section, a potentially
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universal bio-chemical-physical mechanism that connects these major results in a unified ex-

plicative scenario is discussed, together with what is already known from the complementary

experiments in the literature.

The [bmim][Cl] IL-cation insertion and partition into the phospholipid region of the phos-

pholipid bilayer have been measured here by neutron scattering technique, SANS. However,

increment in bending rigidity of DMPC phospholipid bilayer was observed in the presence of

[bmim][Cl] by NSE, reduction in sti↵ness of DOPC model phospholipid membrane have been

observed in the presence of two imidazolium ILs - [bmim][Cl] and [dmim][Cl] with di↵erent

chain lengths by AFM. The reason behind the increment in phospholipid bilayer elasticity for

one case and reduction in the elasticity for the other may be the following: DMPC and DOPC

phospholipids have di↵erent characteristics with respect to their hydrocarbon chains, such as

their length and saturation. The former has 14 hydrocarbon chain lengths with both the chains

saturated while the latter is longer, having 18 hydrocarbon chain lengths, and also the chains

are unsaturated. These properties bring a big di↵erence in their orientation and arrangement in

a phospholipid bilayer, resulting in di↵erent phospholipid packing: DMPC phospholipid bilayer

would be sti↵er than that compared with the DOPC phospholipid bilayer at the same condition.

Hence, the di↵erence in the chemical structure is the most likely reason of the di↵erent physi-

cal properties of their respective phospholipid bilayer. However, future studies should consider

the same lipid for both experiments to compare the results, and one should study both the

lipid types to compare the results obtained using these techniques to see how the structures

contribute to such e↵ect (discussed above). As the PC phospholipids having longer, starting

from 16 to 18 hydrocarbon long, and unsaturated chains are found abundantly in MDA-MB-

231 cancer cells [241], the e↵ect on the DOPC phospholipids, which is a reduction in bilayer

sti↵ness, could dominate here. This could be related directly to cell migration enhancement.

To date, there are only a few studies reported on the e↵ect of IL on MDA-MB-231 cell

properties [70, 242], and none of those are on cell migration. Several studies have been done

on the e↵ect of (ionic) peptides and other molecules on the migration of these cells [127, 239–

241, 243, 244]. They reported alteration of the cell migration by a variety of mechanisms

ranging from specific molecular and biochemical targets [127, 239, 240] to cell membrane

biomechanics [241, 243, 244]. As far as the bio-mechanical route is concerned, the role of cell

membrane rigidity in migratory processes has been clearly observed. A biochemical approach

has been employed in those studies to study the e↵ects of altered cell membrane phospholipid

composition on the membrane elastic properties and its functional impact on cell migration

and invasion. The overall conclusion of the study was that the increment in the membrane

rigidity is su�cient to reduce cell migration (rate) [241] or the decrement will result in the

enhancement of the migration [243]. Additionally, a connection between cell migration and cell

membrane rigidity (or elasticity) has been observed also in other cell lines [245–247]. Moreover,
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cancer cells which are more elastic than their healthy counterpart, have been shown to migrate

faster [248–250]. Variation in cholesterol content (and also phospholipid composition) in cell

membranes a↵ect both its rigidity and cell migration [251, 252].

These studies complement the experimental findings presented here; thus, the following

unified explicative scenario can be proposed: IL-cations at low or sub-toxic doses di↵use easily

into the phospholipid bilayer region of cell membranes due to a combination of electrostatic

and dispersion forces. Without a↵ecting its overall structure and stability, these IL-cations

are able to reduce its sti↵ness and penetration resistance. This leads to an overall decrease

in the whole cell membrane’s sti↵ness, which is the bio-chemical-physical mechanism behind

the enhancement in cell migration. To conclude, the IL-induced increment in cell migration

could be a direct consequence of the IL-induced reduction in cellular phospholipid membrane

elasticity. ILs seem to o↵er a new and vast playground to change the mechano-elasticity of a

cell membrane hence controlling the cell migration for various applications.
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Chapter 5

Computational studies

This chapter is dedicated to the computational results and discussion. Two separate computa-

tional studies are presented in two sections. Section 1 presents the studies on nanostructuring

of ILs in water solution investigated by MD simulations based on an empirical force field, and

section 2 presents the studies on optical properties of ILs estimated by a combination of density

functional methods; this second computational project is still in progress.

5.1 Transition from salt-in-water to water-in-salt nanostructures

in water solutions of ionic liquids

The role of the following ILs: [Tea][Ms] and [Tea][H2PO4] (both are protic ILs), and [DxC10][Cl]2

(which is aprotic IL) have been recently investigated in biological samples which always in-

volve water as the primary solvent. At high salt concentration (> 80 wt%), [Tea][Ms] and

[Tea][H2PO4] are found to a↵ect the fibrillation kinetics of A�42 amyloids but in opposite

directions, [253, 254] with the former preventing the fibrillation and the latter enhancing it.

The [DxC10][Cl]2 di-cation, [75] instead, has shown a marked bactericidal e↵ect even on Gram-

positive bacteria. For all these ILs, the modulation in the space of the salt and water distribution

could create a multitude of distinct nano-environments, a↵ecting the interaction of the ions

with biomolecules. In the present study, we have investigated the formation and stability of

nanostructures in water solutions of these three IL compounds.

The [Tea]+ cation shows a moderate amphiphilic behaviour, and an equally moderate

propensity for nanostructuring in pure phases, [255] possibly because of the symmetric dis-

tribution of ethyl chains around the centre of the charge. For the same reason, we expect

[DxC10]2+ to display a low propensity to nanostructuring in pure phases, although in this case,

no result is available from experiments or previous computations. Because of the double-headed

structure of its cation [256], unlike other ILs, we chose to investigate its nanostructure motif in
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water. The structure of the [Tea]+, [Ms]�, and [H2PO4]� ions are displayed in Figure 5.1, while

the structure of [DxC10]2+ di-cation is displayed in Figure 5.2. The di-cation, in particular, is

one of the multitudes of cations based on the [Pijkl]+ phosphonium motif. In this case, two

phosphonium moieties are joined by a –[(CH2)10]– linker and each P atom is surrounded by

three more –(CH2)5CH3 hexyl chains, making a doubly charged ion of considerable mass and

volume.

Figure 5.1: Structure of the [Tea]+, [Ms]� and [H2PO4]� ions. Blue color: N (nitrogen); orange: P

(phosphorus); yellow: S (sulphur); red: O (oxygen); grey: C (carbon); white: H (hydrogen) atom.

Figure 5.2: Atomistic structure of the [DxC10]2+ di-cation. The two P atoms (orange) are linked by a

–(CH2)10– chain. All other chains are hexyl groups.

With MD based on an empirical force field, we simulated samples of di↵erent water content

at a fixed number of IL cation-anion pairs, ranging in salt concentration from 25 wt% to 72

wt% for all the IL compounds, in a cubic box of volume V ⇠ 73 nm3 (whole sample scale at the

lowest salt concentration) with equilibrating samples for over 40 ns, and accumulating statistics

for longer than 240 ns in each case. This range is chosen because of the reason that the salt-in-

water condition gives way to the water-in-salt regime depending upon the concentration falling

under this range. Previous studies have shown that the nanostructuring of pure phases may

be preserved for the protic ILs in water solution for up to water concentrations of 50 wt%
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[137, 138], and for the aprotic case [257], this may be preserved up to the water concentration

of 25 wt% . In this study, the water-in-salt regime is identified both by the sample composition

(salt concentration > 50 wt%) and by the propensity of water to aggregates into nanometric

domains.

In the biological context, a deeper understanding of nanostructuring in IL/water solutions

might provide us further direction for the optimisation of applications already based on ILs

[21], promoting their usage in the treatment of biomass [258], the extraction and purification

of biomolecules [259, 260], the preservation of enzymes [261] and DNA [262], in drug delivery

[263, 264], in the sequestration and storage of toxic waste of biological origin [265]. Additionally,

the detailed knowledge of nanostructuring in IL/water mixtures over a wide concentration range

could provide better control of cytotoxicity of ILs as well as third solute species, with a possible

impact in cancer treatment [266].

We started to simulate the [Tea][Ms]/water and [Tea][H2PO4]/water samples at a salt

concentration about 25 wt%. Accordingly, the samples consisted of 240 neutral ion pairs and

8075 water molecules (Nw). In the next step, we increased the salt concentration step-wise

by removing 1000 water molecules in each step with the final number remaining 1075, which

corresponds to a salt concentration of 71 wt%. For the [Na][Cl]/water case, we considered

the samples with the same number of ions and water molecules but lower salt wt% (from 9 to

42 wt%). Pure salts were not simulated as the viscosity, especially for the IL cases, increases

rapidly with concentration, preventing a satisfactory equilibration of pure IL samples. Moreover,

the experimental system is a solid at temperature, T= 300 K for the [Na][Cl] and [Tea][H2PO4]

cases that we simulated. For [DxC10][Cl]2/water case, the samples consisted of 64 [DxC10]2+

di-cations and 128 [Cl]� anions, and 8075 water molecules at the starting salt concentration of

about 26 wt%. Again, the water molecules were removed in the same way as the case of the

above-mentioned samples, and it reaches towards the maximum salt concentration of 72 wt%.

Thus, all the ILs span nearly the same concentration range.

For convenience, each sample is named as the compound/number of water molecules, e.g.,

[Tea][Ms]/5075. When there is no ambiguity on the compound, they are named simply by the

label SAMPn, where n is the leading digit in the number of water molecules (Nw = n075). For

the sake of clarity, the correspondence between the labels attributed to the samples and their

composition is summarised in Table 5.1.

Table 5.1: Correspondence between the label identifying the samples and the number of ions and water

molecules determining their composition. In the table, ‘n’ = 1, 2,. . . , 8.
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5.1.1 Nanostructure of [Tea][Ms], [Tea][H2PO4] and [DxC10][Cl]2 ILs in water

Nanostructure of [Tea][Ms] IL in water We start with discussing the properties summarised

by the structure factors: Snn(k) and SQQ(k) for the ionic component, where the former mea-

sures the correlation of density fluctuations, while the latter measures the correlation of charge

fluctuations. The result for a water solution of a [Tea][Ms] IL sample at intermediate salt

concentrations (Nw = 4075) is compared to its [Na][Cl] counterpart, as shown in Figure 5.3.
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Figure 5.3: Density–density (Snn) and charge–charge (SQQ) structure factors for the sample made

of 240 [Tea][Ms] ion-pairs and 4075 water molecules (lower panel). The structure factors for the

corresponding [Na][Cl]/water sample are given as a comparison (upper panel)

In both the cases, the SQQ(k) function corresponds to reported examples of charge–charge

correlations in ionic fluids [267]. In particular, in the k ! 0 limit, SQQ(k) vanishes depending

upon k value following the relation: SQQ(k) / k2, to account for charge screening. And,

with increasing k, it displays damped oscillations around SQQ ⇠ 1, which in the [Tea][Ms]

case correspond to a real-space periodicity of wavelength � = 2⇡/kmax ⇠ 7 Å, approximatively

matching the second nearest neighbour cation–anion–cation separation. The di↵erence between

[Tea][Ms] and [Na][Cl] can be clearly seen in the Snn(k) structure factor. The di↵erence between
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Figure 5.4: Low-k portion of the density–density structure factor in water solutions of: (a) [Tea][Ms];

(b) [Tea][H2PO4]; (c) [DxC10][Cl]2. In order of increasing height of Snn(kmin), the curves correspond

to SAMP1,. . . , SAMP8. Notice the di↵erent vertical scale in the three panels.

the two is in a small and well defined pre-peak at k ⇠ 0.24 Å�1 in the case of [Tea][Ms]/water.

This k-value corresponds to a (neutral) ion density modulation of � ⇠ 25 Å.

To understand the meaning and role of this pre-peak, we analysed the concentration de-

pendence of Snn in the low k range ( Å�1), this is shown in Figure 5.4. As can be seen from

the figure, in all compounds, for the low salt concentration (SAMP8), Snn(k) starts with its

maximum value at the lowest k accessible by our simulations (kmin = 2⇡/L, with L being the

side of the cubic simulation box), then it decreases monotonically with increasing k attaining

its minimum at k ⇠ 0.8 Å�1. The physical meaning of the high value of Snn(achieved at kmin)

indicates large, long-wavelength fluctuations in the distribution of [Tea][Ms] ions in water. With

increasing salt concentration and reaching its intermediate value, the above-mentioned pre-peak

at k ⇠ 0.24 Å�1 can be observed. With further increasing the salt concentration, Snn(at kmin,

in the k ! 0 limit) follows the form Snn(kmin) ⇡ a+bk2+o(k4) with a, b > 0. This behaviour

is typical of thermodynamically stable homogeneous fluids where a is related to the isothermal

compressibility �T for pure samples following the relation a = kBT⇢�T . This is not true for

the cases presented here, as Snn does not include the contribution to compressibility of water

and water-salt interactions. Still, decreasing a implies an increasingly uniform concentration of

salt in the solution.
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We did not observe any pre-peak either at k  1 Å�1 here or in the scattering data for a

series of [Tea]+-based ILs [255]. This may mean that the nanostructuring of [Tea][Ms] in the

pure phase is either absent or negligible. The possible reason could be the rounded shape of the

[Tea]+ ions and the relatively small size of both the ions in [Tea][Ms]. Particularly, the length of

the alkyl chains in [Tea]+ ions is below the threshold for nanostructuring in several homologous

families of ILs [268]. The presence of the pre-peak at intermediate salt concentrations indicates

the nanostructuring of ions due to the interaction with water. This could possibly be driven by

the di↵erence in hydrophilicity of these ions, with [Tea]+ ions being relatively more hydrophobic

than the [Ms]� ions (which is hydrophilic) [269].

Nanostructure of [Tea][H2PO4] IL in water Comparing the [Tea][H2PO4] with the last

case of [Tea][Ms], the cation is the same, and the anions are similar in structure. This similarity

should be reflected into the Snn(k) and SQQ(k) structure factors for the [Tea][H2PO4]/water

samples, and no nanostructuring is expected for the pure [Tea][H2PO4] for the same reasons

given for pure [Tea][Ms]. Quantitatively, the Snn(k) functions for these two IL cases are sig-

nificantly di↵erent in the low-k range, whose dependence on salt concentration is illustrated in

Figure 5.4. Particularly, at the low salt concentrations, the Snn(kmin) peak in the [Tea][H2PO4]

samples is much higher than that in the [Tea][Ms] case. This indicates a stronger local separa-

tion of salt and water, increasing the contrast between salt-rich and salt-depleted domains and

also increasing their characteristic size. The pre-peak occurrence here is di↵erent from that in

the [Tea][Ms] case. The rounded pre-peak that forms at k ⇠ 0.25–0.35 Å�1 at intermediate

salt concentrations (SAMP6) persists up to the highest salt concentration.

Nanostructure of [DxC10][Cl]2 IL in water Result of the structure factors: Snn(k)

and SQQ(k) for the ionic component of [DxC10][Cl]2/water samples at three di↵erent salt

concentrations corresponding to Nw = 8075, 4075 and 1075 are presented in Figure 5.5. A

clear di↵erence between the Snn and SQQ for [DxC10][Cl]2 and those for [Tea][Ms] and [Tea][

H2PO4] is that the peaks and dips occur at lower k values in the [DxC10][Cl]2 case (Figure

5.4). Also, the amplitude of the decaying oscillations is lower in this case. This could be due

to the larger size of the [DxC10][Cl]2 cation and by the softer cation-cation and cation-anion

interactions. Another clear di↵erence lies in the low salt concentrations regime (panels (b) and

(c), where the first SQQ peak occurs at a k-value lower than that of the first Snn peak. This is

di↵erent from the usual picture of simpler and more symmetric salts where the first SQQ peak

occurs at a k-value that is roughly twice than that of the first Snn peak, reflecting the fact that

the nearest cation-anion distances are shorter than the nearest cation-cation and anion-anion

distances. So, the anomalous result for [DxC10][Cl]2 is due to the fact that the nearest anion-

anion distance is significantly shorter than the cation-cation and cation-anion distances at low
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Figure 5.5: Density-density and charge-charge structure factors in [DxC10][Cl]2/water samples of dif-

ferent concentration.

salt concentrations. At the higher salt concentration (panel (c)), the usual picture is restored

due to the penetration of [Cl]� into the neutral corona of the phosphonium cation.

Despite the di↵erence in the size and structure of the ions, the medium-long wavelength

range of Snn(k) for [DxC10][Cl]2 is qualitatively similar to the previous two cases, and closer

to [Tea][Ms] than to [Tea][H2PO4] case. Also, a rounded pre-peak is observed only at interme-

diate concentrations (SAMP3 and SAMP4) here and is located at a lower k-value than in the

[Tea][Ms] and [Tea][H2PO4] cases, apparently because of the larger size of this cation.
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[Ms]� and the [H2PO4]� ions in [Tea][Ms]/ and [Tea][H2PO4]/water solutions at low salt concentration

(Nw = 8075).
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Figure 5.7: Radial distribution functions (coarse grained from atomistic trajectories) for the [DxC10]2+

and [Cl]� ions of [DxC10][Cl]2 in water at low (Nw = 8075) and high (Nw = 1075) salt concentration.

Coarse-grained from atomistic trajectories, the radial distribution functions of the ions of

[Tea][Ms] and [Tea][ H2PO4] in water at low salt (Nw = 8075) concentration are shown in

Figure 5.6. The radial distribution functions of these ions do not show any peculiar aspect

di↵ering from those of concentrated solutions of simpler electrolytes, apart from the inherent

complexity of molecular fluids and the relatively large size of the ions. Local enrichment in

the ion concentration giving rise to the salt-in-water nanostructure, and this nanostructuring is

reflected in the enhancement of the short-range structure for the ions. Especially for the [Tea][

H2PO4] case, the first two peaks and dips of g+�(r) correspond to density oscillations around

a value > 1, which points to the local salt–water separation on the nanometre scale.
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Figure 5.8: Concentration dependence of the first peak of g+�(r) in [DxC10][Cl]2/water solutions.

The height of the first g+�(r) peak increases with increasing salt concentration, along the sequence

SAMP8, SAMP7,. . . , SAMP1. The inset shows the cation–anion coordination number, computed by

integrating the radial density up to the first minimum of g+�(r) at r = 6 Å.

The radial distribution functions of the ions of [DxC10][Cl]2 in water at low (Nw = 8075)

and high (Nw = 1075) salt concentration are shown in Figure 5.7. Here, the [DxC10][Cl]2/water

samples displays the larger deviations of g↵�(r) from the simple Coulomb liquid picture. This

could primarily be due to the size of the di-cation. For instance, the first broad peak of

g++(r) is due to the large radius and soft steric repulsive interaction among cations. So, the

phosphonium–phosphonium correlation forced by the di-cation nature of [DxC10][Cl]2 does not

leave any apparent signature on the g++(r) or S++(k) functions, apart from minor features

that have been identified by the analysis of the MD trajectories, but that does not seem to

have any great relevance for the solution properties.

The most interesting feature observed till now is the penetration of [Cl]� ions into the alkyl

corona of phosphonium with increasing salt concentration. Figure 5.8 represents the concen-

tration dependence of the first peak of g+�(r) in [DxC10][Cl]2/water solutions. The height of

the first g+�(r) peak increases with increasing salt concentration, along the sequence SAMP8,

SAMP7,. . . , SAMP1. In relatively dilute salt solutions, the high water a�nity of [Cl]� prevents

its penetration into the hydrophobic region around each phosphonium. However, the advantage
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Figure 5.9: Representative cation-anion-water configuration in [DxC10][Cl]2 showing the penetration

of partially hydrated [Cl]� into the alkyl corona of phosphonium. [Cl]� ions are represented by the green

circles.
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Figure 5.10: Cation-anion running coordination number in the [Tea][Ms]/8075 sample.

of the [Cl]�-water solvation decreases with decreasing water content (meaning increasing salt

concentration), and the [Cl]� ions enter the alkyl corona of [DxC10][Cl]2 ion driven by Coulomb

interactions. This happens at a water concentration less than ⇠ 40 wt%. This process, which

seems to be slow at low salt concentrations and fast at the highest salt concentrations, is

reflected in the dependence of the phosphonium–chloride coordination number as a function

of concentration. This is shown in the inset of Figure 5.8. The inset shows the cation-anion
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coordination number, computed by integrating the radial density up to the first minimum of

g+�(r) at r = 6 Å. However, for the water concentrations down to its lowest value considered in

our simulations, we observed the penetration of [Cl]� ions into the inner region of [DxC10][Cl]2

as a partly water-solvated species. This is illustrated in Figure 5.9 showing a typical cation-

anion–water configuration in [DxC10][Cl]2/1075. The [Cl]� shown in the figure are within a

nearest-neighbour distance (r = 6 Å) from the phosphonium atoms of [DxC10]2+, while the

oxygen of the water molecules is within 4.5 Å from the [Cl]� ions.

In all cases that we simulated, the cation-anion (+/-) running coordination number (cn(+-

)) of the IL ions shows little sign of neighbour shell closing at the 6 value expected for dense

(simpler and nearly symmetric) salts. In [Tea][Ms]/water solutions of moderate concentration,

however, an intriguing plateau in the +/- coordination is seen at ⇠ 2, pointing to the formation

of chains (see Figure 5.10). These chains are not apparent by visual inspection of simulation

snapshots. However, the formation of the plateau at 2 in the +/- coordination number with

water content increasing beyond Nw = 6075 could mark the so-called dipolar transition, pre-

dicted long ago for dilute Coulomb fluids [270] and more recently observed in MD simulations

of [bmim][PF6]/naphthalene mixtures [271]. This feature is less prominent in [Tea][ H2PO4] for

reasons that will be discussed below, and absent in [DxC10][Cl]2, since at low salt concentration

[DxC10][Cl]2 and [Cl]� do not form neutral, almost linear aggregates, at least because [Cl]�

anions tend to remain solvated in water.
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Figure 5.11: Structure factor Sww(k) of the water oxygen atoms in [Tea][Ms]/water samples of di↵erent

water concentration (a). Same for [Na][Cl]/water samples (b). Comparison of the structure factor of

the water oxygen atoms in concentrated [Tea][Ms], [Tea][H2PO4] and [DxC10][Cl]2/water samples with

the same number Nw = 1075 of water molecules (c). The [Tea][Ms] and [Tea][H2PO4] samples contain

240 ion pairs, while the [DxC10][Cl]2 sample contains 64 cations and 128 anions.
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5.1.2 The nanostructure of water in IL/water solutions

The nanometric modulation of the ion distribution at low salt concentration is reflected in the

complementary behaviour of the water–water structure factor Sww(k), exemplified in Figure

5.11 (a) for [Tea][Ms] solutions. The corresponding results for [Na][Cl]/water are shown in

Figure 5.11 (b) for a comparison purpose. In case of [Tea][Ms], at the lowest salt concentration

(Nw = 8075, or, SAMP8), in particular, Sww has a high peak leaning towards the lowest k range.

Moreover, the high Sww (at kmin) points to an easy deformation of the water configuration

due to the dynamic inclusion of [Tea][Ms] enriched or depleted domains in water. At the

low k value, the spike in Sww changes progressively into a rounded peak with its maximum

peak-position moves towards the higher k values. This change marks the transition from salt-

in-water to water-in-salt nanostructuring. The position of the pre-peak in [Tea][Ms] observed

at the highest salt concentration (Nw = 1075) at k ⇠ 0.65 Å�1 corresponds to a typical size

of the modulation in the distribution of water of the order of 1 nm. The same analyses have

been performed for the case of [Tea][H2PO4] and [DxC10][Cl]2 in water. They showed a similar

evolution of the water-water structure factor as a function of salt concentration (as can be seen

from Figure 5.11 (c)). However, in the [Tea][H2PO4] case, and even more for [DxC10][Cl]2, the

pre-peak at low-k observed in the salt-rich samples is much sharper than that for the [Tea][Ms]

case, showing that their tendency to segregate water pockets is higher. A comprehensive view

of the medium and long wavelength (corresponding to medium to low k range) behaviour of

Sww over all simulated systems if provided in Figure 5.12.

Simulation snapshots for the [Tea][Ms]/water, [Tea][H2PO4]/water and [DxC10][Cl]2/water

systems are presented in Figure 5.13 (a) Nw = 1075; (b) Nw = 4075; (c) Nw = 8075. These

snapshots or the animations of simulation trajectories reflect the main features discussed for the

structure factors. In the case of [Tea][Ms]/water, sizeable fluctuations in the local concentration

of water and ions are apparent in water-rich samples. Snapshots of more concentrated solutions

show more homogeneity, with water clustering still visible as a dynamic feature. In the case

of [Tea][H2PO4]/water, deviations from homogeneity on the nanometric scale are much more

apparent in dilute samples, with salt filaments forming, fluctuating in shape, joining, and

splitting over time. The counterpart of the IL salt nanostructures is represented by equally

fluctuating pools of water nearly free of ions. Lastly, in the case of [DxC10][Cl]2/water, the

large but apparently dynamical fluctuations in local concentration are visible. Snapshots for

this case (Figure 5.14) provide the most apparent evidence of water pockets filling interstitial

positions left by the rounded distribution of hydrophobic alkyl tails around each phosphonium

centre.

Both in the water-rich and the salt-rich nano-domains, we could not identify regular, nano-

metric structures formed by ions and water, like those suggested, for instance, in Ref. [4]

or Ref. [138]. This lack of regular and recognisable patterns might be due to the fact that
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[Tea][Ms], [Tea][H2PO4] and [DxC10][Cl]2 ions are still too small and too isotropic to give

origin to clear liquid crystal features. However, the analysis of hydrogen bonding would points

to the stoichiometric regularities in the composition of salt-rich and water-rich domains.
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Figure 5.12: Low-k portion of the water–water structure factor Sww(k) in water solutions of: (a)

[Tea][Ms]; (b) [Tea][H2PO4]; (c) [DxC10][Cl]2. In order of increasing height of Sww(kmin), the curves

correspond to SAMP1,. . . , SAMP8. Notice the di↵erent vertical scale in the three panels.
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Figure 5.13: Simulation snapshots for the (i) [Tea][Ms]/water, (ii) [Tea][H2PO4]/water and (iii)

[DxC10][Cl]2/water systems. (a) Nw = 1075; (b) Nw = 4075; (c) Nw = 8075. Hydrogen atoms

have been removed, hence water is represented by a single red dot.
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Figure 5.14: Water distribution in a slice of the [DxC10][Cl]2/1075 sample of 2 nm width. The holes

correspond to the position of [DxC10]2+ cations.

5.1.3 The hydrogen-bonding network

One of the main features determining the structural properties of water and the protic ionic liq-

uids is undoubtedly the number and distribution of hydrogen bonds (HB) linking water molecules

and ions. Table 5.2 shows the average number of hydrogen bonds per water molecule. De-

scribed by the same flexible simple point charge (SPC/Fw) model, for pure water at standard

temperature T = 300 K, the average number of hydrogen bonds (hnHBi) shared among water

molecules is 1.43 (per molecule), meaning that, on an average, each molecule accepts 1.43

hydrogen bond from and donates 1.43 hydrogen bond to neighbouring molecules. At low salt

concentration, the variation in this number upon the addition of salt could be used to infer

the kosmotropic or chaotropic character of the salt. While at the medium-to-high salt con-

centration that we studied, this characterisation is no longer possible because the competition

among the hydrogen bonds to and from ions as well as geometric factors result in a generalised

but slow decrease of water–water hydrogen bonding. However, the reason behind this decrease

is di↵erent for di↵erent ILs studied here and for their di↵erent concentrations. For instance,

in the case of [Tea][Ms] and [Tea][H2PO4] samples at low salt concentration, the competing

hydrogen bond linking water and ions appears to be the main reason behind the decrease of

water–water bonding. While in the case of [DxC10][Cl]2/water samples, geometric considera-

tions are dominant since the bulky cations that are not engaged in hydrogen bonding represent
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that the holes are limiting the continuity of the water hydrogen bond network. Instead, in the

case of control, i.e. [Na][Cl]/water samples, the stronger hydration of the very small cation and

the relatively small anion are likely to be the crucial aspects, despite the absence of genuine

water–ion hydrogen bonding. Considering all the cases discussed above, the geometric factor,

i.e., the breaking of the water-water hydrogen bond network, appears to be dominant at high

salt concentration.

Table 5.2: Average number of hydrogen bonds per water molecule. The reference value is provided by

the average number of hydrogen bonds per molecule in pure water, equal to hnHBi = 1.432.

Table 5.3: Average number of hydrogen bonds among ions and water. The total number of hydrogen

bonds per sample is reported.

Table 5.4: Average number of hydrogen bonds from cation to anion, computed for the whole set of

240 ion pairs in the sample.

So, in the case of [Tea][Ms]/water and [Tea][H2PO4]/water samples, the picture is charac-

terised primarily by the hydrogen bond network extended by water to the [Ms]� and [ H2PO4]�

anions, and, to a lesser extent by the hydrogen bonds donated by [Tea]+ to water (in [Tea][Ms])

or to the anion (in [Tea][H2PO4]). The most a↵ecting feature for the nanostructure organisa-

tion is the di↵erence in hydrogen bond a�nity of water for the anions, which is significantly
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higher for [Ms]� than for [H2PO4]�. This can be observed in Table 5.3, which shows the

average number of hydrogen bonds from cation to anion, computed for the whole set of 240

ion pairs in the sample. Because of hydrogen bond cooperativity, the strong proton donation

by water to [Ms]� enhances the proton acceptance by water from [Tea]+. In turn, the near

exclusion of [Tea]+ from proton donation to water enhances the hydrogen bonding of [Tea]+ to

[H2PO4]� (see Table 5.4), a feature that has a direct impact on the transport properties of the

solution. The stronger cation-anion hydrogen bond and the weaker water-anion hydrogen bond

easily explain the stronger propensity of [Tea][H2PO4] to form nanostructure, i.e., to separate

fluid domains enriched in salt, representing a preliminary stage of incipient phase segregation.

3 4

0

2

4

6

8

10

r   [A]

C
o

o
rd

A
n

io
n

-W
(r

)

 

[Tea][Ms]

(a)

9000 5000 1000

4

5

6

7

NW

C
o

o
rd

A
n

io
n

-W

 

r = 4.4 A

3 4 5

r   [A]

 

[Tea][H2PO4]

(b)

9000 5000 1000

2

4

6

NW

C
o

o
rd

A
n

io
n

-W

 

r = 4.4 A

Figure 5.15: Distance dependence of the running coordination number of [Ms]� (a) and [H2PO4]� (b)

anions by water molecules. In order of increasing coordination, the curves in the main panels correspond

to SAMP1,. . . to SAMP8. The insets show the coordination number for the two systems at the fixed

distance r = 4.4 Å, corresponding to the first minimum of the anion–water radial coordination function.

Distance dependence of the running coordination number of (a) [Ms]� and (b) [H2PO4]�

anions by water molecules are shown in Figure 5.15. This reflects the close association of

water with [Ms]� for the [Tea][Ms]/water samples and [H2PO4]� for the [Tea][H2PO4]/water

samples due to hydrogen bonding. At all salt concentrations, the water coordination shows

a clear neighbour shell closing which at high water concentration corresponds to ⇠ 6 water

molecules per [Ms]� ion, exceeding the average number of water molecules hydrogen bonded

to [Ms]�. With increasing salt concentration, this coordination number decreases to ⇠ 4.

The change of coordination with increasing salt concentration is not nearly linear but attains a

plateau at ⇠ 6 (see the inset in Figure 5.15 (a)). This persistence of coordination number 6 over
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a broad composition range points to the presence of an underlying liquid hydrate of integer

stoichiometry, that at higher salt concentration might be replaced by a hydrate of di↵erent

structure and stoichiometry, whose [Ms]� coordination number by water is 4. This conjecture is

supported by the experimental observation of liquid ionic hydrates of nearly fixed stoichiometry

in inorganic (non-IL) salts [272, 273] and, more recently, in organic ILs [274]. A similar result

is found by analysing the water coordination around the [H2PO4]�, as seen in Figure 5.15 (b).

However, the lower a�nity between [H2PO4]� ion and water are reflected in a systematically

lower coordination number, which is limited to ⇠ 4 water molecules per [H2PO4]� anion. Again,

in this case, the coordination number changes only slowly over a broad concentration range,

suggesting the formation of a liquid hydrate of nearly stoichiometric composition. Moreover,

in case of [Na][Cl]/water and [DxC10][Cl]2/water samples, a weak shoulder in the coordination

number of [Cl]� by water is present at ⇠ 6, consistent with neutron di↵raction experimental

data for relatively dilute solutions [275].

We did not observe clear structure in the running coordination of cations by water in the

results of our simulations. The only exception is the formation of a single cation-water hydrogen

bond, which is resulted in a plateau for one-fold coordination at short distances (r ⇠ 3.4) in the

coordination number of [Tea]+ in [Tea][Ms]/water solutions. The same plateau is much reduced

for [Tea]+ in [Tea][H2PO4]/water solutions, for which the reason is preferential hydrogen bond

formation of [Tea]+ with the anion. As expected, the coordination of the phosphonium ions by

water is structureless and shifted to fairly long separations at all the salt concentrations except

the highest concentration.

Overall, the detailed analysis of hydrogen bonding shows that the relative abundance and

distribution of hydrogen bonds in these systems are remarkably preserved over a broad (salt) con-

centration range, in qualitative agreement with the experimental results for dialkyl-imidazolium

salts discussed in Ref. [276].

5.1.4 Discussion and conclusion

Water solutions of three IL compounds, two protic and one aprotic, have been simulated by MD,

using empirical force fields of the Gromos family, spanning a wide range of compositions from ⇠
25 to ⇠ 75 wt% of the ILs. Visualisation of trajectories (i.e., simulation snapshots) shows that,

at a moderate salt concentration (⇠ 25 wt%, which is ‘salt in water’ regime), all the samples

appear homogeneous on the given sample scale (V ⇠ 73 nm3), but they are inhomogeneous on

the smaller nanometre scale, giving origin to dynamic domains either enriched or depleted in the

ILs, while at the same time, displaying no definite tendency to separate into two macroscopic

phases. The nanoscale inhomogeneity is less apparent at salt concentrations exceeding 50

wt% (water-in-salt regime), but local concentration fluctuation can still be identified. These

qualitative results provided by the trajectories are quantified by computing partial structure

108



5.1. TRANSITION FROM SALT-IN-WATER TO WATER-IN-SALT NANOSTRUCTURES
IN WATER SOLUTIONS OF IONIC LIQUIDS

factors providing complementary descriptions of fluctuations in the distribution of ions and

water throughout the sample.

In all the cases, the analysis of salt-salt, water-water, and salt-water structure factors at

moderate salt concentration highlight the presence of nanostructures, reflecting themselves

as peaks in the low-k regime (k < 1 Å�1) of the salt-salt structure factor component. By

increasing the salt concentration, this peak decreases in height and eventually disappears,

creating a peak in the water-water structure factor pointing to the formation of water-rich

nano-domains embedded into the (now homogeneous) IL distribution. This change between

the two regimes provides an apparent example of the transition from salt-in-water to water-in-

salt nanostructures.

We combined these separate results on the nanostructuring of the IL and water compo-

nents and proposing a comprehensive picture of nanostructuring across the transition from the

salt-in-water to the water-in-salt regimes for these three compounds, which would be valid

probably for several other similar compounds. For this, we focus precisely on a ⇠ 20 wt%

concentration range on both the sides of the equal weight composition, in which the Snn(k)

(salt-salt structure factor) and the Sww(k) (water-water structure factor) peaks at intermedi-

ate k-value are simultaneously present. In our samples at these intermediate concentrations,

nanostructuring did not give origin to ordered liquid crystal patterns, which were displayed by

larger and more complex ions in Ref. [4]. Instead, the analysis of simulation snapshots shows

that the nanostructuring of the IL component at the medium salt concentration takes the form

of unequal filaments intersecting at randomly distributed nodes, giving origin to a disordered

mesh floating in water. The same analysis of the snapshots shows that the position of the

Snn(k) pre-peak for the respective characteristic (concentration-dependent) size of the mesh

domains corresponds to the average distance of the nodes. Additionally, the position of the

Sww(k) pre-peak appears to correspond to the average size of the globular water pockets inside

the mesh. This picture is consistent internally, as the peak of Snn(k) is at a slightly lower k

than the peak of Sww(k) (i.e., the mesh contains the water domains). More importantly, both

the peaks move to the lower k-values with increasing water (or decreasing salt) concentration

because of the increasing size of the water globular aggregates and increasing scale of the

filaments joining fewer IL nodes. At the lowest salt concentrations, the IL mesh is no longer

connected as can be seen from the trajectory, and there is no Snn(k) peak at intermediate

k-value, and the peak at kmin corresponds to the spread of irregular mobile filaments over the

entire sample. Also, at the highest salt concentrations, there is no Snn(k) peak at intermediate

k-value, which is because of the reason that the salt sub-system behaves like a homogeneous

fluid, whose low compressibility is related to the long-wavelength limit of Snn(k). In the case

of Sww(k), at the lowest water concentrations, water forms low-mobility globules in the oth-

erwise homogeneous IL, giving origin to a well-defined intermediate peak in Sww(k), which
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disappears at high water concentrations when the identity of the globules is lost. The large

value of Sww(kmin) at low salt (or high water) concentration is due to the disordered IL flakes

that float around the system, causing long-wavelength fluctuations in the water distribution.

The ILs simulated here are known ([Tea][Ms] and [Tea][H2PO4]) or expected ([DxC10][Cl]2)

to show only little to no tendency for nanostructuring in pure phase. The nanostructures are

displayed by their water solutions. Thus, it is not the remnant of the nanostructuring in bulk

but arises from the interaction of ions with water. To gain insight into these aspects, we

analysed the hydrogen bonding structure for all these samples. The results show that similar

nanostructuring in these samples may arise from di↵erent mechanisms. In the case of the protic

ILs, the di↵erent number and distribution of ion-ion, ion-water, and water-water hydrogen bonds

drive the formation of salt-in-water or water-in-salt nano-domains, while the enhancement of the

cation–cation hydrogen bonding in [Tea][H2PO4] water solutions decreases its solubility with

respect to [Tea][Ms]. Furthermore, in the case of the aprotic IL, the nanostructuring appears

to be driven greatly by the di↵erence in hydrophobicity (hence a�nity) of the [DxC10]2+ cation

and [Cl]� anion for water. Despite the di↵erence in the driving force, the present results show

that nanostructuring may appear similar in water solutions of all the ILs: protic ([Tea][Ms],

[Tea][H2PO4]) and aprotic ([DxC10][Cl]2) ILs.

In conclusion, our computational study fulfilled its stated aim to investigate the nanostruc-

turing of the three ILs in water and vice versa.

5.2 Absorption and luminescence properties of neutral ion pairs

from ionic liquids

The a�nity of IL for biomolecules opens the way to their application in biosensing, which often

is based on luminescence measurements. For these reasons, we undertook the computational

analysis of absorption and luminescence in these compounds since, to the best of our knowledge,

no systematic computational study of these properties has been published in the literature.

Although experimental data are available for only a few imidazolium compounds, computa-

tions have been carried out for a much broader set of compounds, obtained by combining several

di↵erent cations (alkylimidazolium, phosphonium, ethylammonium, cholinium, ... ) with [Cl]�,

[PF6]�, [BF4]�, mesylate ([Ms]�), triflate ([Tf]�), bistriflimide ([NTf2]�). A selection of 14

anions of naturally-occurring amino acids has been considered as well.

In all cases, the geometry optimization by CPMD or QE has been as exhaustive as practically

possible, but of course there is no guarantee of having identified the true ground state. In a

few cases, moreover, we found and considered di↵erent isomers. As a result, the search for

better ground state geometries or for low energy isomers is still an ongoing and open-ended

e↵ort. The major features in our results, however, do not depend on the details of the structure,
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but, rather, on the subdivision of the system in closed shell ionic moieties, often with a shared

proton bridging them.
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Figure 5.16: Energy-dependent photo-absorption coe�cient of four imidazolium ILs: [bmim][Cl],

[bmim][BF4], [bmim][PF6], and [bmim][NTf2]. The dash vertical segment marks the edge of the con-

tinuum, estimated by computing the vertical ionization potential. For the sake of clarity, the curves

have been shifted upwards by 20 units with respect to each other. These curves have been computed

by TDDFT.

Table 5.5: Excitation energies computed by TDDFT and by �SCF , using plain Kohn-Sham and

restricted open shell Kohn-Sham energies. The energy of the continuum edge is estimated by I, vertical

ionization energy in the ground state geometry. Energies in eV. Their conversion in nm is in parenthesis.

For [bmim][NTf2] the TDDFT E1 cannot be distinguished from the continuum edge, and is reported in

square brackets. In the case of [bmim][NTf2], absorption gives raise to fragmentation, the lowest energy

state in the final geometry is the open shell singlet with opposite spin on the two fragments. ELvert,

therefore, vanishes in this case.
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The protocol that has been used, and the overall picture that has been obtained, are

exemplified by the results obtained in the case of four imidazolium-based ILs, i.e. [bmim][Cl],

[bmim][BF4], [bmim][PF6] and [bmim][NTf2], the first three of which have been experimentally

investigated by optical spectroscopy. The frequency-dependent photo-absorption coe�cient,

computed by TDDFT and shown in Figure 5.16, consists primarily of a broad and structureless

background, whose integral is given by the f -sum rule, and whose overall shape can be easily

understood [277, 278]. The first non trivial result is that they are all practically transparent

at wavelengths longer than ⇠ 250 nm. In all but the [bmim][NTf2] case, moreover, there is

a weak but sharp feature somewhat below the continuum edge (see columns E1 and ”I” in

Table 5.5), in each case estimated by computing the vertical ionization potential by the �SCF

approach, removing one electron at clamped atomic positions. The sharp feature, which in

the [bmim][PF6] case occurs at ~! = 0.534 Rydberg, corresponding to 7.13 eV, or 173.9 nm,

falls in the vacuum UV range, and points to the presence of a bound singlet excited state.

Similar energies are computed for [bmim][Cl] and [bmim][BF4]. The result for [bmim][NTf2]

is somewhat di↵erent, since in his case the sharp peak transforms into a shoulder in the lower

energy side of the photo-absorption spectrum, possibly because of the reduced energy di↵erence

between the bound excited state (now only quasi-bound) and the continuum. The similarity

of the photo-absorption curves, despite their somewhat di↵erent normalisation to the number

of (valence) electrons in the systems, shows that the absorption spectrum computed at the

TDDFT level depends mainly on the cation.

On the one hand, the computed absorption coe�cient is qualitatively consistent with the

experimental evidence of transparent [bmim]+-based IL. On the other hand, although a quanti-

tative comparison of spectra for gas-phase and liquid phase system is not possible, it seems that

the computed absorption spectrum overestimates the optical gap of these systems, since it does

not show any indication of the absorption at 300 nm seen in the experiments. One major reason

for the discrepancy might be that the TDDFT approach used to compute ↵(!) neglects exci-

tonic e↵ects, whose presence could shift absorption to significantly lower energies. To estimate

their role, we determined the lowest-energy open shell singlet, using the restricted open shell

Kohn-Sham formalism implemented in CPMD. The vertical absorption energy Evert

1 (ROKS),

computed at fixed ground state geometry, are collected in Table 5.5. The results highlight the

importance of excitonic e↵ects, favored by the small size of the ion pair. Moreover, comparison

of the data for the four [bmim]+ IL shows that the similarity of results observed at the TDDFT

level is still somewhat valid at the Evert

1 (ROKS) level, which includes excitonic e↵ects and no

relaxation.

The computation of open shell singlet excitation energies can be extended from vertical

to adiabatic, relaxing the atomic structure using the (ab-initio) ROKS MD implementation

of CPMD. In this way, using simulated annealing, good candidates for the relaxed geometry
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(a) (b)

Figure 5.17: Change in the geometry of [bmim][PF6] upon adiabatic excitation from the ground state

(a) to the lowest open shell singlet state (b).

(a)

(b)

Figure 5.18: Change in the geometry of [bmim][NTf2] upon adiabatic excitation from the ground state

(a) to the lowest open shell singlet state (b).
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relevant for luminescence can be obtained. Two de-excitation energies can be computed by

�SCF : an adiabatic energy, connected the relaxed first excited state to the true system ground

state; a vertical energy, corresponding to the di↵erence of the ROKS and plain KS energy at the

relaxed geometry of the excited state. Both energies are reported in Table 5.5. It is apparent

that the relaxation of the atomic structure upon electronic excitation greatly reduce the energy

of emitted photons with respect to the absorbed ones, bringing the computational prediction

much closer to the experimental evidence. The e↵ect is di↵erent in the four [bmim]+-IL, being

largest in the [bmim][NTf2] case.

Di↵erences are further emphasised by considering the vertical de-excitation at the relaxed

geometry of the excited state, corresponding to Evert

1 (ROKS). The results of our computations

show a significant but unequal decrease of the de-excitation energy, that in the [bmim][NTf2]

case identically vanishes, since the open-shell singlet state with positive and negative spin

density separated in space, is now the KS ground state.

The unequal e↵ect of relaxation on de-excitation reflects a di↵erent pattern of geomet-

ric rearrangement in the four [bmim]+-IL. To be precise, the relaxation pattern is similar in

[bmim][Cl], [bmim][BF4] and [bmim][PF6], in which relaxation consists mainly in the out-of

planarity displacement of the acidic proton in the imidazolium plane, as illustrated in Figure

5.17 for [bmim][PF6]. In [bmim][NTf2] relaxation is more drastic, and the final result can be

simply described as photo-fragmentation of the anion, as can be seen in Figure 5.18, justifying

the change of spin symmetry for the ground state of that configuration.

Although TDDFT spectra do not include excitonic energy contributions, it might be inter-

esting to investigate how the structural relaxation upon excitation that distinguishes absorption

from luminescence is reflected in the I(E) curves computed by TDDFT. The I(E) computed

at the ground state geometry (absorption) and at the relaxed geometry of the first excited

state (luminescence) are compared in Figure 5.19 for the [bmim][PF6] ion pair. As expected,

TDDFT reproduces the red shift of luminescence with respect to absorption. Less expected, is

the appearance of a few additional sharp peaks, which point to multiple excited states below

the continuum edge.

Since the comparison of optical properties computed and experimentally measured on imi-

dazolium ILs qualitatively validates our approach, we extend our investigation to other families

of IL compounds. This stage of our investigation relies primarily on the TDDFT formalism

implemented in QE, since this approach is more systematic and less computational demanding

than ab-initio simulation in the ROKS formalism. The first aspect we address is the asymmetry

in the role of cations and anions, since the similarity in the optical properties of four [bmim][X]

compounds suggests that these properties, and vertical absorption in particular, might be de-

termined mainly by the cation. A tentative but certainly not general support to this simplifying

assumption is provided by the comparison of the TDDFT photo-absorption spectrum of four
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Figure 5.19: Comparison of the absorption and luminescence spectra of [bmim][PF6] computed at the

ground state geometry and at the relaxed geometry of the lowest energy singlet state, respectively. For

the sake of clarity, the luminescence curve is shifted upwards by 20 units.
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Figure 5.20: Energy-dependent photo-absorption coe�cient of four IL sharing the same [Cl]� anion.

The vertical segment marks the edge of the continuum, estimated by computing the vertical ionization

potential. For the sake of clarity, the curves have been shifted upwards by 20 units with respect to each

other.

IL sharing, in this case, the common anion [Cl]�. The four cations are the [bmim]+ already

considered, triethylammonium [Tea]+, thioflavin T [ThT]+, which is an organic dye used to
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Figure 5.21: Energy-dependent photo-absorption coe�cient of four IL sharing the same cholinium

cation, combined with deprotonated amino acid anions. The vertical segment marks the edge of the

continuum, estimated by computing the vertical ionization potential. For the sake of clarity, the curves

have been shifted upwards by 20 units with respect to each other.

label amyloid fibres (strictly speaking, it might not be a room temperature IL, but in any case

it is used in liquid solution phase), phosphonium [P4,4,4,4]+. Despite sharing the same [Cl]�

anion, already at the TDDFT level, the four spectra display qualitative di↵erences, reflecting

the chemical di↵erence of their cations. The four spectra (see Figure 5.20), in particular, range

from the structureless spectrum of [Tea][Cl] and [P4,4,4,4][Cl] to the single bound excited state

already discussed for [bmim][Cl], to the multiple peaks of [ThT][Cl] extending down to relatively

low energy.

The simple rationalisation of spectra as dependent only on the choice of the cation might

assist in the classification of simple cases, but does not hold in more complex cases, opening

the way to a broader tunability of optical properties based on the choice of either the cation

and the anion. This aspect is illustrated very clearly by the absorption spectra of a sequence of

IL sharing the same cholinium [Ch]+ cations combined with amino acid anions. Four examples

are given in Figure 5.21, showing the variety of spectra that can be obtained by changing the

anion. Neglecting a number of compounds whose spectrum is virtually structureless, the figure

reports the spectra of those ILs whose amino acid moiety contains a aromatic residue, i.e.,

histidine [His]�, phenylalanine [Phe]�, tyrosine [Tyr]�, tryptophan [Trp]�. While the spectrum

of [Ch][His] shows only a faint hint of a bound excited state, those of [Ch][Phe], [Ch][Tyr],

[Ch][Trp] show one or multiple sharp peaks, reflecting the optical activity of the phenyl ring

and of larger aromatic groups.
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Table 5.6: Excitation energies computed by TDDFT and by �SCF , using plain Kohn-Sham and

restricted open shell Kohn-Sham energies. The energy of the continuum edge is estimated by I, vertical

ionization energy in the ground state geometry. Energies in eV. Their conversion in nm is in parenthesis.

In the [Ch][Trp] case, the open shell singlet is the ground state at the geometry of the relaxed excited

state.

(a)

(b)

Figure 5.22: Change in the geometry of [Ch][Phe] upon adiabatic excitation from the ground state (a)

to the lowest open shell singlet state (b).
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From the point of view of applications, especially in bio-sensing, luminescence properties are

crucial aspect. Therefore, we repeated for the IL based on amino acid anions, the computation

of vertical and adiabatic energy di↵erences, comparing Kohn-Sham and ROKS, focusing on

the systems whose absorption spectrum is given in Figure 5.21. The results are summarised in

Table 5.6. It is apparent that the e↵ect on the excitation and de-excitation energies of electron-

hole interaction and of structural relaxation are at least as significant as in the imidazolium

case, extending the luminescence spectrum well into the visible range. On the one hand, this

represents a positive feature, easing applications in bio-sensing. On the other hand, the large

energy e↵ect reflects equally important structural relaxation e↵ects, that in a few cases are so

drastic to approach photo-fragmentation, as can be seen in Figure 5.22 showing the relaxation

of [Ch][Phe] upon excitation. Photo-fragmentation, in turn, might suppress the luminescence

quantum yield, might limit the stability of the system and the reproducibility of results, and

could also give origin to radical species noxious for biological systems.

Summary and conclusions A combination of methods based on density functional theory,

i.e., TDDFT and �SCF between ground and excited states, has been used to compute absorp-

tion and luminescence properties of gas-phase single ions and neutral ion pairs selected among

those giving origin to archetypal ionic liquid families. TDDFT is a rigorous and systematic

approach, which provides the full absorption spectrum from the system ground state, and the

luminescence spectrum when starting from the relaxed atomic geometry of the excited state.

In the case of IL, and especially gas phase IL species, TDDFT predictions are not quantitative,

since the method neglects important energy contributions from the electron-hole interaction in

the excited state. Hence, TDDFT significantly overestimates the optical gap of these systems.

However, it can provide a systematic overview of optical properties, highlighting trends over

broad classes of compounds, covering a wide energy range.

The �SCF approach, combining plain Kohn-Sham and restricted open shell Kohn-Sham

(ROKS) functionals, provides static energies for the open shell singlet states connected by opti-

cal transitions to the ground state. As such, it contains the electron-hole attracting interaction,

but neglects dynamic e↵ects in the absorption and emission steps.

Needless to say, all these approaches rely on an underlying approximation for the exchange

and correlation energy of the electrons, and their accuracy and reliability depend on the quality

of this approximation. Nevertheless, managing the strengths and limitations of the TDDFT

and �SCF approaches, it is possible to obtain a fair picture of the optical properties of gas

phase IL species. In this way, we verified that in the case of IL, TDDFT identifies excited

bound states only sparingly and in a minority of compounds, predicting significant absorption

only in the high-energy UV domain. Including exciton e↵ects by �SCF and ROKS brings

down the optical gap for absorption, which however, remains in the UV range. In particular,
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there is no absorption around 300 nm, which instead was revealed in experiments.[279, 280]

The discrepancy might be due to inaccuracies in the exchange correlation approximation; to

the di↵erence between the gas phase environment of computation and the liquid phase of the

experimental samples; to the static approximation of the �SCF -ROKS approach. It could also

be due to the fact that the absorption detected by experiments is due to impurities, including

decomposition products of the IL. On the other hand, luminescence is predicted by computations

to extend to much lower energies, well into the visible range. In this case there is no qualitative

disagreement with experiments, but a quantitative comparison is prevented by the limitations

of computations listed in the previous sentences. Extending the computations to condensed

phases is not trivial, because, besides computational cost considerations, the quality of TDDFT

degrades in extended systems, since it neglects long range e↵ects. Also the validity and quality

of �SCF -ROKS is not guaranteed in extended systems, in which Kohn-Sham orbitals may be

delocalised, and electron-hole interactions suppressed.

Despite these challenges, the computational protocol we used provides a wealth of infor-

mation that certainly will impact applications and extend the general knowledge of IL once

systematically applied to a large number of compounds. In the meantime, a quantitative

comparison could be achieved by performing optical spectroscopy measurements on gas phase

species, possibly produced in a beam. The results could, at the same time, represent a testing

ground for advanced computational methods, and provide a conceptual basis for the interpre-

tation of liquid phase spectra of ionic systems.
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Chapter 6

Conclusion and future outlook

The overall important conclusions of all the studies from Chapter 3 and Chapter 4, and related

future outlooks are presented here. The e↵ect of a well-known imidazolium-based IL on the

nano-mechano-elastic properties of model cellular phospholipid membranes has been investi-

gated by combining the neutron scattering techniques: SANS and NSE spectroscopy. The

main result obtained is that when DMPC phospholipid bilayer is treated with a water solution

of [bmim][Cl] IL at a sub-toxic concentration, the IL cations di↵use into the bilayer region,

accounting for about 5 IL-cations for every 11 phospholipids, and this increases its bending

elasticity in a temperature-dependent manner. The relative bending elasticity, the elasticity of

the treated case relative to the neat case, reaches (60.4 ± 13.3)% at 40�C when compared

with that at 30�C where it is (25.2 ± 6.1)%; this increase is physiologically relevant.

The e↵ect of chain length of imidazolium ILs on the nano-mechano-elastic properties of

model cellular phospholipid membranes has been investigated by AFM. The main result obtained

is that when DOPC phospholipid bilayer is treated with an aqueous solution of [bmim][Cl] and

[dmim][Cl] IL (the IL with longer chain length) at a sub-toxic concentration, the structural

stability of the bilayer was maintained, however, it resulted into reduction in the local bilayer

properties including its thickness, sti↵ness (or, spring constant) and rupture force (a measure

of bilayer penetration resistance) in IL chain-length dependent manner with the longer chain

having a stronger e↵ect. The measured decrease in the thickness of the phospholipid bilayer is

approximately obtained as 20%, and the sti↵ness and the rupture force of the bilayer as 60%

for the [bmim][Cl] case, and 90% for the [dmim][Cl] case following a 5 h incubation period at

room temperature ⇠ 22�C, at the concentrations reported in Chapter 4.

Future studies should consider the same lipid for both AFM and NSE experiments to com-

pare the results. One should study a set of several di↵erent lipids with both techniques to see

how the di↵erence in lipid-tail chemical structures contributes to the bilayer mechano-elasticity.

To link the aforementioned e↵ects on model cell membranes at a cell level, the e↵ect of
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chain length of the ILs has been investigated on living cells, for which model breast metastatic

MDA-MB-231 cancer cell line was chosen. Its e↵ect on cell viability and/or cell toxicity, cell

cycle, cell migration, and adhesion has been investigated by biological approaches. The obtained

IC50 values are 5 mM and 2.5 µM for [bmim][Cl] and [dmim][Cl] IL, respectively, which implies

that the longer chain IL is relatively more toxic, about 3 orders of magnitude higher, than the

shorter chain. The sub-toxic concentrations for the ILs were chosen based upon the observation

that these concentrations do not a↵ect either the cell cycle or the cell death. The major result

here is that the ILs at sub-toxic concentrations enhance cell migration, and the migration rate

depends on the IL chain length and IL concentration. Increasing both the chain length and

concentration resulted in an increased migration rate, with the maximum increment obtained

about 50%, that is for the case of the longer-chain IL at the highest sub-toxic concentration

investigated.

A potentially universal bio-chemical-physical mechanism behind the enhanced cell migration

in ILs has been discussed. A direct cause-to-e↵ect relationship has been proposed between

the ability of ILs to decrease the elasticity of the cellular phospholipid bilayers and the IL

induced enhancement e↵ect on cell migration. This result could drive new applications in

bio-nanomedicine and bio-nanotechnology of ILs.

Subtoxic concentrations of ILs could be used for in situ wound healing, enhancing tis-

sue growth, cleaning medical devices and joint replacements, and selecting di↵erent pathways

during stem cell di↵erentiation. Moreover, because di↵erent phospholipid can have di↵erent

a�nities toward ILs (and phospholipid composition varies with cell condition), both cell mem-

brane mechano-elasticity and, in turn, cell migration may be selectively tuned by ILs, something

that can lead to the development of new diagnostic tools, for example, for cancer detection,

and to new cellular therapeutic approaches. DMPC and DOPC phospholipids, however, are

only two of the several phospholipid molecules that compose typical cell membranes. Future

studies should explore the e↵ect of IL on di↵erent phospholipid types and more complex phos-

pholipid composition (with phospholipid cationic chain structures, and also including di↵erent

phospholipid anionic heads), and also towards a complex side: model membranes including

transmembrane proteins and cholesterol, which is closer to the real cell membrane. Addition-

ally, search for applications can be further enhanced by a huge variety of IL including, the

IL-based on amino acids, choline, and phosphocholine, and IL with magnetic properties, e.g.,

magnetic ILs can o↵er an extra handle to tune cell-level properties by external magnetic fields.

As a result, the ability of an IL to act on the cellular membrane elasticity, as presented here,

together with the huge variety of phospholipids and IL combinations, would provide a new play-

ground for research, which holds the promise for novel applications in bio-nanomedicine and

bio-nanotechnology, e.g., using IL to control the release of drugs from drug-carrier liposomes,

or controlling cell migration and stem cell di↵erentiation, or developing new diagnostic tools
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for cancer detection. Moreover, future studies may explore the role of pH and consider di↵er-

ent cell types. Identifying how changes in IL physical-chemistry can either inhibit or amplify

specific mechanism of actions of IL, o↵ering a molecular handle to act on cell biochemistry

and mechano-biology by ILs. It would also be interesting to investigate IL nano-domains on

cell behaviour rather than just toxicity in this context. At this core of the very new research

exploration, there is a strong and clear connection between physics, chemistry, and biology,

which may lead to the identification of a new bio-chemical-physical mechanism of actions of

IL.

Moreover, we investigated the nano-domain formation of both protic and aprotic types of

ILs in water, which are biologically relevant. The three RTILs considered in our study are known

([Tea][Ms] and [Tea][H2PO4]) or expected ([DxC10][Cl]2) to show only little or no tendency

to nanostructuring in pure phase. Here, by molecular dynamics simulations based on empirical

force fields, the structure of solutions spanning a wide salt concentration range, from 25 to

75 wt%, has been analysed by computing several combinations of partial structure factors,

measuring the fluctuation of the ions and water molecule distribution in space. At moderate

salt concentration, the results reflect the formation of nanometric-sized salt-rich domains in

water; we call this salt-in-water condition. With salt concentration increasing beyond 50 wt%,

the system enters water-in-salt regime, in which the aggregation properties of water become

relevant, giving origin to water-rich domains in the nearly uniform salt environment. The

persistence over a wide concentration range of nearly integer (⇠6; ⇠4) water–ion coordination

numbers suggests the formation of stoichiometric IL hydrates.

In the biological context, a deeper understanding of nanostructuring in IL-water mixture

might provide further direction for the optimisation of applications already based on ILs, pro-

moting their usage, e.g., in the treatment of biomass, the extraction, and purification of

biomolecules, the preservation of enzymes, and DNA, in drug delivery, in bio-catalysis. More-

over, the detailed knowledge of nanostructuring in IL-water mixtures over a wide concentration

range could provide better control of cytotoxicity of both ILs and third solute species, with

possible impact in cancer treatment.

Last but not least, I presented in Section 5.2 the results of a computational study of absorp-

tion and luminescence properties of IL, carried out using a combination of density functional

methods. This part of work is still in progress and, to the best of my knowledge, it represents

the first computational study of these projects, covering subtle quantum mechanical e↵ects

such as the formation of excitons.
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[150] Y. F. Dufrêne, T. Boland, J. W. Schneider, W. R. Barger, and G. U. Lee. Characterization

of the physical properties of model biomembranes at the nanometer scale with the atomic

force microscope. Faraday Discuss., 111:79–94, 1999.

[151] S. Garcia-Manyes and F. Sanz. Nanomechanics of lipid bilayers by force spectroscopy

with AFM: A perspective. Biochim Biophys Acta Biomembr, 1798(4):741–749, 2010.

[152] T. Maekawa, H. Chin, T. Nyu, T. N. Sut, A. R. Ferhan, T. Hayashi, and N.-J. Cho.

Molecular di↵usion and nano-mechanical properties of multi-phase supported lipid bilay-

ers. Phys. Chem. Chem. Phys., 21:16686–16693, 2019.

[153] S. Garcia-Manyes, L. Redondo-Morata, G. Oncins, and F. Sanz. Nanomechanics of lipid

bilayers: Heads or tails? J. Am. Chem. Soc., 132(37):12874–12886, 2010.

[154] O. Saavedra V., T. F. D. Fernandes, P.-E. Milhiet, and L. Costa. Compression, rupture,

and puncture of model membranes at the molecular scale. Langmuir, 36(21):5709–5716,

2020.

[155] A. Alessandrini, H. M. Seeger, T. Caramaschi, and Facci P. Dynamic force spectroscopy

on supported lipid bilayers: E↵ect of temperature and sample preparation. Biophys. J.,

103:38–47, 2012.

[156] R. P. Richter and A. Brisson. Characterization of lipid bilayers and protein assemblies

supported on rough surfaces by atomic force microscopy. Langmuir, 19(5):1632–1640,

2003.

136



REFERENCES

[157] J. Schneider, W. Barger, and G. U. Lee. Nanometer scale surface properties of supported

lipid bilayers measured with hydrophobic and hydrophilic atomic force microscope probes.

Langmuir, 19(5):1899–1907, 2003.

[158] S. Loi, G. Sun, V. Franz, and H.-J. Butt. Rupture of molecular thin films observed in

atomic force microscopy. II. Experiment. Phys. Rev. E, 66:031602, 2002.

[159] H.-J. Butt and V. Franz. Rupture of molecular thin films observed in atomic force

microscopy. I. Theory. Phys. Rev. E, 66:031601, 2002.

[160] S. Garcia-Manyes, G. Oncins, and F. Sanz. E↵ect of temperature on the nanomechanics

of lipid bilayers studied by force spectroscopy. Biophys. J., 89(6):4261–4274, 2005.

[161] L. Picas, F. Rico, and S. Scheuring. Direct measurement of the mechanical properties of

lipid phases in supported bilayers. Biophys. J., 102(1):L01–L03, 2012.

[162] E. K. Dimitriadis, F. Horkay, J. Maresca, B. Kachar, and R. S. Chadwick. Determination

of elastic moduli of thin layers of soft material using the atomic force microscope. Biophys.

J., 82(5):2798–2810, 2002.

[163] L. Redondo-Morata, R. Lea Sanford, O. S. Andersen, and S. Scheuring. E↵ect of statins

on the nano-mechanical properties of supported lipid bilayers. Biophys. J., 111(2):363–

372, 2016.

[164] S. Bhattacharjee. DLS and zeta potential – what they are and what they are not? J.

Controlled Release, 235:337–351, 2016.

[165] Dynamic light scattering. 3P Instruments.

[166] D. Arzenek. Seminar-4 th year dynamic light scattering and application to proteins in

solutions. 2010.

[167] J Chadwick. Possible existence of a neutron. Nature, 129:312, 1932.

[168] ESS: Technical Design Report, 2013.

[169] C. M. Je↵ries, Z. Pietras, and D. I. Svergun. The basics of small-angle neutron scattering

(SANS for new users of structural biology). EPJ Web Conf., 236:03001, 2020.

[170] NIST: 10m SANS - Small Angle Neutron Scattering, 2019.

[171] S. R. Kline. Reduction and analysis of SANS and USANS data using IGOR Pro. J. Appl.

Crystallogr., 39(6):895–900, 2006.

137



REFERENCES

[172] A. Faraone. 16th Oxford School on Neutron Scattering, 2019.

[173] NIST: CHRNS NSE - Neutron Spin Echo Spectrometer, 2019.

[174] R. T. Azuah, L. R. Kneller, Y. Qiu, P. L. Tregenna-Piggott, C. M. Brown, J. R. Copley,

and R. M. Dimeo. DAVE: A comprehensive software suite for the reduction, visualization,

and analysis of low energy neutron spectroscopic data. J Res Natl Inst Stand Technol.,

114(6):341–58, 2009.

[175] D. M Rocke. Design and analysis of experiments with high throughput biological assay

data. Seminars in cell amp; developmental biology, 15(6):703–713, 2004.

[176] Pingel M, Vølund A, Sørensen E, Collins JE, and Dieter CT. Biological potency of porcine,

bovine and human insulins in the rabbit bioassay system. Diabetologia, 28(11):862–9,

1985.

[177] F. Tarding, P. Nielsen, B. Keiser-Nielsen, and Aa. V. Nielsen. Biological assay of glucagon

in rabbits. Diabetologia, 5:146–154, 1969.

[178] H-C Chen. Cell-scatter assay. Methods Mol Biol, 294:69–77, 2005.

[179] DE. Jeong, Y. Lee, and SJ.V. Lee. Western Blot Analysis of C. elegans Proteins, volume

1742 of In: Huang L. (eds) Hypoxia. Methods in Molecular Biology. Humana Press, New

York, NY, 2018.

[180] Fundamentals of flow cytometry. AAT Bioquest, Inc., 2019.

[181] JA McCammon, BR Gelin, and M. Karplus. Dynamics of folded proteins. Nature,

267:585–90, 1977.

[182] J. M. Ziman. Electrons and Phonons. Oxford University Press, Oxford, UK, 1960.

Chapter 5.

[183] L. Verlet. Computer experiments on classical fluids. I Thermodynamic properties of

Lennard-Jones molecules. Phys. Rev., 159(1):98, 1967.

[184] Frenkel D. and Smit B. Understanding Molecular Simulation. Academic Press, San

Diego, 2nd edn edition, 2002.

[185] W. C. Swope, H. C. Andersen, P. H. Berens, and K. R. Wilson. A computer simulation

method for the calculation of equilibrium constants for the formation of physical clusters

of molecules: Application to small water clusters. J. Chem. Phys., 76(1):637–649, 1982.

138



REFERENCES

[186] M. P. Allen. Introduction to Molecular Dynamics Simulation, volume 23 of NIC series,

pages 1–28. John von Neumann Institute for Computing, Jülich, 2004.
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