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Preface

T
his thesis has been submitted as a part of the requirements to obtain a PhD de-

gree at the University of Strasbourg. The work has been conducted at the MCube

- Membrane and Microforces, Institut Charles Sadron, Strasbourg, France, in a

period from July 2014 to October 2017, under the supervision of Assoc. Prof. Fabrice

Thallman and Dr Marc Schmutz. Part of the work was conducted at University of Manch-

ester, U.K., in the Laboratory of Prof. Jian Lu, and in the group lead by Prof. John Seddon

at Imperial London College, U.K.

The general scientific field of the thesis is membrane biophysics, and the specific topic is

the interaction of nanomaterials with model lipid membranes. This thesis contains three

experimental studies and literature review. The study on the interaction of pH-sensitive

polymer with cubosomes has been published under the title Influence of pH-sensitive poly-

mer on the structure of monoolein cubosomes, the experimental studies on lipid extraction

by cyclodextrins are in a peer-reviewing process, while the last study on pH-sensitive poly-

mers still ongoing.

This thesis includes a Motivation for the project (Chapter 1), an Introduction (Chapter 2),

an introduction to experimental Materials and methods used in the project (Chapter 3),

introduction to Cyclodextrins properties and a summary of the results (Chapter 4). Litera-

ture review about non-lamellar lipid phases and summary of the results (Chapter 5). Study

of pH-sensitive polymer interplay with model lipid membrane are included in Chapter 6.

Concluding remarks can be found in Chapter 7. The introduction should give the reader

an overview of the scientific topics of the thesis, including biological background, and the

methods and technologies used in the scientific work. The specific methods and data anal-

ysis are given together with the full-length manuscripts.

Monika Kluzek, October 2017
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1 | Motivation for the project

F
or the last decade, researchers have diligently worked towards enhancing safety along with

maximising efficiency of drug treatment. One of the major obstacles for drug agents to

reach the target cell compartments is their limited penetration through biological mem-

branes, a difficulty arising chiefly from physicochemical properties such as poor water solubility,

permeability or short circulating half-life time [1]. A large variety of (in)organic nanomaterials

[2] is currently employed as drug-delivery carriers, in order to protect their cargo, the drug, from

degradation in the cell environment and simultaneously facilitating their transport through biologi-

cal membranes. This nanoparticle-delivery strategy becomes a powerful platform providing a num-

ber of advantages, such as improved solubility of hydrophobic drugs, suppressed immunogenicity

and reduced side effects, together with releasing drugs in a stimuli-triggered manner. To date, i)

liposomes [3] ii) quantum dots [4] iii) polymeric micelles iv) dendrimers [5, 6] v) polymer-drug

conjugates [7] and vi) pH sensitive materials [8–10] have emerged as classes of nanoscale delivery

systems. Importantly, many of them already have reached clinical applications.

Despite the numerous positive features of this platform, knowledge about interactions between

nanomaterials and cell membranes is still missing [7, 11]. The permeation and transport of a nano-

material across biological membranes are of crucial importance for the ability of nano-carriers to

reach their cellular target. It is then necessary to determine the ways in which nano-carriers interact

with a cell membrane. Specifically, the questions of how nanomaterials influence the local structure

and composition of the bilayer and how the changes in membrane physical properties modulate the

functioning of drug delivery system are of prime importance. In this context, biophysical studies of

lipid model systems have been instrumental for understanding forces and interactions between cell

membrane and nanoparticles [12].

The motivation for the present study is to gain novel, fundamental insights into the structure-activity

relationship of several nano-materials with biological membranes and its impact on the membrane

physicochemical properties. We focus on characterizing interactions of three types of drug delivery

system with a model lipid membrane:

1



Motivation for the project

◆ Reorganization of lipid membranes mediated by the presence of α-cyclodextrin. We address

the cyclodextrin - mediated extraction of lipid from the membrane, a phenomen first reported

by Debouzy’s [13] using human red blood cell. This is discussed in Chapter 4.

◆ Characterization of cubosomes and their potential in controlled drug delivery. Our aim here

was to take advantage of a pH-stimuli polymer to engineer a new host-guest cubosomal

system, with a pH-triggered release switch, as presented in Chapter 5.

◆ Translocation of a pH sensitive polymer through lysozyme-mimicking membrane. In this

review, we focused on how the external pH affects the diffusion through lipid membrane of a

stimuli responsive polymer, and how the membrane composition dictates the mechanism of

this process. (The results of this study are included in Chapter 6).

We use state-of-the-art visualisation techniques (Cryo-TEM, LSCM), complemented by a body of

calorimetry (ITC, DSC), surface characterization (QCM-D) and scattering (SANS, SAXS) data. To

the best of our knowledge, there is only a limited literature on this subject [14], therefore we hope to

contribute both to the basic and applied research revolved around the nanoparticle/lipid membrane

interplay and the drug delivery systems in general.

2



2 | Introduction

2.1 The plasma membrane

T
he cell membrane is an essential component of all living cells. It determines the boundaries

between the cell interior and the cell external environment, and plays an essential role in

the cellular protection. Furthermore, the cell membrane is a selectively permeable barrier

for ions, nutrients, wastes and metabolic products, orchestrating their transport between the intra-

and extra- cellular environments, leading to an efficient mechanism of communication between the

cell and its surroundings. Many important cellular processes, including control and transport of

nutrients, molecular recognition and immunological response either take place in the membrane or

are mediated by the membrane [15]. Therefore, the membrane integrity and proper functioning is

of utmost importance for a healthy cell.

Figure 2.1: Model of the plasma membrane of a eukaryotic cell. The cell membrane displays
lateral heterogeneity, lipid domains, and thickness variations. Adapted from [12].

Biological membranes are supramolecular assemblies, composed of a lipid bilayer and protein

molecules embedded in the lipid matrix (Figure 2.1). As typical cell membranes consist of hun-

dreds of phospholipid types, cholesterol, and many different types of membrane proteins, mem-

branes are complex environments, difficult to study experimentally. In 2017 the research team of

Katsaras [16] has completed the very first scan of a living cell membrane, which gave room for a

3



Chapter 2. The plasma membrane

longstanding debate about membrane functioning. However, membrane-related processes such as

nanoparticle translocation in living cell membranes is still beyond the scope of current experimental

techniques.

Many critical physicochemical properties of biological membranes can be captured and understood

from studies on model lipid bilayers, formed by only one or few types of lipids. The lipid bilayer

exhibits numerous properties arising from the cooperative interactions between lipid molecules.

It is a two dimensional, two lipid molecules (5 nm) [17, 18] thick sheet-like structure, with two

interfaces with water, created by two hydrophilic lipid headgroups, and a non-polar core, formed

by hydrophobic lipid tails. Such a structure provides an efficient barrier for the cell, as aqueous

solutions are excluded from the bilayer core. Moreover, since the lipid molecules are held together

via combinations of weak interactions, such as Van der Waals interactions, hydrophobic effect and

electrostatic forces, the lipid bilayer belongs to the class of soft matter materials. Soft materials

display a high degree of deformability, therefore their physical properties are largely controlled by

entropic contributions. This poses additional challenges in predicting the effects of other molecules

and complexes on the membrane structure.

2.2 Plasma membrane lipids

The exact composition of biomembranes varies among different types of organisms, however all

cell membranes share a generic lipid bilayer structure. Currently, many individual lipid species

have been identified along with their synthetic pathways and physiological relevance [19]. The dual

nature of lipids is achieved by their amphiphilic structure: hydrophilic headgroups and hydrophobic

acyl chains. When mixed with water, lipids spontaneously self-assemble into regular aggregates,

such as spherical micelles, lipid membranes, or more complex systems, as shown in Figure 2.2. The

formation of these supramolecular structures is driven by the hydrophobic effect, which minimizes

the contact area between water molecules and acyl chains by the rearrangement of lipid head groups.

Thus, the geometry of the resulting structures strongly depends on the effective shape of lipid

molecules [12]. Lipids display a great range of chemical diversity, which vary in general structure

such as chain lengths (number of carbons), degrees of saturation, head group sizes, and charge [12]

(Figure 2.2). The structure of membranes and the associated cohesive forces are further discussed

in Chapter 5 where we describe nonlamellar lipid aggregates.

Lipids that can be found in mammalian plasma membranes fall into three main classes of lipids: i)

glycerophospholipids (also named phospholipids, PL), ii) sphingolipids (SLs) and iii) sterols, such

as cholesterol, together with isoprenoids (Figure 2.3).
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Chapter 2. The plasma membrane
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Figure 2.2: Diversity of lipid structures. a) Lipids are amphiphilic molecules comprising hydropho-
bic tails and hydrophilic heads. Depending on their nature, lipid molecules have different effective
shapes b) In aqueous solution lipids self-assemble into different structures c) In lipid membranes,
lipids are arranged in a tail-to-tail manner leading to a thickness of ∼5nm.

The chemical structure of PLs is based on a glycerol backbone to which two fatty acid hydrocarbon

chains are bound in adjacent positions [sn-2 (β), sn-1 (γ)]. The sn-3 position of the glycerol is

occupied by a phosphate group linked to an alcohol (e.g. choline, ethanolamine or serine), which

constitutes the hydrophilic head. The diversity among fatty acids is large (chain length, degree of

unsaturation) and it largely contributes to the elasticity of the membrane.

SLs, another important group of structural lipids, are derivatives of sphingosine, which is a long-

chain amino alcohol with an attached hydrocarbon chain. The most common sphingolipids are

sphingomyelins: sphingophospholipids with either phosphocholine or phosphoethanolamine head-

groups. The structural features of sphingolipids allows them to pack tightly together through the

van der Waals interactions explaining the physicochemical properties of these lipids in biological

membranes.

Cholesterol is a dominant sterol and is universally present in the plasma membranes of eukaryotic

cells, in contrast to prokaryotic cells from where it is universally absent [21]. The structure of

cholesterol is peculiar, see Figure 2.3. It has a rigid four-ring hydrocarbon structure with a short

hydrocarbon chain attached to it. Further, cholesterol has a small headgroup constituted by just a

hydroxyl group. It determines the orientation of cholesterol in the bilayer, and its interactions with

polar headgroups of neighbouring lipids. The presence of cholesterol has an important impact on

thickness, fluidity, bending rigidity and permeability of a lipid membrane. The cholesterol content

of various cell membranes varies from 0% up to 25% [22, 23]. The interaction of cholesterol with

sphingolipids is also important for the formation of functional platforms in the membrane, called

rafts, as suggested by Simons and Ikonen in 1997 [24]. These domains may limit the diffusion of

biomolecules and impart membrane functionality. After years of debate [25], in 2017 for the first

time, Katsaras et al. [15] reported direct visual evidence of nonuniform mixing within the plasma

membrane.
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Figure 2.3: Plasma membrane lipid species. Glycerophospholipids are major components of mem-
brane lipids. GPLs are glycerol-backboned molecules with variable fatty acid hydrocarbon chains
attached in one side, and various types of headgroups in the other. Sphingolipids are derivatives
of sphingosine, which encompass an amino alcohol with a long hydrocarbon chain. Various fatty
acid chains are attached to the sphingosine, which is also coupled to either phosphate-alcohol, or
to sugar moieties such as glycosphingolipid (GSL). Glycosphingolipids coupled to sialic acids are
called gangliosides Cholesterol is a sterol, with four-ring hydrocarbon body and an attached short
hydrocarbon chain. The polar headgroup of cholesterol is a single hydroxyl group. Adapted from
[20].

Most cell membranes were shown to exhibit an asymmetric lipid distribution between the two

leaflets, which are maintained by cellular processes. However, underlying reasons and implications

of this asymmetric composition is still poorly understood. The negatively charged lipids are pre-

dominantly found in the inner leaflet as a well as the major fraction of zwitterionic ethanolamine

(PE) phospholipids [26]. On the other hand, the outer leaflet of membrane contains mainly zwit-

terionic choline (PC) phospholipids and sphingomyelin (SM). In contrast, cholesterol is equally

distributed in both leaflets of the eukaryotic membrane.

The motions of lipid within the lipid bilayer can be divided into three modes, occurring on different

timescales. The fastest mode is the rotational motion – the spinning of a lipid around it long axis

(parallel to the membrane normal). The second is the lateral mode – essentially a Brownian motion

of a lipid within one leaflet, which effectively leads to exchanges of lipid molecules with their

neighbours. Finally, the slowest mode is the transverse motion, often called flip-flop. This mode

allows lipids to exchange between the leaflets, involving a 180◦ flip with respect to the membrane

centre.
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Chapter 2. The plasma membrane

Altogether, the plasma membranes surface, the first site for nanoparticle interactions, has a very

distinct lipid organization varying between cells in a number of properties such as charge, lipid type,

packing and organization, which affects the effective interaction and translocation of pharmaceutical

agents and nanoparticles.

2.2.1 Thermodynamics of lipid membranes

Aqueous dispersion of lipid assembly shows a series of lyotropic and thermotropic phase be-

haviours. This transition can be evoked by temperature, concentration, ionic strength or effective

shape of a lipid molecule [27]. The main transition is predominantly lamellar-lamellar and is asso-

ciated with melting of the lipid molecule (Figure 2.4). These thermodynamic properties have been

studied in detail for the last four decades [23, 28]. Description of fluid–fluid transitions that involve

a change of symmetry and/or topology can be found in Chapter 5.

2.2.2 Phase transitions

At low temperatures, the lipid headgroups are packed close together, whilst lipid chains are ‘all-in-

trans’ configuration with minimal entropy. This so-called solid-ordered- (So) phase, (alternatively

the gel phase) shows lower lateral and rotational lipid diffusion as well as smaller area per lipid,

which results in more rigid membranes. At higher temperatures, the lipids are able to diffuse lat-

erally, and acyl chains can adopt varying conformations (high entropy). This phase is called the

liquid-disordered- (Ld) phase, or simply the fluid phase.

Liquid-ordered

a b

Liquid-disordered Solid-ordered

T
m

∆S, ∆H

Figure 2.4: Lipid phases. a) In Ld-phase lipids are mobile, expressing various tail conformations.
Below transition temperature, Tm , lipids are tightly packed creating ordered-So-phase b) Lo-phase
with cholesterol. Presence of cholesterol imposes order within tail region.

The transitions between phases is a cooperative phenomenon, and occur at well-defined tempera-

tures. The transition temperature, Tm [29], among other parameters is strongly influenced by the
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Chapter 2. The plasma membrane

length and degree of unsaturation of acyl chains, head group size and charge [30]. Assuming that

lipid chains can adopt just one configuration per phase, the melting point, Tm, can be defined as the

temperature at which both the ground state and excited state are equally likely:

Pdisordered(Tm)
Pall−in−trans(Tm)

= e−∆G/RTm = 1 2.1

Or by Gibbs free energy difference:

∆G = ∆H−Tm∆S = 0

Tm =
∆H

∆S

2.2

where ∆H is an enthalpy and ∆S is entropy of melting.

It should be noted that ∆H and ∆S values strongly depends on the length and saturation of lipid

tails, and thus the value of transition temperature. However, as was reported, other factors, such as

cations (divalent ions) [31], addition of neurotransmitters and general anaesthetics (e.g. alcohols,

chloroform, etc.) [32, 33] membrane hydration [34, 35], membrane curvature [36], hydrostatic

pressure and pH [37] can affect the transition temperature.

Figure 2.5: Lipid phase separation. Pictures of GUVs composed of DOPC:DPPC 6:4, taken with
Bright Field Fluorescence Microscopy. Lipid bilayer was stained with DiI dye, which partitions
preferentially in the liquid disordered domain; bright fluorescence indicates liquid phase, lack of
fluorescence solid ordered. DOPC has a Tm of – 20◦C and DPPC of 42◦C, therefore at room tem-
perature (25◦C) the membrane consists of liquid domain (DOPC rich) and solid ordered domains
(DPPC rich). Depending on individual conditions of membrane tension, different morphologies of
domains may appear, ranging from circular to flower and hexagonal shape. Scale bar, 10 µm.

In the late 80s, Ipsen et al.[38] published phase diagram of binary mixture of phosphatidylcholines

and cholesterol, demonstrating two-phase coexistence: cholesterol-poor liquid-disorder phase and

cholesterol- rich liquid order-(Lo) phase (Figure 2.4). In the Lo phase, lipid chains are ordered

around cholesterol, however still free to diffuse laterally [21, 39]. In 2005 Veatch and Keller [40],

followed later by Marsh [41], published refined phase diagram with a gradual evolution from liquid
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Chapter 2. The plasma membrane

disorder to order phase without a miscibility gap. However, the deep understanding of how the

macroscopic phase diagram emerges from the microscopic, molecular scale interactions is still

missing.

2.2.3 Membrane heterogeneity and domains

The phase separation near Tm has been demonstrated in model lipid systems by various experiments

and also found by computer simulation [39–52]. The temperature range where these domains are

observed depends on the cooperativity phenomenon of the phase transition. With the higher coop-

erativity, domains are more compact, as the system will minimise the length of the energetically

unfavourable domain boundaries. With the high line tension, system will form domains of the gel

phase, which will coexist with the fluid phase.

The lipid-raft-model in plasma membranes [53, 54] suggests that plasma membrane laterally seg-

regates its constituents and the process is driven by specific intramolecular interactions [55]. The

composition [56, 57] and thickness [57–60] of this meta-stable domains (∼ 10−4 s) vary depending

on membrane matrix. The presence of such membrane domains have strong impact on the biologi-

cal functions, as it can change communication pathways and membrane dynamics [47]. Moreover,

since free energy of lipids in gel and fluid phase show to be similar at the domain interfaces, the

fluctuation at this region show to be greater, and therefore, locally change membrane’s properties.

As a consequence, presence of domains implies changes in macroscopic bilayer properties such as

permeability, bending rigidity, binding affinity, and the way how membrane mediate the interactions

with nanoparticles.

2.2.4 Model systems of a plasma membrane

To be able to resolve the biological role of lipid membranes as platforms for membrane-related

processes and understand processes leading to nanoparticle translocation, one has to understand the

physiclochemical properties of lipid molecules. An advantage of working with model membranes is

the ability to control the composition, and thereby the complexity of the membrane. Among other

approaches, liposomes (lipid vesicles) have greatly improved our understanding of the structure

and function of cell membrane. These free-floating bilayer models, introduced by Bangham in the

60s [61], are structurally similar to biological membranes. Lipid vesicles can be produced both

efficiently and reproducibly, and in a staggering range of sizes (from 20 nm to over 100 microns),

making them suitable for a broad range of experimental techniques such as calorimetry [62–65],

spectroscopy [66–69] or Cryo-transmission electron microscopy [70].
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A significant breakthrough came with the development of giant unilamelar vesicles [71, 72] (GUVs;

10–100 micron). GUVs are of particular advantage for studying properties of lipid membranes in

terms of viscosity [73], hydration as well as information about microscopic structure of domains

[74]. Moreover, GUVs with asymmetric lipid distribution between the two leaflets have been re-

cently developed [75]. The large sizes of GUVs give the room for novel studies of many prop-

erties of a lipid membrane. For example, they can be punctured by a micropipette without being

destroyed. As a result, substances can be accurately microinjected where concentrations of the sub-

stances can be precisely controlled [76]. Micropipette techniques have also been used to investigate

changes in membrane integrity upon controlled lipid oxidation [77]. Measuring the permeability

[78] is another important aspect of the GUVs usage. It has been demonstrated that GUV’s mem-

branes formed by electroformation allows for direct visualisation of nanoparticle penetration in real

time [79, 80]. All these merits make GUVs appealing platforms for mimicking membrane-related

processes of biological cells.

Supported lipid bilayers (SLBs) that sit on glass, quartz (mica), or gold supports allow direct ob-

servation of their surface using atomic force microscopy (AFM), fluorescence, and other spectro-

scopic techniques. They can be prepared by fusion of lipid vesicles on the surface of the support

in an aqueous environment or by sequential deposition of monolayers, which allows for forma-

tion of asymmetric bilayers. Recent studies highlighted the usefulness of SLB to study lipid mi-

crodomains, cellular interfaces [81], lipid-protein and lipid-nanoparticle interactions. However, the

forces between the substrate and membrane should be taken into account while designing experi-

ments. The influence of these forces can be minimimized using the right substrate and an aqueous

buffer, which can shield the membrane from the substrate. Researchers have also investigated the

use of soft cushions between the solid substrate and the model membrane. In 1999 Charitat et al.

[82] proposed floating planar membranes, where a bilayer is suspended 2-3 nm above a second

membrane adsorbed on a solid support. This model has been used for surface scattering studies of

a highly hydrated, accessible, and fluctuating bilayer, where the composition of each leaflet can be

controlled.

2.3 Membrane interactions with nano-objects

Interactions of nanomaterials with cells and their lipid membranes are of crucial importance in many

medical and pharmaceutical applications such as phototherapy, bioimaging and drug delivery. In

order to fine-tune nanoparticle characteristics needed for a specific application, a deep understand-

ing and control of nanoparticle interactions with a cell membrane are required. In recent years, a

large effort has been invested to clarify the mechanisms of such interactions at the molecular level.

However, due to the wide array of processes occurring at the interface between the nano-object
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and the lipid membrane and to their inherent complexity, the mechanisms are still far from being

understood.

The fate of nano-objects in the biological environment is determined by the physicochemical prop-

erties of the nanomaterial, the surrounding medium and the properties of the membrane surface.

Interactions at the nano-bio interface (Fig. 2.6), comprise a competition between chemical (redox

equilibrium, chemical bonding) and physical interactions (Van der Waals, electrostatic or hydrogen

bonds). Moreover, the interaction with nanomaterials triggers changes in the cell membrane itself,

making the process even more complex. Thus, a nanomaterial interacting with a biological sys-

tem adds a new level of complexity, making it difficult to attain a comprehensive picture of such

phenomena.

Susupendig medium 

Solvation

Van der Waals
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Electrostatic

Electrosteric

Nano-bio interface

Figure 2.6: Interaction between nanoparticles and lipid bilayer. Schematic repre-
sentation of the forces for colloidal fabrication (electrostatic, VdW) together with
interactions (solvation, molecular depletion) that occur in biological media when
particles are in contact with lipid membrane. Adapted from [83].

Characterizing the nanomaterial interface is a key factor to understand its interaction with a cell

membrane. Several theoretical and experimental studies indicate that the effective activity is gov-

erned by the properties of a nanomaterial, such as chemical composition, surface functionalization,

shape, size, surface heterogeneity, and hydrophobicity. Further properties, like effective surface

charge, stability, aggregation propensity, and the surface solvation are, to large extent, affected by

the surrounding solvent and its physicochemical state, e.g. pH, ionic strength, temperature, a pos-

sible presence of a co-solute and so forth. It is important to stress here, that all the changes in

nanomaterial properties will have a direct impact on the forces acting between nano-objects sus-

pended in biological media. Such forces include Van der Waals and Coulomb interactions, each

with a characteristic decay length, as well as steric forces [84].
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Another important phenomenon is solvation of interfaces. When considering the role of hydropho-

bicity in membrane uptake, the picture is complicated by possible hydration of the particle surface

and /or cell membrane. Water molecules adhere to the nanomaterial surface with sufficient energy

to form steric bumper layers on their surfaces, making it difficult for pairs of particles to touch or

adhere. Thus, solvation forces increase particle stability through hydration pressure or hydrophilic

repulsion. Experimental and computer simulations were performed by Chen and colleagues [85]

to understand the hydrophobicity of nanomaterial on its cell entry. Their film-tension model pre-

dicts that hydrophobic materials are more easily engulfed by the membrane surface as compared

to less hydrophobic ones. It was further explored by Zhu and Jing [86] who showed that disrup-

tion of supported lipid membrane (SLM) occurs above critical level of nanoparticle hydrophobicity

and concentration. Similar effect was observed in cell culture models, where increasing surface

hydrophobicity increases intracellular uptake of polymeric nanoparticles [87]. Moreover, these

experiments have been explained by computer simulations based on self-consistent field/ density

functional theory and molecular dynamics (MD), respectively.

The effect of the nanoparticle geometry on modulating uptake efficiency and internalization mech-

anism has also been studied, although the interplay between nano-object’s curvature and nano-bio

interface has been only scarcely addressed. Using cryo-electron tomography, Le Bihan et al. [88]

studied intermediate steps of engulfing process of silica nanoparticles of various sizes by DOPC

liposomes. Interestingly, Silica nanoparticles with diameters of approximately 15-20 nm remained

absorbed on liposome surface, whereas nanoparticles with diameter >30 nm were fully internal-

ized into vesicles. As authors explained, although the small-size nanoparticles interacted with the

lipid membrane surface, the adhesive strength was not sufficient to induce a curvature of the lipid

membrane and to subsequently trigger the engulfing process. In addition, Chitchrani et al. [89]

conducted a systematic uptake in vivo study of gold nanoparticles with various shapes and sizes.

Authors found that nanoparticle uptake level was higher for particle with a diameter 30 and 50

nm, than 17 or 100 nm ones. Moreover, authors reported that cellular uptake was reduced for

rod-shape-like nanoparticles as compared to spherical ones. The authors rationalize their findings

by difference in thermodynamic forces required for nanoparticle engulfment. However, this the-

ory was recently challenged by Gratton et al. [90], who found that the internalization of rod-like

cationic PEG particles occurs more rapidly and efficiently than those of other particle shapes at

the same volume and size. It can also be appreciated that a complementary theoretical study of

nanoparticle size effect on their interaction with membrane go in line with experimental findings.

Yang and Ma [91] simulated the interaction between nanoparticles with different geometries and

lipid membranes using dissipative particle dynamics (DPD). The geometrical properties and initial

orientation of particles play a complicated role in their physical translocation, but their volume has

only an indirect influence. These findings were further investigated by other groups [92, 93].
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Experimental studies showed that in terms of surface charge, cationic nano-objects are in general

more efficiently internalized, due to stronger interaction with negatively charged cellular surface.

However, efficient translocation of negatively charged nanoparticles has been reported as well [94].

Once a nano-object adheres to a membrane surface driven by intramolecular and surface forces, it

can lead to membrane reconstruction domain formation and local deformations [95, 96]. These pro-

cesses lead to high cytotoxicity of cell membranes [97], suggesting that pore formation accompanies

nanoparticle adsorption. In planar lipid bilayer models, cationic nanoparticles synthesized from a

wide variety of materials are capable of inducing pore formation in the membrane [98]. Moreover,

Li and Malmstadt [98] showed that deformation and formation of pores in gian unilamellar vesi-

cles (GUVs) are elicited by cationic polystyrene nanoparticles. Simulation studies show that gold

nanoparticles can directly penetrate lipid bilayers given a sufficiently high cationic surface charge

density. Granick and coworkers [95] have shown that nanoparticles with both negative and positive

surface charges can bind to lipid membranes, inducing changes in the membrane phase structure

and leading to morphological deformations. In cell culture-based investigations of nanoparticle

toxicity, membrane permeabilization is indicated by leakage of lactate dehydrogenase (LDH) from

the cells. Similar cytotoxic effect was observed for a wide variety of nanoparticles [99, 100].

An enhanced understanding of the forces responsible for interactions between nanomaterial and

biological system (in particular cell membranes) are, therefore, crucial for better design of nano-

objects with applications ranging from nanotoxicity and control of cellular processes.
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3 | Materials and methods

In the following chapter, a description of the principal techniques applied in this thesis will be in-

troduced. The microscopy techniques include cryo-transmission electron microscopy (Cryo-TEM)

and laser scanning confocal microscopy (LSCM) together with thermodynamic techniques such as

isothermal titration calorimetry (ITC) and differential scanning calorimetry (DSC). Moreover, short

introduction into quartz crystal microbalance (QCM-D) and scattering techniques (SANS, SAXS)

will be presented. In the end of each chapter a description of the different procedures, equipment

and materials will be listed.

3.1 Cryo-transmission electron microscopy (Cryo-TEM)

Transmission electron microscopy is a popular technique, developed over 8 decades ago with the

first microscope of Ernst Ruska. The technique is applicable for visualizing internal arrangement

of almost any structures in the resolution range of millimeter down to 0.1 nm, given optimal condi-

tions. The technique is very sensitive to sample hydration, hence only dry samples under vacuum

can be imaged (exemption is a variety of TEM called environmental TEM, which allows some

hydration and higher pressures, at the cost of resolution), which sets some demands for sample

preparation.

The technique uses an electron gun with a LaB_6 tip to create an electron beam accelerated under

200 keV. Set of parallel electromagnetic lenses focus the electron beam into a narrow spot size

down to tens of nanometers with sufficient current and penetration into sample to make an image.

As the electrons pass through sample, the beam interact with the specimen and scattering occurs.

A magnified image of the specimen is reconstructed onto a fluorescent screen at the bottom of the

column or recorded by CCD camera. A schematic illustration of a classical TEM set-up is shown

in Figure 3.1. One significant influence on high resolution and sharp images in TEM is a good

calibration of the lens and electron gun set-up and to continuously focus and align the electron spot.
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Electron gun

Fluoroscent screen 

Speciment port

Condenser lenses

Condenser aperture

Objective condenser lens

Projector lenses

Diffraction projector lens
Selected area aperture

Figure 3.1: A Schematic illustration of Transmission electron microscopy (TEM) setup. (Partially
adopted from FEI Tecnai manual). The electron from a source (a tungsten filament heated in vac-
uum), is made into a parallel beam by set of magnetic lenses. In the latter, beam passes through
sample and its projected on fluorescent screen which emits light when struck by electrons. The
whole trajectory from source to screen is under vacuum.

The second influence is sample preparation. For the correct visualization of internal structure, it is

important that sample is stable (not influenced by the bombardment of electrons) and thin enough

to permit the passage of electrons. To date, there is a vast range of research using specific methods

of preparing sample for electron microscopy i.e. chemical dehydration and staining or coating of

specimen. However, these drying and staining procedures can affect the structure and morphology

of sample.

Cryo-TEM is a form of transmission electron microscopy where the sample is studied in a nearby

native at cryogenic temperatures by vitrifying the solvent around the sample. This technique in-

volves rapid cooling of sample by plunging it into liquid ethane (or propane) near liquid nitrogen

temperature (approximately -140◦C). It allows to analyse sample in their ‘native state’.

During sample preparation, a few microliters drop of specimen is deposited onto EM grid and

excess solution is removed by blotting with filter paper. Resulting thin film (with a typical thickness

100 nm) has a large surface-to-volume radio, which enables fast heat exchange and ensures efficient

verification. However, to prevent evaporation of the solvent from the sample film, grid is kept at

humidity close to the 100%. Once sample film is vitrified, it is transferred to a special grid-holder

and further to the microscope, while simultaneously keeping it at a temperature below -140◦C, to

prevent sample perturbation and the formation of ice crystals [101, 102]. The thin film method is,
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however, limited to thin specimens (typically below 500 nm), because the electrons cannot cross

thick samples without multiple scattering events. To observe thicker specimens, samples can be

prepared by cryo-electron microscopy of vitreous sections (CEMOVIS) [103] or by freeze-fracture

transmission electron microscopy (FF-TEM) [104].

3.2 Laser scanning confocal microscopy (LSCM)

Since pioneering work of Minski [105] and Egger [106], confocal microscopy has become a pow-

erful tool for routine investigation in life and material science. Confocal microscopy gives several

advantages over conventional wide-field optical microscopy, namely an improvement in both ax-

ial and lateral optical resolution, depth of field, reduction/elimination of background fluorescence

and ability to collect multiple optical sections from thicker specimen. Confocal technique allows

for investigation of both in-vivo and ex-vivo samples under a variety of conditions with enhanced

clarity.
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Figure 3.2: Fluorescence in LSCM. a) Jablonski diagram, showing the excitation, followed by
spontaneous fluorescence emission after a loss of energy through a dark transition b) Absorption
and emission spectra for Laurdan including excitation-, detection- wavelengths. The energy of the
emitted light is lower (increased λ) than the excited light. The difference is called the Stokes shift.

LSCM uses the property of a molecule/material to absorb energy from light, and as result emits the

energy in form of light. This can be illustrated in Jablonski diagram (Figure 3.2a): a fluorophore

absorbes light at λexc wavelength rising from the ground state to the first electronic state S 1. Once

there, the fluorophore is excited and subsequently it returns to the ground state emitting a photon

at a higher wavelength λem. This phenomenon is called fluorescence. In LSCM techniques, the

amount of generated fluorescence scales linearly with excitation power, which discern them from

multi-photon microscopes. The loss of energy in the dark transition, corresponding to a shift in

wavelength between the excited and emitted light, is called the Stokes shift (Figure 3.2b). This
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Stokes shift is a fundamental base for fluorescent microscopy experiments. It allows recording of a

specific emitted wavelength from a sample separately from effects caused by the incident light.

Detector

Confocal 

pinhole

Focal plane

Objective lens

Dichroic mirror

Point light 

source

Figure 3.3: Simple schematic diagram of the optical pathways and basic components of confocal
microscope. Point light source is employed and generally obtained from the output of a laser
coupled to an optical fiber or a laser passing through a pinhole aperture that is located in a conjugate
plane with the focal point in the specimen. Yellow and blue line represents emitted light form out
of focal plane, which are then removed by confocal pinhole.

The use of fluorescence molecules (e.g dyes) is a powerful tool in microscopy. It allows for precise

mapping of the individual fluorophores in the sample. The essential parts of a confocal microscope

are shown in Figure 3.3. The sample is illuminated by the coherent light source (laser) focused

on the sample by the microscope objective. Light emitted from the sample is then redirected and

collected by a detector (photo-multiplier tube). To separate the excitation light from the emitted one,

microscope is equipped with filter cube, which contains an excitation filter, dichroic mirror and the

emission filter. As the light source is generally broad in the wavelength spectrum, the excitation

filter (low pass) excludes the light with a wavelength above a certain value, the dichroic mirror

works as a mirror for the excitation light, while Stokes shifted emission light is allowed to pass

through. The emission filter is a high pass filter that only allows light above a certain wavelength

to pass it.

To remove out-of-focus light emitted from sample, a pinhole is positioned in front of the detector.

The fluorescence emitted from the on-plane points passes back through the dichroic mirror and is

focused to a point at the detector pinhole aperture. The fluorescence emitted from out-of-focus

plane are not confocal with the pinhole and, therefore, are not detected and do not contribute to the
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final image [107, 108]. To obtain a 3D representation of sample, it is necessary to acquire images

at consecutive positions along optical axis (z-scan).

3.3 Small-angle scattering (SAS)

In recent years, scattering techniques, and particularly small-angle scattering (SAS) techniques have

become a powerful tool for in-depth structural characterization of soft matter systems, including

proteins, colloids, polymers and micelles. Small angle X-ray (SAXS) and small angle neutron

scattering (SANS) provide a non-destructive approach to study objects at the nanoscale, thus are

frequently used to investigate changes of membrane structures and lipid phase transitions upon

interaction with drugs and/or biologically relevant molecules.1
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Figure 3.4: Time and length scale for Small angle X-ray and Neutron scattering experiments.

The fundamental difference between SANS and SAXS techniques is mechanism by which the in-

cidental radiation interacts with matter. X-rays are scattered by the electrons surrounding atomic

nuclei, whereas neutrons are scattered by atomic nuclei themselves (protons and neutrons). This

implies that isotopes of the same element may scatter neutrons in different way, while X-ray is

only sensitive to the number of electrons in the atom. In other words, X-ray probes the elements

distribution in the sample, whereas the neutrons probe the isotopic distribution in the sample.

While the basic principles underlying scattering remains the same, the choice of radiation fields or

a combination of them is dependent on the strength of the respective fields (Figure 3.4).

1Several books and reviews on small angle scattering techniques served as general references for this
thesis. These are: Structure Analysis by Small-Angle X-Ray and Neutron Scattering by Svergun and Feigin
[109], Neutrons, X-rays and Light: Scattering Methods Applied to Soft Condensed Matter by Lindner and
Zemb [110] and Small angle scattering studies of biological macromolecules in solutionr by Svergun and
Koch [111].
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3.3.1 Experimental setup and data collection

Figure 3.5 shows the conventional SAXS and SANS experimental setup. The transmitted primary

beam from the source is first collimated, and resulting parallel beam passes through the sample

where it is scattered. The two-dimensional scattering pattern is radially integrated to provide the

one-dimensional scattering function I(q), where q is the length of the scattering vector

q =
4π
λ

sin
Θ

2
3.1

To obtain the good angular resolution on detector, it is placed from sample at defined distance,

which depends on particle size of studied system. The flight path before and after the sample is

commonly obtained in vacuum to avoid absorption and background scattering. A beam-stop is

placed in front of the detector, in order to protect the detector from the direct beam.

The SAXS and SANS experimental setups are similar. However the neutron flux is lower than the

X-ray one at a SAXS instrument. As a consequence, the beam cross-section is larger, which requires

a larger sample. In order to gain additional flux, the wavelength distribution of the neutron beam

is often extended. Therefore, SANS measurements are typically done at few sample distances, by

moving the detector towards sample, to obtain a good q resolution in the whole q-range studied.

CollimatorSample

Detector tank

Setting 1
Setting 2

Source

2 

Figure 3.5: Sketch of typical SAS setup. For SANS experiments to cover the desired q-length scale
several sample detector distances are used, by moving the detector inside the detector tank (shown
as Setting 1 and Setting 2). The SANS data collected at different detector distances, are combined
to yield the full scattering curve.

3.3.2 SAS data treatment

The intensity of scattered neutrons / X-rays on the detector can be presented as:

I(q)sample = I0tAǫ(q)TcuvetteTsampledsample

dǫ

dΩ
∆Ω+ Idolvent + Icuvette+ Iinstrument 3.2
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where I0-incident flux of neutrons/photons on the sample, t - time, A is a section of the beam, ǫ(q) -

efficiency of the detector pixel in the direction q, Tcuvette Tsample – transmissions of the sample and

cuvette, d sample-thickness of the sample, ∆Ω- the solid angle spanned by the detector. dǫ
dΩ

(qsample)

is differential scattering cross section, which characterize the ability of particle to scatter in the

direction q per solid angle and unit sample volume. For X-rays, it is determined by the distribu-

tion of electrons within the sample whereas for neutrons it is determined by the samples’ isotopic

distribution.

It has to be mention that the raw data of scattering intensity include scattering patterns from both

particles and solvent, therefore subtracting a background is an essential step prior data analysis.

3.3.3 General scattering theory

The amplitude of a scattered photon or neutron is proportional to the so called scattering length, b,

which characterize the scattering potency of an atom

Escat(Θ) =
Eincb

R

√

1− cos2(2θ)
2

3.3

where Escat- amplitude of the scattered photons at a distance R, and Einc is the amplitude of the
incident photons or neutrons. Examples of scattering length values, b, of biological elements for

X-ray and neutrons are listed in Table 3.1.

Table 3.1: Scattering lengths, b, for typical biological elements. The scattering length for X-rays
is proportional to the number of electrons whereas the neutron scattering length is isotope specific.
Neutron scattering lengths are adapted from [111]

b (X ray) b (neutrons)

[cm] [cm]

1 H 2.82·10−13 −3.739·10−13

2 H 2.82·10−13 6.671·10−13

C 16.92·10−13 6.646·10−13

N 19.74·10−13 9.36·10−13

O 22.56·10−13 5.803·10−13

P 42.30·10−13 5.13·10−13

S 45.12·10−13 2.847·10−13

The intensity recorded by the detector is equal to absolute square of the scattered field times the

area of the detector Iscat=|Escat|
2 ·Adet. The incoming flux can be describe as I0=|Ein|

2 Therefore,
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the ratio of scattered to incoming flux of neutrons / photons is defined

Iscat

I0
=
|Escat|2Adet

|Ein|2
=
|b|2Adet

R2
= |b|2∆Ω 3.4

∆Ω is a solid angle spanned by the detector at distance R.

Equation 3.4 gives the amount of scattered X-rays and neutrons by the sample in the direction of

the detector. To obtain the total scattering into all directions, all solid angles have to be measured

where σ- scattering cross section, is the differential scattering section.

∫

Ω

|b|2dΩ = 4π|b|2 = σ

dσ

dΩ
= |b|2

3.5

where σ- scattering cross section, and dσ
dΩ

is the differential scattering section.

3.3.4 Contrast

In order to simplify Small angle scattering experiments, scattering length, b, of individual atoms

can be easily related with molecular volume, Vm, and associated with Scattering Length Density (ρ)

ρ =

∑n
i=1 b

Vm

3.6

Using scattering length density,ρ, the total scattered amplitude from the sample become

A(q) =
∫

v

∆ρe−iq·rdr 3.7

where (∆ρ) is the excess scattering length density of the particles compared to the solvent

∆ρ = ρparticle−ρsolvent 3.8

If the solvent and sample express same scattering length density, ∆ρ vanishes with no scattering

from the particle.
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Figure 3.6: X-ray and neutron profiles of the scattering length density for single liposome. Adapted
from [112].

Scattering length density profiles of a liposome for X-ray and neutron together with exemplary

values are presented in Figure 3.6 and Table 3.2. The electron-rich head-groups express a positive

contrast for X-rays, whereas the hydrocarbon tail groups are relatively electron-poor, compared

to water, and therefore have a negative contrast. For neutrons, phospholipids have a homogenous

contrast. Consequently, different parts of the molecular structure of membranes can be highlighted

by x-rays and neutron measurements. X-ray scattering gives information on the arrangement of

tails and head groups, whereas neutron scattering will give information on the whole molecule.

Table 3.2: Scatterings lengths densities of POPC lipid for X-rays and neutrons. For neutrons the
head (PC) and tail (PO) of the phospholipid have similar contrast, whereas there is a significant
difference for X-rays

∆ρ (X ray) in H2 O ∆ρ (neutrons) in D2 O

[cm/Å3 ] [cm/Å3 ]

POPC 1.06·10−15 −6.03·10−14

PC (head group) 5.10·10−14 −4.17·10−14

PO (tails) −1.61·10−14 −6.67·10−14

3.3.5 Contrast variation technique

The difference between deuterium and hydrogen in neutron scattering, allows to change the contrast

of the sample by simple variation the amount of H2O in a solvent. Samples with few scattering

patterns i.e. samples which shows change in relative contrasts between the regions, gives possibility
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to increase the amount of information available for SANS analysis. In a 42% D2O/58% H2O based

solvent polystyrene within membrane shows close to zero contrast. This gives an opportunity to

study the changes in lipid membrane vesicles without seeing the incorporated polystyrene. Another

possibility for SANS measurements is to use deuterated lipids to study e.g. lipid phase diagram or

polymer adsorption on membrane surface, as the signal form the part of lipids is greatly decreased.

This kind of approached was already implemented in [113, 114]. Contrast variation technique

can improve the information extracted from sample, however special care should be taken. The

incoherent scattering increases by adding extra H2O and for weakly scattering samples, the resulting

lower signal to noise ratio may mask structural signal.

3.4 Differential scanning calorimetry (DSC)

When a sample undergoes a physical transformation e.g. when a lipid membrane melts, energy

must be supplied in order to break the lattice structure of the ordered phase. Differential scan-

ning calorimetry is a technique that monitors this energy as a function of temperature, and thereby

provides information about changes in heat capacity and enthalpy with temperature.

The principle of this technique is shown in Figure 3.7. The DSC consists of two cylindrical cells,

measuring and reference cell, closed in an adiabatic box. The temperature of the cells increases

linearly as a function of time, while keeping the temperature difference between the two cells at

zero (∆T=0). The calorimeter measures the difference in the electric power between two cells as

a function of temperature. When the sample undergoes an endothermic/exothermic process, the

resulting deviation in heat flows between the cells will be registered as a peak in DSC profile.

The excess of heat, ∆Q, can be calculated from integration of power, ∆P, with respect to time:

∆Q =

∫ t+∆t

t

∆P(t′)dt′ � ∆P ·∆t 3.9

Since the pressure is constant during the whole process, the molar heat capacity at constant pressure

can be easily derived:

∆Cp = (
∆Q

∆T
)p =

∆P

∆T/∆t
3.10

where ∆T /∆t is a scan rate.

From heat capacity profile of the sample, enthalpy and entropy, can be easily obtained:

∆H0 =

∫ T f

Tg

∆CpdT

∆S 0 =

∫ T f

Tg

∆Cp

T
dT =

∆H0

Tm

3.11
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Figure 3.7: a) Schematic diagram of Differential Scattering Calorimeter b) Example of heat capac-
ity profile of multilamellar vesicles.

3.5 Isothermal titration calorimetry (ITC)

The forces driving interactions between lipids and nanoparticles cannot be understood without

knowledge of (free) energy differences and barriers involved in the interplay. Isothermal titration

calorimetry (ITC) is a well-established technique, which provides a complete thermodynamic and

kinetic profile of an interaction process in a single experiment. With a small amount of sample and

with no need of chemical modification or labeling, ITC gives a direct measurement of the binding

constant, K, the stoichiometry, n, the heat of reaction, and indirect access to other thermodynamic

parameter such as entropic binding contribution, ∆S, or Gibbs free energy, ∆G.

ITC experiment follows the evolution of a heat released and /or absorbed during titration of sample

solution with small aliquots of reactant in a series of consecutive injections. Similar to DSC, ITC

uses measuring and reference cells (see Figure 3.8a). During an ITC-experiment, calorimeter

monitors and registers the heat of a reaction as a power consumption needed to maintain zero

temperature difference between both cells.

The amount of the heat released or absorbed during titration is proportional to the amount of

molecule added to guest solution. Single injection of sample causes ∆Ntrans moles of compound

and is accompanied by a change in molar enthalpy, ∆Htrans, therefore the measured by ITC heat of

reaction, q, can be shown as:

q ·qdil =
∑

i

∆Ntrans
i ∆Htrans

i 3.12

where qdil is heat of dilution that occur due to changes in particle interactions of the injectant and

of guest solution in measuring cell.
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As the titration proceeds, the cell becomes more saturated with a reactant, therefore the heat signal

diminishes progressively (Figure 3.8b). After integrating the heat as a function of the molar ratio

between both reactants, the resulting ITC binding isotherm can be fitted to various models (indepen-

dent binding sites, sequential binding sites, etc.) and therefore, can provide a full thermodynamic

profile of the interaction.

It needs to be noted that titration calorimeters measure the sum of the heat associated with all

processes occurring upon addition of aliquots of the titrant. This necessarily includes the heat of

dilution of the titrant, but also the heat associated with any undesired reactions, such as precipita-

tion, hydrolysis and redox (in the case of metal ions), as well as any processes that are intrinsically

coupled to the desired binding equilibrium. Furthermore, the combination of ITC-experiments

performed under different conditions (e.g. changes in temperature) become popular analysis that

allows characterization of the energetics of binding in multicomponent systems [115, 116].
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Figure 3.8: a) Schematic drawing of Isothermal titration calorimeter (ITC) b) Sketch of typical
ITC heat profile.

3.6 Quartz crystal microbalance with dissipation

(QCM-D)

Quartz crystal microbalance with dissipation is a real-time surface sensitive technique that allows

to monitor and characterize thin films on a surface in terms of adsorption/desorption, particle in-

teractions, and structural properties. With the QCM-D experiment, two parameters - changes in

frequency of the quartz crystal (related to mass and thickness) and dissipation parameter (related to

rigidity) - are monitored simultaneously giving full picture on the properties of adsorbed layer.
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The QCM-D technique relies on applied voltage to a quartz crystal sensor causing it to oscillate at a

specific frequency. Changes in the deposited mass on the quartz surface (∆m) are related to changes

in frequency of the oscillating sensor (∆f) through the Sauerbrey relation [117]

∆m = −C ·∆ f 3.13

where C is the mass sensitivity constant (C = 17.7 ng·cm−2s−1 at 5 MHz).

The Sauerbrey equation can be used for rigid and/or sufficiently thin absorbed layers. For soft

matter systems with high viscoelasticity, the Sauerbrey relationship underestimates the deposited

mass, since the film is not fully coupled to the motion of the sensor surface. The Voigt-based model

described by Voinova et al. [118] and Hook [119] corrects for this deviation by including a set of

frequency and dissipation overtones and thus allowing for a proper fit of the experimental data for

soft films. This model has been already successfully used in many publications studying a variety

of experimental systems

The dissipation (D) measurement enables to get insights regarding structural (viscoelastic) proper-

ties of adsorbed layers. Dissipation occurs when the voltage applied to the crystal is turned off and

the energy from the oscillating sensor dissipates from a system

D =
energy lost per oscillation

2π total energy stored in system
3.14

Measuring the dissipation parameter allows for accurate analysis of soft films that do not obey the

linear Sauerbrey relation between change in frequency and change in mass.
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4 | Cyclodextrins

4.1 Introduction

D
iscovered at the end of 19th century by Villiers [120], studied later by Schardinger [121]

and Pringsheim, cyclodextrins (CDs) have been recognized as research and pharmaceu-

tical assets. The main reason for this growing interest is the complex macromolecular

architecture of cyclodextrins, which enables inclusion of large range of guest molecules, such as

drugs [122–124], surfactants [125–127], polymer [128], inorganic salts [129, 130] in CD’s apolar

cavity, while the hydrophilic exterior renders CDs soluble in water. Such an inclusion masks physic-

ochemical properties (i.e. physical state, instability [131], low solubility [132, 133] or bioavailabil-

ity) of the guest molecule. Moreover, host-guest complexes of CDs offer physical isolation of

incompatible compounds, and control of volatility and sublimation [134, 135]. All these proper-

ties,1 complemented with control-nontoxicity [140] makes CDs complexes highly suitable for large

range of applications in food technology [141], analytical chemistry [142], chemical synthesis and

catalysis [143, 144], as well as pharmaceutics [145]. To date, there are more than 30 drugs available

worldwide where the solubility and stabilization of the active pharmaceutical ingredient have been

improved by CDs [146].

Cyclodextrins comprise a family of naturally occurring cyclic oligosaccharides. They are manu-

factured from starch, a glucose-containing polymer produced by photosynthesis. Degradation of

starch by glucosyltransferase, produces cyclic oligomers of α- 1,4-D-glucopyranoside, known as

CDs. Depending on the number of glucose residues in its structure, the most common naturally

occurring CDs are hexamers (αCD), heptamers (βCD) and octomers (γCD). Figure 4.1 shows a

schematic representation of native cyclodextrins.

1Reviews on cyclodextrin properties served as references for this thesis. These are: Cyclodextrins and

Their Complexes: Chemistry, Analytical Methods, Applications by Dodziuk [136], Cyclodextrin Technology

[137], Introduction and General Overview of Cyclodextrin Chemistry [138] edited by Szejtli, and Cyclodex-

trin Chemistry by Bender and Komiyama [139].
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Given the 4C1 conformation (chair conformation) of glucopyranose units, all hydroxyl moieties

are oriented to the cone’s exterior, with primary hydroxyl groups occupying a narrow edge and

secondary ones located on a wider edge of CD (Figure 4.1a). High number of hydroxyl groups

controls and limits the aqueous-solubility of CDs. For αCD, βCD and γCD the solubility is 13%,

2% and 26% (w/w) respectively. The poor solubility of βCD compared to αCD, is attributed to the

formation of a relatively strong internal network of hydrogen-bonds between secondary hydroxyl

groups, preventing their hydrogen bond formation with surrounding water molecules. Substitution

of hydrogen-forming group in βCD with e.g. lipophilic functional groups is one of the ways to

improve βCD solubility up to 60% (w/w). Among the CD derivatives, the most often employed are

three classes of modified CDs: methylated (neutral), hydroxypropylated (neutral), and sulfobuty-

lated (negatively charged) [147].
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Figure 4.1: Chemical structure of native cyclodextrins a) 2D structure of cyclodextrin showing the
arrangement of glucose monomers b) αCD c) βCD d) γCD.

While the external side of CD is hydrophilic, the internal cavity is lined with the skeletal carbons

and ethereal oxygen of glucose units, creating a hydrophobic microenvironment. This unique char-

acteristic allows CDs to reversibly entrap a wide range of guest molecules, ranging from apolar

compounds, such as aliphatic and aromatic hydrocarbons, to polar compounds like alcohols, acids,

amines, and small inorganic anions. The entrapment of apolar compounds is of special interest,

as the resulting complex will have an increased solubility in water, with respect to the compound

itself.

On the basis of X-ray studies of CDs from 1980s [148, 149], their structure was believed to be a rigid

truncated cone (Figure 4.1a). However, the theoretical analysis by Dodziuk et al. [150] showed

that the structure of CDs as planar rings formed by glyosidic oxygen atoms does not correspond to

the energy minimum, and that the energy hypersurface exhibits several energy minima separated

by low barriers. Therefore, the nonrigidity of CDs was assigned to the rotational flexibility of

each glucose moiety around the glycosidic linkage, and to the changes in the endocyclic torson

angle of the pyranose rings. This flexibility is still restrained by intramolecular hydrogen bonds

of secondary hydroxyl groups formed between neighboring glucose units. From the experimental

point of view, the flexibility of CDs rings was proved by NMR measurements (both in solution

and solid state) [151, 152], together with Raman studies of H/D, and D/H exchange rates [153],
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and neutron diffraction measurements. The toroidal shape and flexibility of cyclodextrin’s rings

explains well the selective and effective fitting of CDs with guests of various shapes.

The most important characteristic of CDs are summarized in Table 4.1, while other properties such

as toxicity and stability treated by various enzymes can be found in Comprehensive Supramolecular

Chemistry by Szejtli and Schmid [154].

Table 4.1: Selected properties of native CDs

αCD βCD γCD

Number of glucospyranose units 6 7 8

Molecular weight (Da) 972 1134 1296

Approximate inner cavity diameter (pm) 500 620 800

Approximate outer diameter (pm) 1460 1540 1750

Approximate volume of cavity (10−6 pm3 ) 174 262 427

Solubility in water (room temperature g/100 mL) 14.5 1.85 23.2

Melting temperature range (◦C) 225-260 255-260 240-245

Crystal water content (wt.%) 10.2 13-15 8-18

Water molecules in cavity 2 6 8.8

Number of H-donors 18 21 24

Number of H-acceptors 30 35 40

4.1.1 Host-guest interactions

In the review of Szejtli 1996 [151] it was already recognized that ‘the driving forces of [cylodextrin]

complexation, despite many papers dedicated to this problem, is not fully understood’. Today, after

more than 20 years, this statement still remains valid. The driving forces behind complex formation

has been attributed to several factors, such as the release of water molecules from hydrophobic

cavity of CD, removal of the hydration shell of the guest molecule, and its entry into the cavity.

Inside the cavity, the guest is stabilized mainly by hydrogen bonding and Van der Walls interactions,

while water molecules are reorganized around the exposed part of the guest. Thus, during the

complexations process, the changes in both entropy and enthalpy contributions are observed, and

their values depend on many factors, namely host-/guest-effective fitting, concentrations, charge,

and external conditions (nature of solvent, temperature, pH). As the interactions between CD and

guest molecule are rather weak and short range, the complex stability depends on a good fit between

CD and the guest. In some cases the weak fit can by compensated with the formation of different

complex geometries and/or stoichiometries.
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To date, there is a vast amount of experimental data on the CDs’ complexation process, but, despite

these efforts, its full thermodynamic understanding is still missing. All these studies agree however

that hydrophobic interactions, together with the release of water from the cavity, are the major

forces responsible for CD’s inclusion complexes.

Efforts have been made to understand the role of hydrophobicity in stabilizing guest-host com-

plexes [155, 156]. Most of the experimental observations of cyclodextrin-guest associations are

accompanied by negative changes in enthalpy and a negative, or close to zero, change in entropy.

These observations are inconsistent with the ‘classical’ entropy driven energetics of hydrophobic-

controlled interactions. The detailed experimental analysis of various binding mechanisms in cy-

clodextrin complexes [157] shows that the process is impaired by several simultaneously occurring

interactions. If hydrophobic interactions play key role in CD’s complexation process, they must

be accompanied by a release and rearrangement of water molecules in the cavity and around the

guest. Computational [158], volumetric [156] and calorimetric [159] methods have underlined the

expulsion of water from CD cavity by a guest molecule as the crucial factor for the complexation

process. In aqueous solution, although the CD cavity is occupied by water molecules, the individual

energetic frustration of water molecules is substantial (so called high-energy water), as they do not

form strong hydrogen bonds with the cavity. It has been shown by interfacial studies that water next

to an interface displays different properties from than in the bulk phase [160]. Therefore, the release

of water molecules and binding the guest inside the CD cavity is expected to have strong enthalpic

contribution to the complexation process. However, the critical role played by the hydration sheath

of CDs during complex formation is still not fully understood.

Although much of discussion of CD’s complexation focuses on its hydrophobic cavity, the role

of the hydrophilic part of cyclodextrins cannot be neglected. There is a growing body of literature

reporting coexistence of inclusion and non-inclusion complexes with CD in aqueous solutions [137,

139]. The possibility of formation of inclusion and/or exclusion complexes with a CD makes the

interpretation of the experimental data extremely problematic.

4.1.2 Cyclodextrin complexes

Depending on the respective size and conformation of the guest and host molecules the studied

stoichiometries of CD complexes varies. The most frequently documented type of CD complex

is 1:1, so-called molecular encapsulation. The entrapped apolar molecule is oriented in the CD

cavity in such a position to achieve maximum cover by cavity and minimize contact with water in

solution. Complex formation with larger guest molecules than the CD cavity can also be found

in the literature. This type of complexes usually involves higher CD/guest ratio such as 2:1, 2:2 or

higher. Interactions of fatty acids with CDs are good examples of complexes with more complicated
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stoichiometries and structures. The stoichiometry of a complex is strongly related to the size of the

CD cavity and the alkyl chain length of the fatty acid. For linoleic acid (C18:2) the molar ratio of 3

was found for αCD, while βCD and γCD shows 2 and 1.5 stoichiometry, respectively. On the other

hand, αCD with docosahexaenoic acid (C22:6) forms complex with 6:1 stochiometry, whereas the

ratio for βCD and γCD is comparable to one found for linoleic acid. In 1991, Jyothirmayi [161]

using NMR studied the structures of αCD and βCD with linoleic acid (C18:2) and arachidonic acid

(C20:4). The structures show that the carboxyl chains of both linoleic and archachidonic acids

are encapsulated in the cavities, with their double bonds partially covered by CDs. Interestingly,

while the double bond at C9 position in linoleic acid was covered by CD molecule, the one at C12

remained uncovered. Similar trend was observed for arachidonic acid, while the double bond at

position C5 was covered, the other at position C8 was unmasked. Later, Szejtli have found that

stability of complexes of fatty acids with CDs increase with the number of double bonds.

a b c

head-to-head head-to-tail

Figure 4.2: Alignment of cyclodextrin rings in complex crystal structures: a) channel b) cage c)
layer.

In contrast to inclusion complexes in solution, the ratios of guest to host are usually nonstoichio-

metric in the crystalline state. This is associated with the three-dimensional structure of crystalline

inclusion complexes. In crystals of CDs complexes, the crystal packing is generally governed by

the CD’s arrangement, since they dominate the intermolecular contacts to form the crystal lattice.

However, packing varies depending on the guest molecule. There are three packing types: cage,

column (also known as channel) and widely observed layer type (Figure 4.2). The cage-type pack-

ing is frequently observed for small molecules, which can be entirely enclosed in the host cavity.

The channel structure has an infinite cylindrical channel that can accommodate a long molecule

(e.g. alkyl chain, or linear polymers). The CD’s alignment in channel packing can be either head-

to-head or head-to-tail (Figure 4.2a). The first structure is formed by the linear arrangement of

head-to-head CDs dimers where secondary hydroxyl group of two molecules are facing each other.

In the head-to-tail type, CDs rings are linearly stacked and the primary hydroxyl side face sec-

ondary hydroxyl side of neighbor. The layer-type packing was observed when the guest molecule

is so large that its part cannot be accommodated within the cavity. CD’s molecules arrange each

other in plane to make a molecular layer, and two adjusted layers are shifted with respect to each
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other by a half of molecule, showing brick-like pattern. Both ends of the cavity are open to an

intermolecular space of adjusted layers (Figure 4.2c). A part of the guest molecule not in cavity

protrudes into the molecular space and is in the contact with host molecule of adjacent layer.

4.1.3 Self-aggregation of cyclodextrins

Another studied factor that may influence CD’s complexation is the self-aggregation of CDs in wa-

ter [162, 163]. However, it is still unclear how large is the fraction of CD aggregates as compared to

single CDs in solution. In studies of Coleman [164] followed by Gonzalez-Gaitano et al. [165] and

Purskus et al. it has been shown that α-, β- and γ-CD spontaneously form aggregates stabilized by

the network of hydrogen bonds. On the other hand, Valente et al. [166] using NMR measurements

did not observed any aggregates in CD’s solutions. However, as authors pointed, CD’s aggregates

could be present at concentrations up to 1%. These low fractions aggregates of CD would explain

why there is no evidence of aggregates as seen by 1H NMR self-diffusion [167] or intramolecu-

lar diffusion, since these methods monitor the entire CD population. Another interesting aspect of

CD’s aggregates has been stressed by the group of Costas [168], where by applying a variety of tech-

niques such as Dynamic surface tensiometry (DST) and Brewster angle microscopy (BAM), they

observed an increase in size of aggregates with time. This ageing of aggregates expressed lower

affinity towards water/air interface, as compared to a freshly prepared solution. The experimental

observations imply that CD aggregates are in dynamic equilibrium with single CD molecules in

the bulk solution. These results are in line with atomistic molecular dynamics (MD) simulations,

where it was suggested that the driving forces for formation of CD’s aggregates are mostly directed

by water mediated H-bonds between CD’s molecules, rather than hydrophobic forces. The issue of

CD’s aggregates in solution has been further discussed in several reviews [163, 169, 170].

The processes behind aggregation of CD and factors contributing to their behavior in aqueous so-

lutions still remain elusive. If CD aggregation occurs, the evaluation of the binding constants in

cyclodextrin-containing structures becomes complicated. Finally, the aggregation itself may affect

the properties of the guest molecule [171].

4.1.4 Cylodextrins in action

Numerous studies have highlighted the ability of CDs to manipulate a lipid composition of red blood

cells. The hemolytic activity of CDs has been attributed to two effects: i) an osmotic-hypotonic ef-

fect at low concentrations of CD, and ii) the complexation of lipid components such as cholesterol

or phospholipids at higher concentrations. Ohtani and co-workers [172] showed in 1989 that cy-

clodextrins promote the release of lipids, in the order α>β> γ, but do not themselves bind to the
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membrane. The higher effect of βCD has been attributed to sterol extraction, due to a steric fac-

tor (size of the cavity). The question how βCDs are able to remove cellular cholesterol is still

open. Based on their results, Yancey et al. [173] proposed that CD molecules diffuse into im-

mediate proximity of the plasma membrane, where cholesterol molecules can diffuse directly into

the hydrophobic pocket without the necessity of completely desorbing through the aqueous phase.

Recently, Mascetti et al. [174] proposed a model based on polarization modulation infrared ab-

sorption spectroscopy (PMIRRAS) and BAM measurments, in which βCD molecules stack parallel

to the plane of the membrane and form channel-like structures. Further, the group of Marrink

[175] observed that successful extraction of cholesterol is linked directly to the presence of head-

to-head dimers of βCD bound to membrane surface via hydrogen bonds. Although βCD monomers

are in contact with the membrane surface, authors concluded the preference of 2:1 stoichiometry

for βCD with cholesterol. The same stoichiometry ratio was also reported by other authors. The

cholesterol extraction strongly depends on the βCD derivative, concentration, incubation time and

composition of the lipid bilayer. Computational studies showed that extraction of cholesterol from

the liquid-order phase (with lipid/cholesterol ratio 0.3-0.6) was significantly reduced as compared

to the extraction from the liquid-disorder membrane fractions. Lopez et al. [175] reported that due

to the kinetic barrier for cholesterol, the spontaneous extraction by βCD dimers is only observed at

high cholesterol levels. However, the selective extraction of cholesterol from membrane domains

has not been proved experimentally.

Although the extraction of cholesterol by CD has been studied to some extend, the interactions

of CD with membrane phospholipids are not completely resolved. Giocondi et al. [176] using

atomic force microscopy (AFM) showed that incubation of MβCD leads to formation of holes in

the DOPC/SM lipid bilayer, which has opened a new dimension in studies of extraction of lipids

by CD. Later, in studies of Leventis et al. [177], MβCDs expressed greater redistribution of DPPC

molecules between LUVs than transfer of cholesterol. Authors concluded that only outer leaflet of a

DPPC bilayer was available, and the presence of MβCDs does not affect flip-flop rate of DPPC. An-

derson et al. [178] proposed a mechanism of lipid extraction including an initial inclusion complex

between the bilayer-phase POPC and a single MβCD molecule, followed by threading three more

MβCDs on lipid chains. Accordingly, the first step involves a removal of a POPC molecule from

the lipid bilayer into aqueous phase prior to complexation. However, this hypothesis is contrasted

by the high energy associated with free-lipid in aqueous solution.

In their studies, Khuntawee et al. [179] focused on the interaction of βCD with POPC bilayers. The

simulation results showed that βCD interacts with the membrane surface with it secondary rim and

readily penetrates the membrane interface within approximately 100 ns. The βCD molecules form

hydrogen bonds with it secondary rim between the phosphate groups and glycerol ester-groups of

lipids. Moreover, it was shown that head groups of POPC molecules occupy the βCD cavity, while
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the 7-9 lipid molecules are bound outside the cavity. However, until now, experimental studies

support adsorption of CD on the membrane surface, rather its penetration into the lipid interface.

In summary, there is still missing consistent experimental and theoretical data on the interaction

of CDs with lipid membranes to describe the full-mechanism of lipid extraction by CDs. Since

changes in the lipid organization in the plasma membranes can modify the cellular functions it is of

crucial importance to address the phenomenon of lipid/CD complexation

4.2 Project Ia: Kinetic evolution of DOPC giant vesicles

and supported lipid bilayers exposed to α-cyclodextrins

Cyclodextrins are cyclic oligosaccharides capable of forming inclusion complexes with a variety

of molecules, and as such have been recognized as a pharmaceutical and biotechnological asset

[180–182]. Cyclodextrins are known to interact with the components of cell membranes, and this

correlates with a significant degree of cytotoxicity. In this work we report on the mechanism of

degradation of a model dioleoyl-phosphatidylcholine (DOPC) bilayer exposed to a solution with

increasing concentrations of α-cyclodextrins. By combining optical fluorescence microscopy and

quartz-crystal microbalance experiments, we study the evolution of supported lipid bilayers (SLBs)

and giant unilamellar vesicles (GUVs). The rate of lipid removal displayed a very nonlinear depen-

dence in the cyclodextrin concentration, suggesting the formation of lipid aggregates as intermedi-

ates for the membrane degradation.

4.2.1 Results and discussion

4.2.1.1 αCD-induced pore formation on aqueous supported lipid bilayers (SLBs)

To gain insight into the mechanism of αCD-lipid bilayer interactions, we imaged the SLBs in real

time. The confocal microscope was focused on the glass surface of the measuring chamber, while

DOPC SUVs marked with DiI (1 mol %) were gently injected. The vesicle rupture method, used

for the formation of SLBs, results in homogeneous bilayers on glass surfaces as reported elsewhere

[183, 184]. In order to remove vesicles in excess, the chamber was washed at least 5 times with

glucose solution, and the fluorescence intensity profile, along with the depth profile (z-slices), were

collected to control the state of the SLB. Before the injection of αCD solution into the chamber, a

blank injection of glucose solution alone on the SLB was imaged for 60 min. This step was done

to ensure that the bilayer was stable, with no preexisting alterations and that the injection itself was
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Figure 4.3: Time evolution of DOPC SLB tagged with DiI at various αCD concentrations: a) 5 mM
b) 10 mM c) 15 mM d) 20 mM. There is a small lag time of ca 3 min between the injection of αCD
into the measuring chamber and the beginning of the microscopy acquisition. Scale bar, 10 µm.

not responsible for the formation of the defects. Fig. 4.3 (and Fig. A.1) shows snapshots of SLBs

after the addition of αCD at various concentrations. The LSCM imaging in the presence of a 5 mM

αCD solution revealed that the lipid membrane was not perturbed. After 60 min of acquisition,

a few small fluorescent spots were visible on the membrane surface. After the addition of the

10 mM αCD solution, we observed the formation of many bright spots on the membrane surface.

The number and the size of the spots increased continuously with the incubation time (Fig. 4.3b).

After 60 min of incubation, the first dark holes were formed. Intensity profiles showed essentially

no fluorescence at the center of the holes (Fig. 4.4). At higher concentrations of αCD (15 mM and

20 mM), only 4 min of incubation were needed to observe the appearance of holes in the membrane.

The size and shape evolution of the holes with time were similar for each measured concentration.
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Figure 4.4: Depth-resolved confocal fluorescence microscopy of DOPC SLB, 80 min after injec-
tion of αCD concentrations of a) 5 mM b) 10 mM c) 15 mM d) 20 mM. Each panel shows (x,y),
(x,z) and (y,z) cuts of the original 3-dimensional image. Scale bar, 10 µm.

The presence of bright spots signifies that a large amount of lipids and fluorophores occupies the

focal region of the scanning laser beam. Such brightness is not consistent with the darker red back-

ground associated with a single deposited bilayer. We therefore interpret the bright spots as dense

lipid-cyclodextrins (and fluorophores) aggregates with a significant rearrangement of the bilayer

structure, possibly a thicker multilamellar region. While the presence of cyclodextrin molecules

within the aggregates cannot be ascertained, it seems likely that this is indeed the case, cyclodex-

trins being a necessary ingredient for the formation of these white spots.

We investigated the depth profile (z-slices) of samples before and after injection of αCD (Fig. 4.4).

The images revealed remarkable 3-dimensional fluorescent disordered patterns above the surface.

Patches of fluorescent materials could be seen floating microns above the silica surface, while still

being connected to it. The size and shape of the floating patterns were variable, and no distinc-

tive pattern characteristic of a given concentration could be found. At 10 mM CD concentration,
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bright spots and floating fragments both covered densely the field of view. For the two largest

concentrations, numerous floating fragments were present, with fewer bright spots visible.
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Figure 4.5: a) Number of holes per unit area vs time for DOPC SLBs at 10, 15 and 20 mM
αCD concentrations, d) dependence of the rate constant of formation of holes on the concentration
(eq. 4.1). b) Temporal evolution of the number of lipids extracted in a single hole (black area)
for different αCD concentrations and e) rate β of lipid extraction (eq. 4.2) vs concentration. c)
Lipids extracted over time for a whole observation region of size 45 · 103 µm2, f) represents the
concentration dependence of the quadratic coefficient in eq. (4.4) obtained from a quadratic fit of
the experimental data.

The kinetic graphs, which summarize the experimental measures performed on the fluorescent sup-

ported lipid bilayers, are presented in Fig. 4.5. Using a digital image processing tool (ImageJ

plug-in)[185], we estimated the number of holes per unit area (nholes) as a function of time for each

concentration. A threshold level of the fluorescent intensity was set to keep only black or white val-

ues, representing respectively the holes and the bilayer. The software then counted the number of

black components. In order to avoid artifacts, we restricted ourselves to regions of area comprised

between 10 and 5000 pixels, thus dismissing single pixels and larger regions formed by the merging

of holes. To further avoid artifacts caused by the merging of holes, our calculations were limited

to time intervals corresponding to a maximum of 15% of the total SLB area covered by holes, well

before their coalescence took place.

The data are consistent with an affine increase in the number of holes with time

nholes = γ(t− t0), 4.1
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with t0 a lag time, and we estimated the kinetic coefficient γ for each concentration. The rate of

holes creation γ depends strongly on the αCD concentration (Fig. 4.5a and 4.5d).

We set out to characterize the kinetics of extraction of lipids by αCD by analyzing the area of

growing single holes, and calculated the rate of lipid extraction assuming the following affine ap-

proximation

wholes = β(t− tcr), 4.2

with β the rate of lipid extraction per hole, tcr the time of appearance of the hole and wholes the

area obtained from the number of black pixels pertaining to each hole. The resulting coefficient

β, very small for concentrations smaller than a threshold value [CD]s = 7.0 mM, shows an affine

concentration dependence β = κ([CD]− [CD]s) for concentrations above [CD]s, with a slope κ =

1.18 × 105 s−1·mM−1 (Fig. 4.5 b and 4.5e).

According to equations eqs (4.1) and (4.2), the growth kinetics of the total area Aholes of the holes

seen on a whole SLB image should factorize into product of number of holes creation and growth

rate of each hole. We therefore expect that

dAholes

dt
= βnholes;

dnholes

dt
= γ, 4.3

leading to

Aholes =
βγ

2
(t− t0)2. 4.4

This quadratic model shows good agreement with experimental data (Fig 4.5 c). We report in

Table 4.3 the average rate of lipid extraction as inferred from the growth of the dark regions in the

supported lipid bilayers. This average rate kSLB = m15%/t15% is defined here as the inverse of the

time t15% needed to remove 15% of the initial SLB mass, multiplied by the corresponding mass

removed (m15%).

4.2.1.2 QCM-D analysis of the resonant frequencies of SLB interacting with αCD

The interaction between αCD and supported DOPC bilayers was further investigated using the

QCM-D technique. Monitoring overtones of the QCM-D sensor provides important information

about the mechanism of action of αCD on a lipid bilayer adsorbed on a silica (quartz) surface.

Generally, changes in resonant frequencies are associated to changes in the mass of the system,

either due to adsorption (negative shift in f value) or to desorption (positive shift in f value). In
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parallel, changes in the dissipation factor are qualitatively related to changes in the mechanical

properties of the membrane, whether it becomes stiffer (decrease in D) or more viscous (increase

in D).

The formation of the SLB and the consequences of its exposure to αCDs were monitored by record-

ing the frequency and dissipation responses of the QCM-D, as shown in Fig. 4.6. The QCM-D

response upon adsorbing DOPC SUVs (in the presence of ions [186]) on silica shows a two-step

process. The first step reflects the attachment of a vesicular layer to the QCM-D sensor surface,

until a minimum in frequency (∆ fmin) and a maximum in dissipation (∆Dmax) are reached (Fig. 4.6

a(1)). The second step corresponds to the vesicle rupture-fusion process with the formation of a

continuous SLB at the sensor surface. The membrane was then stabilized during the buffer rinse

step (Fig. 4.6 a(3)) which removed all intact vesicles and floating lipid fragments. The observed

values of the frequency ∆ f ≃ 24 Hz and the dissipation ∆D ≃ 6 · 10−6 were consistent with the

formation of a stable hydrated SLB (Table 4.2, Table A.1) [187–189]. A buffer solution of αCD

was then added (Fig. 4.6 a(4)) to the QCM-D chamber and was allowed to stay in contact with the

bilayer for ca 100 min, followed by a final buffer rinse step (Fig. 4.6 a(5)). This final rinse allowed

for comparison of the system before and after injection of αCD.

The typical frequency response shows an initial decrease in value in all studied systems, suggest-

ing a mass increase on the sensor surface as αCD adsorbs on the exposed bilayer. For the lowest

concentration of αCD (5 mM), only a small decrease in ∆ f (< 2 Hz) was observed for each over-

tone, and uniform positive values of ∆D (≃1.5 · 10−6) were recorded. However, both parameters

recovered their initial values after the final buffer rinse (Fig. 4.6 a(4)), which indicates a reversible

adsorption of αCDs on the lipid bilayer, with minor changes in mass and viscoelasticity of the

membrane. By contrast, upon addition of more concentrated αCD solutions (15 mM and 20 mM,

Fig. 4.6 c and d), we first observed a deposition of the αCDs at the SLB surface, followed by sharp

positive shifts in frequency and dissipation with splitting of the overtones. The combined values of

∆ f and ∆D indicate a rapid loss of lipid mass with significant disruption and disorganization within

the membrane. The magnitude decreases as the order of the overtones increases, suggesting that the

transverse vibrations induced by the sensors were strongly damped on distances comparable to the

membrane thickness, and that the vibration period was shorter than the bilayer internal rearrange-

ments. The important dispersion of the dissipation parameters with frequency (overtones) suggests

that large portions of the membranes were floating above the surface, dragging the outer solvent

solution during their oscillatory motion, while still being connected to the surface. These results

are compatible with an absorption of αCD at the surface of a membrane, followed by gradual mass

removal, presumably in the form of αCD-lipid aggregates semi-detached from the surface. Results

for the 15 mM and 20 mM concentrations follow a qualitatively similar trend, indicating a similar

dynamical destabilization mechanism. However, as can be seen from Fig. 4.6 (and Table A.1), it
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seems that the system with 20 mM αCD reached saturation faster than the 15 mM one. Finally, ex-

posure of DOPC-SLB to 10 mM αCD concentration, showed an intermediate situation as compared

to the 5 mM and 15 mM cases. After a short deposition of αCDs at the membrane surface (∆ f =

-2.96 Hz), Fig. 4.6 b shows positive changes in frequency for all the measured overtones. The rel-

atively uniform increase in ∆ f for each overtone indicates that the lipids that remained attached to

the surface oscillated homogeneously. The changes in dissipation parameter are small for all over-

tones, suggesting the absence of viscoelastic mechanical response of the membrane. The bilayer

seems to be have been removed gradually without desorption of macroscopic pieces of membrane.

The measured values of dissipation and frequency for 10, 15 and 20 mM αCD concentrations

after the final buffer rinse, show only small amounts of material remaining at the sensor surface

(Table 4.2), which indicates that most of the lipids were removed by the αCD molecules.
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Figure 4.6: Representative plots showing QCM-D frequency ( f ) and dissipation (D) responses of
a DOPC bilayer exposed to αCD at a) 5 mM, b) 10 mM, c) 15 mM, and d) 20 mM concentrations.
The set of blue lines represents changes in frequency, and yellow lines in dissipation. Common to
all plots: (1) Lipid vesicle deposition, (2 and 4) Buffer rinse, (3) αCD addition. The lines represent
different overtone responses for frequency (F) and dissipation (D).

Based on the initial changes in frequency (Table 4.2, Fig. 4.7 a) and using the Sauerbrey equa-

tion (4.6), we estimated the initial mass of absorbed αCD at the membrane surface for all concen-

trations. Our numerical values for the initial mass were obtained from the first maximum of the

frequency shift curves (10, 15 and 20 mM) and the plateau value (5 mM) in Fig. 4.7 a.
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Figure 4.7: a) Changes in mass on the sensor after the injection of αCD at various concentrations
(data for the 7th overtone). b) Cover fraction equivalent to one monolayer of αCD on the membrane
surface. The dash line represents the best linear adjustment.

We estimated the maximal mass of αCD that could be adsorbed onto the membrane surface, by

exposing their wider rim and packing into a single hexagonal compact monolayer (Fig. 4.1). Using

the area of the sensor (A = 1.54 · 10−4 m2) as the total area of membrane available, and taking the

diameter of the wider rim equal to 13.7 Å[190], we found a theoretical mass value for a dense

adsorbed αCD monolayer equal to mmax = 1.54 ·10−4 mg.

The ratio of the measured mass deposited at the quartz surface to mmax defines a covered fraction

(Fig. 4.7 b, Table 4.2). Interestingly, the experimental covered fraction increases linearly with αCD

concentration, reaching a maximum value close to 1 at 20 mM. It should be stressed that our model

relies on a uniform monolayer of adsorbed αCD, whereas more complex associations of the CDs

with the membrane have been reported [191–193].

Table 4.2: Estimated mass changes on the QCM-D sensor, based on changes in frequencies. Mass
of deposited bilayer (mbilayer), mass detected at the sensor surface after the last rinse (msensor),
change in frequency after injection of αCD (∆ fαCDad), corresponding mass of adsorbed αCD
(mαCDad), and mass coverage fraction (mαCDad/mαCDmax). Values are shown as averages over three
repeated experiments for each concentration, and the standard deviation is used as an error estimate.

αCD mbilayer msensor ∆ fαCDad mαCDad mαCDad/mαCDmax

[ mM] [mg] 10−4 [mg] 10−4 [Hz] [mg] 10−5

5 6.35 ± 0.32 6.29 ± 0.47 -1.74 ± 0.49 4.72 ± 1.34 0.31 ± 0.09

10 6.45 ± 0.13 0.92 ± 1.21 -2.96 ± 0.80 8.14 ± 2.18 0.53 ± 0.16

15 6.80 ± 0.22 0.88 ± 5.82 -4.56 ± 0.93 12.40 ± 2.54 0.81 ± 0.15

20 6.26 ± 0.37 0.29 ± 2.64 -5.72 ± 1.20 15.50 ± 3.25 1.01 ± 0.21

By following changes in mass on the QCM-D sensor, in the regime immediately following the

initial adsorption, we calculated the rates kQCM−D of lipid removal by αCD and compared them

with the values obtained from SLBs (Table 4.3).

43



Chapter 4. Cyclodextrins

Figure 4.8: Time evolution of DOPC GUVs interacting with 10 mM αCD. a) Laser scanning con-
focal microscopy of GUVs in a solution containing the water soluble dye HPTS, b) corresponding
bright field images. Arrows show an anomalous aggregate at the vesicle surface (bright and dark
spots, respectively). There is a small lag time of ca 3 min between the GUV/ αCD mixing and the
beginning of the microscopy acquisition. Scale bar, 10 µm.

4.2.1.3 Dynamics of GUVs degradation by αCD

To gain more insight into the membrane-disruptive mechanism of αCD, we observed isolated giant

unilamellar vesicles. Fig. 4.8 shows the typical temporal evolution of GUVs following exposure to

10 mM αCD. After the αCD aqueous solution was injected into the observation chamber, defects

began to develop from the GUVs surface (Fig. 4.8, white and black arrows). The images shows

an anomalous aggregate, or protrusion, at the vesicle surface. Beside protrusions being visible at

the surface, the GUV shrank gradually, while keeping its spherical shape until the final stages. At

the beginning of the shrinking stage and during a short period, the vesicle decreased in size but its

interior showed no fluorescence. Then, the vesicle compartment steadily increased its fluorescence

intensity, indicating a loss of integrity of the membrane and exchange of larger molecules between

the vesicle interior and the external solution (Fig. 4.8). The fact that the HPTS fluorophore used in

this measurement has a sizable molecular weight (Mw = 524.37 Da) suggests that membrane perme-

abilization occurred though pore formation. The entire process took place within 10 min following

cyclodextrin injection. This indicates that poration and membrane protrusion occurred in parallel,

forming the two sides of a same undergoing membrane degradation mechanism. Concentrations of

αCD larger than 5 mM were required to make the degradation of GUVs effective.

The apparent diameter of a few selected vesicles was measured and represented as a function of

time (Fig. 4.9). Interestingly, the apparent diameter, and not the area, seems to decrease linearly
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with time. This shrinking dynamics suggests that losses in membrane surface are compensated

by corresponding losses of intravesicular water. Since vesicles remain spherical at all times but

the very end, we suggest that lipid extraction from GUVs is a continuous process lasting until the

reservoir of available lipids is exhausted.

As for SLB measurements, we noticed a faster than linear evolution of the lipid extraction kinetics

with the concentration of αCD in the observation cell. At a low concentration of 5 mM, vesicles

remained unaltered during at least 40 min of acquisition. Conversely, under larger αCD concentra-

tions, a morphological response was detected after only few minutes of observation.
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Figure 4.9: Changes in GUV diameter upon interaction with αCD at various concentrations, t0
observation lag time.

To better quantify the mechanism of the observed αCD-lipid bilayer shrinking phenomenon, we

converted the observed decrease in area into a loss of lipid mass, based on a commonly accepted

value of the area per lipid (70 Å2) [194] of a tensionless DOPC bilayer. Considering that αCD

interacts only with the outer leaflet, it resulted in a rate of lipid extraction kGUVs (Table 4.3).

Table 4.3: Rate of lipid extraction by αCD calculated from supported lipid bilayers (SLBs) and
giant unilamellar vesicles (GUVs) measurements using QCM-D and LSCM techniques. Values are
shown as averages of at least 2 measurements for each concentration, and the standard deviation is
used as an error estimate

SLB LSCM SLB QCM-D GUVs LSCM

αCD kSLB kQCM−D kGUVs

[mM] [ mg/m2s 10−4] [mg/m2s 10−4] [mg/m2s 10−4]

10 2.98 ± 0.08 9.61 ± 0.02 103 ± 56

15 5.64 ± 0.23 18.40 ± 0.05 139 ± 103

20 18.70 ± 0.52 58.60 ± 0.04 399 ± 234
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4.3 Discussion

Both supported and vesicle lipid bilayers were found to be strongly damaged by the α-cyclodextrins.

The nature and the kinetics of the degradation were consistently dependent on the αCD concentra-

tion level in solution. At 5 mM αCD, the bilayer was only marginally altered. The mass adsorption

on the SLB was reversible, the SLB appearance stayed uniform for hours and GUVs did not evolve

for at least 40 min. At the opposite, a 15 and 20 mM concentration level of αCD brought about fast,

strong and irreversible alterations of the bilayers. The entire mass of the SLB was removed while a

dissipation level typical of a poorly bound membrane was observed. The fluorescent images of the

SLB showed many detached patches of membranes along with fast growing dark regions with no

lipid in contact with the surface. GUVs shrinking and permeabilization were fast, although vesicles

retained their spherical shapes. Spots at the vesicle surface were visible. The 10 mM case differed

qualitatively from the two previous limits. The bilayer evolved in a non-reversible way, but at a

significantly slower rate. The degradation then seemed to be both homogeneous and progressive.

Bright spots covered the fluorescent SLBs, followed by many slowly growing black holes. The

QCM-D signal showed an irreversible loss of mass, but the amount of dissipation remained low

with almost superimposed overtones. A slower GUV contraction was observed.

All these observations point to a strongly non linear concentration dependence of the mechanism,

both quantitatively and qualitatively. They bear the hallmark of a cooperative multi-molecular

process. We hypothesize that the presence of protrusions/aggregates at the GUVs surface (Fig. 4.8)

mirrors the similar protrusions/aggregates seen on SLBs images (Fig. 4.3, 4.4). Our assumption is

that the lipid removal driving force acting on the bilayers is common to both systems, and is due to

the presence of dense CD-lipid aggregates at the surface. Based on our observations, we propose

the following mechanism. Aggregates mixing lipids and cyclodextrins grow at the expense of the

bilayer and put it under tension. After some time, the membrane is torn apart, causing the porosity

of the vesicle and the appearance of dark holes in the supported bilayer. Aggregates need not to be

bilayers and could very well display a different molecular organization built on tight cyclodextrin-

lipid interactions.

Table 4.3 reveals that the lipid removal kinetic coefficients for SLBs and GUVs differ significantly.

As the driving force acting on bilayers is assumed to be common to both systems, the difference

in kinetics is likely to originate from a different dissipation mechanism opposing lipid removal.

In the case of SLBs, interaction with the surface as well as lipid bilayer friction are strong. This

could explain why the rates are relatively lower. In the case of GUVs, the dominant dissipation

mechanism could be the viscous resistance of the internal solvent that is expelled during the vesicle

shrinking stage. Assuming that the solvent flow across the bilayer is proportional to the vesicle

area A, and that the interaction with αCD puts the membrane under constant tension, therefore
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increasing the internal pressure due to Laplace law, the time derivative of the inner volume V is

expected to comply with the following equation

ζ
dV

dt
= −A, 4.5

with constant rate ζ. This behavior leads in turn to a linear decrease in vesicle diameter, as observed.

4.3.1 Conclusion

Using a combination of Confocal Microscopy and Quartz Microbalance experiments, we studied

the mechanism of the degradation of a DOPC bilayer exposed to increasing concentrations of αCD

in solution. We confirm that αCD is a powerful membrane disruptive agent. For the first time, we

could complement the usual QCM-D mass measurements with fluorescent imaging of SLBs under

very similar conditions.

We do not favor of single molecular mechanism of lipid extraction, but rather the formation of lipid-

cyclodextrin rich aggregates that promotes a local disorganization of the bilayer (lipid protrusion,

spots). These aggregates grows at the expense of the bilayer, either shrinking and creating defects

in the vesicles or tearing apart the supported bilayers, with the creation of dark holes.

The kinetics of the bilayer degradation is strongly cyclodextrin concentration dependent. With little

or slow effects at a concentration of 5 mM, the evolution is both fast and disruptive at concentrations

of 15 and 20 mM. The 10 mM case, is an intermediate situation with irreversible loss of mass but

little apparent changes in the bilayer structure.

Our study confirms the potency of αCD as a model membrane disruptive agent, which become

aggressive to the lipid bilayer at concentrations equal or above 10 mM. We suggest that our obser-

vations are related to the cytotoxic character of α-cyclodextrins.

4.3.2 Materials and Methods

Materials

Chloroform solution of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, C44H84NO8P,
Mw 786.11) was purchased from Avanti Polar Lipid (Birmingham, AL). DiI Stain (1,1’-Dioctadecyl-
3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate C59H97ClN2O4, Mw 933.88) and HPTS dye (
8-Hydroxypyrene-1,3,6-Trisulfonic Acid, Trisodium Salt, C16H7Na3O10S3, Mw 524.37) were pro-
vided by ThermoFisher Scientific (Waltham, MA, USA). α-cyclodextrin (C36H60O30 Mw 972.84),
Sucrose (C12H22O11 Mw 342.3), Glucose (C6H12O6 Mw 180.16) and Phosphate buffered saline
(PBS) were purchased from Sigma-Aldrich (Saint-Quentin, France). All chemicals had high purity
and were used without further purification.
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Giant unilamellar vesicles (GUVs)

Giant unilamellar vesicles (GUVs) of DOPC were prepared using the polyvinyl alcohol (PVA) gel
assisted -formation method as described by Weinberger et al. [195]. Briefly, 200 µL of 5% (w/w)
PVA solution was spread on a glass slide and dried for 30 min at 80◦C. Once prepared the PVA-
coated substrate, 5 µL of lipid in chloroform (1 mg/mL) was spread and placed under vacuum for
30 min to evaporate the organic solvent. Using rubber gasket as a temporary chamber, the lipid
film was hydrated with a sucrose solution (100 mOsm/kg) and left for incubating 60 mn. After the
incubation period, the GUVs were collected and transferred into Eppendorf tubes and diluted with
a glucose solution containing the HPTS fluorescent dye (90 mOsm/kg). The osmolarities of the
sucrose and glucose solutions were checked with a cryoscopy osmometer Osmomat 030 (Gonotec,
Berlin, Germany).

Formation of supported lipid bilayers (SLB) for confocal microscopy

Small Unilamellar Vesicles (SUVs) were prepared from DOPC lipids and DiI fluorescent probes,
with a 99:1 ratio. A mixture of lipid and dye (1 mol%) in chloroform was dried in a small vial
under N2 stream, and left overnight under vacuum. Sucrose solution (100 mOsm/kg) was used
to re-suspend the lipids to a final concentration of 2 mg/mL. The resulting MLV suspension was
sonicated using a tip sonifier (Bioblock VibraCell 72412) at lowest power for 12 min. The resulting
SUVs were then filtrated on a 0.22 µm membrane to remove debris from the tip, and diluted with
glucose solution (90 mOsm/kg) to reach a 1 mg/mL concentration. After the injection of SUVs
on the prepared glass, the vesicles absorbed on the surface undergo rupture and fusion to form an
extended planar bilayer. Each supported lipid bilayer was rinsed 5 times with the glucose solution.
Note that glucose itself is not necessary to form SUVs or SLBs. It was introduced here to facilitate
the comparison between SLBs experiments and GUVs experiments.

Laser scanning confocal microscopy measurements

The visualization of the lipid GUVs, the fluorescent SLBs (DiI) and the detection of fluorophores
in solution (HPTS) were performed using a laser scanning confocal microscope (LSCM) Nikon
Eclipse TE2000-E equipped with a Nikon d-eclipse C1 confocal unit (Nikon, Amsterdam, Nether-
lands). The objective was a Nikon 60x water immersion, NA 1.2 (Nikon). Excitation of DiI in
supported lipid bilayers was performed at 543 nm (HeNe laser), guided to the sample by a dichro-
matic mirror (Nikon). The detection of the fluorescence signal was done using a 615 nm bandpass
filter and a photomultiplier (PMT). The excitation of HPTS was done with a diod laser at 408 nm
(Nikon), and the detection performed using a 454 nm bandpass filter and a photomultiplier.

Glass preparation for fluorescent SLBs

Before each LSCM experiment, the glass coverslip was UV/ozone treated (Novascan Ames, USA)
for 15 min and rinsed with ethanol and MilliQ. Then, a second UV/ozone treatment (Novascan
Ames, USA) was applied for 15 min, yielding the glass surface highly hydrophilic.

Formation of supported lipid bilayers for QCM-D measurements

The preparation of supported lipid bilayer followed the same step as illustrated for optical mi-
croscopy measurements. In case of QCM-D, no addition of DiI fluorophore was needed.
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Preparation of αCD solution

The appropriate amount of α-cyclodextrin was dissolved into PBS buffer solution (0.5 mM) and
left for 30 min on vortex, prior to use. For all experiments, fresh solutions of α-cyclodextrin were
prepared.

QCM-D experiments

The Q-SENSE E4 system (Biolin Scientific, Stockholm, Sweden) was used to monitor the forma-
tion of SLBs on quartz surfaces coated with silicon oxide, and to follow changes in membrane
properties upon exposure to α-cyclodextrin in real-time. The quartz sensor crystals were placed
into the QCM-D chambers and exposed to buffer, lipid and cyclodextrin solutions. The QCM-D
technique measure the amplitude of the overtones of the resonant vibration frequency of the quartz
crystal, and their dephasing associated with the mechanical dissipation of the sensors.

The adsorption of a mass ∆m onto the vibrating quartz results in a negative shift ∆ f of the resonant
frequency. The Sauerbrey equation relates the frequency variation ∆ f to the mass variation ∆m, in
the case of rigid film adsorption:

∆ f =
− f 2

0

A
√
ρqµq

∆m 4.6

where f0 is the resonant frequency of the quartz crystal (5MHz), A is the piezoelectrically active
crystal area, ρq is the density of quartz (2.648 g/cm3) and µq is a shear modulus of the crystal
(2.947·1011 g/cm·s2) in the transverse orientation.

In the case of soft films, the Sauerbrey equation must be adjusted to reflect the viscoelastic response
of the film coupled to the surrounding bulk solution [119]. The mechanical dissipation consecutive
to crystal oscillations is proportional to the out-of-phase amplitude of the displacement. In the case
of an homogeneous viscoelastic film, it can be characterized by a ratio D

D =
G′′

2πG′
4.7

where G” is the loss modulus and G’ the storage modulus of the adsorbed material [196]. Soft,
viscous materials tend to show higher D. As the oscillating strain propagation normal to the surface
decreases with frequency, different harmonics of the piezoelectric signal probe different thicknesses.
In the case of thick adsorbed films, the penetration depth of the strain δ is related to the overtone
frequencies n f0 by the relation

δ = (
η f

nπ f0ρ f

)1/2 4.8

with η f the low frequency viscosity of the film, n the overtone, ρ f the film density. The higher the
frequency, the lesser the apparent adsorbed mass is [196].

Sensor preparation

Silica-coated sensor crystals were placed into QCM-D flow chambers and cleaned by flowing ultra
pure MilliQ water, sodium hydroxide solution (0.1M) and hydrochloric acid (0.1M). The sensors
and chambers were dried under N2 stream. A UV-ozone cleaner (Novascan Ames, USA) was used
for 45 min to treat the sensor surfaces before each experiment.
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Bilayer formation and exposure to cyclodextrins

Buffer was flowed over crystal sensors at 0.6 mL/min for ∼15 min until the frequency and dissipa-
tion responses became stable. The SUVs solution was flowed over the crystals at 0.3 mL/min to
a form stable supported lipid bilayer. The bilayer was rinsed with buffer in order to remove any
unattached lipids. Once the baseline was stable, the 0.6 mL solution of α-cyclodextrin was added at
0.3 mL/min. The QCM-D crystals were exposed to the cyclodextrin solution during 60-90 minutes,
after which the bilayer was rinsed again at 0.3 mL/min with a buffer solution, until the frequency
stabilized. Each experiment was repeated at least 3 times for each concentration of αCD.
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4.4 Project Ib: The formation of host-guest complexes

between lipid and α-cyclodextrin

In the present project, we investigate the supramolecular interactions between αCD and DOPC

lipid using experimental techniques and theoretical calculations. The high affinity of αCD towards

lipid membrane leads to host:guest formation with disruption of the lipid bilayer (see Project Ia).

Understanding the mechanism of lipid extraction is important to develop a better strategy for phar-

maceutical formulations.

Our Cryo-TEM images reveal that αCD acts on the membrane/water interface, progressively ex-

tracting lipid components from the lipid bilayer, resulting in a strong deformation of the membrane

structure. Furthermore, by combining small angle X-ray scattering (SAXS) and scanning electron

microscopy (SEM), we visualize the surfaces morphology and confirm the existence of αCD/DOPC

complex crystals.

We employ isothermal titration calorimetry (ITC) to estimate the αCD affinity for lipid species,

as well as both enthalpic and entropic contributions of αCD/lipid interactions. Moreover, we per-

form theoretical calculations to determine the αCD/DOPC ratio in complexes. Of all proposed

supramolecular structures, 3-5:1 αCD/DOPC complexes are proposed to be the most favourable.

The stoichiometry is further confirmed by the one-dimensional 1H-NMR analysis of the crystals.

Taken together, our results attempt to provide a comprehensive structural and thermodynamic pic-

ture of αCD binding to the model lipid membrane, together with its complex interactions with the

lipid components at the membrane/water interface.

4.4.1 Results and discussion

4.4.1.1 Morphological evolution of liposomes exposed to a concentrated solution of

αCD

Cryo-TEM makes it possible to image individual liposomes at high resolution, on time scales of the

order of a few minutes. A 20 mM αCD solution was mixed with a 1.27 mM DOPC-LUVs dispersion

at 25◦C and aliquots of sample were taken at different incubation times (see Figure 4.10).

The high resolution Cryo-TEM images of αCD incubated with 100 nm- diameter vesicles reveal

ability of αCD to induce structural changes in membrane structure (Figure4.10). To thoroughly

investigate the αCD/LUVs interaction, we followed the time evolution of the sample. A 15 min
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incubation time is sufficient to induce the first adhesion evens between two or more vesicles (Figure

4.10 a, white arrows). White arrow on Figure 4.10 a1 indicates the area of the first contact between

two vesicles. In each vesicle we can distinguish both leaflets, however, shows a clear contact

between outer-leaflets with a slight indication of matter in between the latter. For comparison,

black arrow indicates non-interacting vesicles. Since a control performed with αCD - free LUVs

dispersion show no contact points between vesicles, therefore suggests that the process of adhesion

is mediated by the presence of αCD (Figure B.3 at page 124).

Further analysis of the sample (Figure 4.10 a2) clearly shows that the presence of αCD triggers the

adhesion between vesicles. In Figure 4.10 a2 we observe two vesicles, where bilayers are in close

contact. However, the bridging region is rather small as compared to previously reported adhering

liposomes [197]. This feature suggests an ongoing process.

Later, in Figure 4.10 a3, a white arrow points to the area where we are no longer able to resolved two

bilayers of interacting LUVs. Thus, we observe the beginning of hemifusion process between two

liposomes. Moreover, in the studied sample we observed the clustering higher number of vesicles

(see Figure 4.10 a4)

a 

b

c

1 2 3 4

1 2 3 4

1 2 3 4

Figure 4.10: αCD induced lipid membrane deformations. The following sequence of incubation
times is presented: a) 15 min b) 60 min c) 24 hours. White arrows indicate the interaction between
αCD and DOPC-LUVs. Scale bar, 50 nm.
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Taken together, the observed interactions between LUVs suggest that αCD has to remove lipid

material from outer-leaflets of vesicles. Consequently, the resulting imbalance between outer-and

inner- leaflets promotes the fusion and clustering of the vesicles. With increasing incubation time

(1h), the number of interacting vesicles increases (Figure 4.10 b). More importantly, we observe the

presence of internalized internal structures within vesicles, displaying deformed shapes. Vesicles

incubated for ∼24h with αCD showed the inclusion of highly curved structures encapsulated into

spherical shaped objects. The vesicle interiors are filled with a dense stack of lamellar objects, with

no obvious recognizable topology. Contrary to naive expectations, the size of the dense spherical

objects do not grow significantly as compared with blank experiments, as a standard mechanism of

diffusion limited aggregation for sticking objects would predict.

Describing the evolution of the bilayer membrane based on the above Cryo-TEM pictures is not a

trivial task. We first observe that lamellar structures do survive in the presence of concentrated αCD

solution, whilst giant vesicles and supported lipid bilayers are subject to significant degradation

under similar conditions. There is evidence of lipid bilayer hemifusion in the kissing regions of

vesicles in contact after 15 min.

For larger incubation times, we see persistence of the lamellar structures, that we assume to be

composed of lipid bilayers decorated with αCD, even though the cyclodextrin molecules do not

seem to participate in the contrast of the TEM images. The most natural interpretation of the

pictures is that some LUVs survive as vesicles while capturing and internalizing gradually other

vesicles. This implies that the αCD provide enough impetus for the outer vesicles to suck in and

wrap in other vesicles, or membrane patches, into themselves. A possible explanation would be

the presence of a αCD coating that would promote inter-bilayer adhesion strong enough to curve

and possibly cut open the liposomes. We could not determine the genus of the wrapped lamellar

objects encapsulated into the outer vesicles. Also, it is impossible to tell whether the inner lamellar

curvature is intrinsic, caused by inner-outer leaflet composition imbalance [198], or extrinsic and

induced by confinement [199]. It would be surprising though that after such a long incubation time

and given the strong distortion of the inner bilayers, one could still distinguish among inner and

outer leaflets, and we therefore speculate that curvature is more likely due to confinement.

4.4.1.2 Titration of α-cyclodextrins by a DOPC lipid solution

In order to further characterize the interaction mechanism of αCDs with the DOPC bilayer we

gradually injected the liposome solution into the αCD solution, depleting progressively the αCD

solution while increasing the amount of lipid in solution. The titration process was monitored using

an isothermal titration calorimeter (ITC) and also with elastic dynamic light scattering (DLS). The

DLS injection steps were chosen to mimic as closely as possible the ITC injection sequences in
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Table 4.4: Hydrodynamic diameter and ζ-potential of DOPC vesicles titrated into into 5 mM αCD
solution. Values are shown as averages over 2 samples with 10 runs each, and the standard deviation
is used as an error estimate

DOPC concentration (mM) Size (nm) ζ—potential (mV)
0.10 141.33 ± 1.81 -31.35 ± 1.23
0.21 150.20 ± 1.27 -28.18 ± 0.96
0.31 139.65 ± 1.18 -21.78 ± 1.10
0.40 135.05 ± 1.31 -21.23 ± 0.87
0.59 130.95 ± 1.89 -13.05 ± 0.91
0.78 129.58 ± 1.94 -10.90 ± 0.73
0.95 130.18 ± 0.58 -6.51 ± 0.50
1.12 129.83 ± 1.22 -7.21 ± 0.95
1.28 130.08 ± 1.39 -9.10 ± 0.73
1.44 129.13 ± 0.88 -10.48 ± 0.30
1.59 129.20 ± 0.82 -11.05 ± 0.79
1.74 129.83 ± 0.87 -10.85 ± 0.68
1.88 129.70 ± 0.74 -10.85 ± 0.87
2.08 129.85 ± 1.63 -10.90 ± 1.08

2.08* 125.40 ± 0.88 -12.10 ± 0.35
*sample after 24 h

terms of period, concentration and injected volumes (see Material and Methods). For reasons that

will be detailed below, most of the titration experiments were performed at a concentration of ∼5

mM, while the concentration of the liposome solution was estimated to be close to 7.8 mM. The

target experimental temperature was 25◦C but a number of titrations were also performed at 10◦C

and 40◦C in order to outline systematic effects of temperature.

DLS results at 25◦C for a 5 mM αCD solution (Table 4.4 and Figure B.2 at page 124) showed that

during the final stage of the titration, the liposome size did not evolve significantly. In parallel, the

determination of the electrophoretic mobility (ζ-sizer) was consistent with a surface potential of

-12 mV, close to the reference value of the control experiment. These results prove that a fraction

of the injected lipids survive as liposomes.

Meanwhile, at the end of the titration procedure at 25◦C, an insoluble compound was visible in the

vials, taking the form of a solid deposit. The amount of solid deposit was found to be a decreasing

function of temperature, abundant at 10◦C and absent or hardly present at 40◦C. It is tempting

to identify the deposit with the stable thermodynamical phase of the cyclodextrin-lipid inclusion

complexes. In order to gain evidence on the role of the lipid in the deposit, we collected and

investigated it by means of scanning electron microscopy (SEM) and X-rays scattering. Finally,

NMR spectra of the deposit were acquired after redispersion into DMSO, from which the gross

stoichiometry of the solid phase could be estimated. In the paragraphs below, we present first our

findings regarding the solid phase, before moving to the analysis of the thermodynamics of the

titration process.
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4.4.1.3 Nature of the α-cyclodextrin/DOPC complex

The white precipitate formed when mixing lipids and cyclodextrins was separated by centrifuging

the solution at 4000 rpm for 5 min. We used first SEM to observe the size and surface morphology

of both the pure αCD and the mixed αCD-lipid solid. Figure 4.11 a shows the pure αCD powder.

It clearly differs from the αCD-DOPC mixture (Figure 4.11 bcd). Pure αCD material displays pris-

matic shapes with well-developed facets. In contrast, αCD-DOPC samples feature a thick layer of

microdiscs with smooth surfaces. The layout of the microdiscs is anisotropic. They look relatively

monodisperse with a typical diameter of 2.0 ± 0.9 µm and thickness on edges of 0.1 ± 0.04 µm.

The difference in appearance is a first piece of evidence that the chemical composition of the discs

differs from the pure powder, and should contain a significant amount of lipid. As lipid alone do not

precipitate, and that αCD is soluble at 5 mM and 25◦C it is almost certain that this is the combina-

tion of both species, in a physically complexed form, that precipitates as nanodiscs. Regarding the

size of nanodiscs and liposomes (100 nm), it appears clear that it is not possible to simply interpret

the discs as "liposome ghosts", because the amount of material present in a single disc exceeds the

typical amount of lipid contained in a single 100 nm diameter unilamellar vesicle. The relative

smoothness of the discs seems consistent with the existence of a well packed, crystalline arrange-

ment of the αCD and DOPC molecules. Unfortunately, SEM alone does not give any indication

regarding the stoichiometry of the molecular packing.

Microcrystals formed by αCD complexes upon encapsulation of polymers or formation in oil/water

emulsions, have been reported before. However, to date, all reported supramolecular assemblies

of αCD show a rod-like morphology [200, 201]. To the best of our knowledge, nanodiscs of αCD

crystal are been observed for the first time.
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a b

c d

Figure 4.11: SEM images of crystalline samples of αCD powder (a), and mixtures of 5 mM αCD
/ 7.8 mM DOPC (b, c, d). Scale bar, 3 µm.

To confirm the crystallinity of the mixture, we acquired the X-rays diffraction spectrum of the

powder. Figure 4.12 (and Table 4.5) shows the SAXS-WAXS profiles of pure αCD samples (a),

and αCD-lipid-water systems (b). The presence of well defined sharp peaks, q, in the powder

spectrum points to a well established molecular ordering, probably a crystalline arrangement. The

sharp peaks are interpreted as Bragg diffraction peaks, with scattering wavevectors q multiple of

2π/d, d being the repeat distance of a family of diffraction planes.

Two related peaks (Figure 4.12 b), appearing as a rather uniform ring in the 2d powder diffraction

picture are consistent with a repeat distance of 11.86 Å. Another two related peaks, appearing

as anisotropic arcs in the diffraction picture, indicate a repeat distance of 16.15 Å. the spectrum

reveal other possible peaks that are unrelated to the these two families of peaks (at least not simple

harmonics of the two previous spacings). We were not able to index all the peaks with reasonable

confidence, and the crystalline symmetry of the packing was not determined. As the low q diffusion

intensity goes up below 0.3 Å−1 there is the possibility that peaks associated to larger crystalline

sizes are present but undetectable. The magnitude of the distances obtained by X-rays diffraction

seem more directly related to the αCD than to the lipid, and it is likely that these are the αCD

geometrical parameters that dictate the molecular arrangement in the powder. As a corollary, one

expects the powder to be predominantly composed of αCD.
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Table 4.5: Most intense peaks in SAXS profile of αCD and their inclusion complex powder sam-
ples. Peak number represents peak marked on Figure 4.12

Peak Position (Å) Position (Å)
αCD αCD/complex

1 17.15 16.15
2 9.16 11.86
3 7.36 9.50
4 6.58 8.21
5 6.23 6.89
6 5.98 4.46
7 5.59 3.93

The SAXS profile of pure αCD is in line with previously reported data [202, 203]. We hypoth-

esize that the powder consists of a crystalline packing of cyclodextrin complexed with DOPC, in

undetermined proportions.
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Figure 4.12: Powder X-ray scattering patterns of a) pure αCD and b) αCD/DOPC crystals.

Furthermore, we used 1H-NMR technique (in DMSO) to provide characteristic spectra, enabling

structural identification and confirming αCD/lipid complex formation. The characterization has

been done individually for αCD, DOPC and αCD/DOPC complex. NMR spectra of pure αCD,

DOPC and the complex can be found in Appendix B (Figures B.3, B.4, B.5 at pages 124-125).

The analysis was carried out with the help of Dr Y. Moskalenko. The principle of the analysis is the

following: For each species, one characteristic resonance line is selected and the integration of the
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signal leads to peak intensities associated with a known integer value of equivalent protons. The

ratio of two intensities, one coming from the αCD, the other from DOPC molecules, is proportional

to the concentration ratio of each species, weighted by the (integer) number of protons participating

in the two resonances. Our quantitative NMR analysis of the αCD-cyclodextrin–DOPC complex

indicates the presence of a molar ratio of αCD:DOPC of 5.0 ± 0.3.

4.4.1.4 Thermodynamic aspects of the interaction between αCD molecules in solu-

tion and DOPC lipid bilayers
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Figure 4.13: Representative ITC profiles for the titration of 5 mM αCD with 7.8 mM DOPC
liposomes. The experiment was performed at 10, 25 and 40 ◦C. a) An example of ITC titration
curve after the subtraction of the dilution exothermic signal b) Corrected heat of reaction per mole
of DOPC injected as a function of ratio of DOPC/αCD. The data are an average of three separate
experiments.
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To study the thermodynamics governing the interaction between αCD and DOPC-LUVs, we used

isothermal titration calorimetry (ITC). An isothermal calorimeter measures the heat released or ab-

sorbed by the sample during the quasi-isothermal and isobaric mixing of a titrant into a solution to

titrate. Therefore, it provides a direct access to the changes in enthalpy of mixing (∆h). Depending

on situations, the titration profile may reveal the values of the thermodynamic constants that govern

the composition of the mixture, such as in the case of a complexation equilibrium. With the en-

thalpies and the equilibrium constants, the thermodynamics of the complexation reaction is entirely

determined. It is worth precising that with the isothermal calorimeter used in the present work,

endothermic peaks are associated with negative heat flows (µJ/s). Inversely, exothermic processes

induce positive heat flows.

Although the present study mainly focuses on the interaction of cyclodextrins and lipids at room

temperature (25◦C), we also performed titrations at lower (10◦C) and higher (40◦C) temperature, as

this parameter turned out to influence significantly the magnitude of the enthalpy of complexation.

It is only for the 5 mM αCD concentration case that a well defined sequence of titration peaks could

be obtained, and this case is discussed first. At larger concentrations (15 and 20 mM), peaks do not

separate well, and a significant drift of the baseline was observed, a situation discussed in a second

time.

Figure B.6b at page 126 shows the heat flow associated with the stepwise injection of glucose solu-

tion into a αCD solution. Each injection produces a weak exothermic peak, and corresponds to an

average of 0.55 and 0.6 µJ/injection for 25◦C and 10◦C respectively. The first three peaks for 40◦C

are of higher magnitude (0.5 µJ/injection), followed by 22 injections of average 0.2 µJ/injection.

The resulting exothermic signals are related to the dilution process. In separated control experi-

ments, the heat of dilution was measured by titration of DOPC-vesicles into a glucose solution.

The titration of a suspension of DOPC vesicles into the 5 mM αCD solution for three temperatures

produces endothermic peaks, followed by weak exothermic peaks for 10◦C and 25◦ (Figure B.6a

at page 126). The magnitude of the endothermic peak increases with temperature, as shown in

Figure B.1a at page 123. The signal was corrected by subtracting the exothermic signal associated to

the dilution of DOPC vesicles at the corresponding temperature, and this lead to the disappearance

of the exothermic contribution, leaving only an endothermic signal contribution to the corrected

titration curves. Figure 4.13 b shows the integrated heats of αCD/DOPC interaction as a function

of the molar ratio of αCD to phospholipids. The magnitude of the heat released during the first

injection peak displays a quasi-linear dependence on the temperature (Fig 4.14). The resulting

linear function has a positive slope, and vanishes close to 10◦C. As a consequence, the titration at

10◦C produces heat peaks that are close to the instrumental resolution. The variation of enthalpy as

a function of temperature is anti-correlated to the amount of precipitate in the sample at the end of
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the titration. As a matter of fact, the largest amount of sediment was obtained for 10◦C, whereas at

40◦C almost no precipitate was observed.
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Figure 4.14: An average heat associated with first injection of 7.8 mM DOPC vesicles into 5 mM
αCD at different temperatures. Values are shown as averages over 3 measurements, and the standard
deviation is used as an error estimate.

Titration profiles at 25 and 40◦C and 5 mM αCD concentration reveal endothermic peaks of de-

creasing magnitude. The smooth variation in the peak intensities is consistent with a reversible

thermodynamic process. As a matter of fact, a total reaction limited by the amount of phospho-

lipids would give a sequence of peaks of constant intensity, while a total reaction limited by the

cyclodextrins would lead to a sharp cross-over from finite to small or vanishing peaks values.

It is not clear at this stage whether this endothermic reversible process corresponds indeed to the

formation of the solid deposit. A reversible surface adsorption phenomenon, preserving the bilayer

structure, is also an option to consider. A reverse step transforming microcrystals back to lipid

bilayer and molecular αCD is harder to imagine.

We now attempt to provide bounds for the stoichiometry and the equilibrium constant of this

endothermic reversible process. Phospholipids (PL) participating in the reaction come as a self-

assembled pure bilayer phase, which should be considered as a pure compound with constant

thermodynamic activity, i.e. the chemical potential of the lipids are expected to depend weakly

on their concentration in solution. Upon inspection of the titration profiles, it appears that about

10 injections are sufficient to deplete the titrated compound (αCD) to a point where further injec-

tions induce only a much weaker response, or equivalently a marginal change in the advancement

of the complexation reaction (Figure 4.13). Within the Langmuir independent adsorption model

this suggests that 10 · 10−5 × 0.0078 = 7.8 · 10−7 mol of PL can neutralize three-quarters of the

4.75 ·10−6 ∼ 3.6 ·10−6 mol of αCD initially present in the cell. This assumption leads to a ratio of
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4.6 αCD to 1 lipid, or 9.2 αCD to 1 lipid if only the outer leaflets of the vesicles are involved. This

ratio is way too large to comply with a single layer of CD coating a PL bilayer. Dividing the total

released heat qtot ≡ 500µJ by the number of moles of participating αCD molecules give an order of

magnitude for the enthalpy of complexation per αCD equal to 100 J/mol, a really modest value.

It seems easier to interpret the reversible endothermic process (REP) in the framework of a coop-

erative, or Hill adsorption model. This model assumes that a number a of αCD molecules simul-

taneously adsorb as a cluster on the PL bilayer. In addition, we further assume that every a αCD

molecules are closely associated to 1 lipid. The advantage of the Hill model is that the advancement

of the adsorption (or complexation) reaction decreases significantly as the free αCD concentration is

reduced. Heat peaks intensities then decrease significantly without the need of depleting too much

the αCD content in the cell. As a result, less αCD per lipid are required in the titration process.

Within the Hill picture, the fraction θ of covered surface depends on the concentration of free

cyclodextrin in solution cCD,free as follows

θ =
KaCa

CD

1+KaCa
CD

=
Ca

CD

ca
⋆+Ca

CD

4.9

with Ka the equilibrium association constant in M−a, and c⋆ = K
−1/a
a the half-coverage concentra-

tion, i.e. the concentration CCD = c⋆ for which the surface coverage reaches half of its maximal

value. The equilibrium constant Ka = exp(a∆g/RT )C−a
0 is directly related to the Gibbs free-energy

∆g of complexation per αCD molecule, C0 = 1M being the standard concentration. Within the Hill

model, the smooth variation of the heat peaks with the number of injections can only be accounted

for if c⋆ ≥ 5 mM. Smaller values of c⋆ would bring θ close to the saturation value, and lead to con-

stant heat peaks during the first stage of the titration. With c⋆ = 5 mM, we obtain∆g≡−13 kJ/mol, a

quite robust order of magnitude. In the mean time, the estimated enthalpy ∆h increases to 200−500

J/mol compared with the Langmuir model, as a smaller amount of αCD is used for the same heat

release qtot. Whatever the model we use, we find that the reversible endothermic process is strongly

entropy driven, with ∆h≪ |∆g|.

Our attempts to determine the stoichiometry of this association process were only partially suc-

cessful. First, the measured heat peaks were subject to significant fluctuations from one titration

experiment to another. In addition, direct fitting of the data to Hill or Langmuir models did not give

very good agreement (see Appendix B).

Under the assumption of reversible Hill equilibrium, it is possible to extract a lower bound for the

Hill exponent a, by resorting to the following argument. If one defines Xi the ratio of the number

of phospholipids to the number of αCD initially present in the cell after i injections, and qi the

heat released during the ith injection, then the following inequality is expected to hold for all i (see
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Appendix B):
∑i

j=1 q j

iq1
≥ (1−aXi)a 4.10

Plotting both sides indicates that a value a < 2 is unlikely, while the data seems to be consistent

with a comprised between 2 and 3, or possibly larger than 3 (Figure B.8 at page 129)
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Figure 4.15: Normalized heats plotted versus the DOPC/αCD ratio for experimental data at 25◦C
(scatter) with theoretical lower bounds calculated for different stoichiometry ratio a.

The ITC data obtained from titrating more concentrated solutions of cyclodextrins differed no-

tably from the situation described above. Figure 4.16 shows an example of the raw data from the

calorimetry measurements of DOPC-LUVs titration into αCD solution at higher concentration (10

and 15 mM). Each injection immediately generates sharp exothermic peaks, opposite to the ∼5

mM situation. However, immediately following the first injection a strong drift in the baseline is

observed (see Figure 4.16). At ∼15 mM, the effect is even more pronounced, with a long time tails

visible in the heat power curve following each injection. Due to the strong baseline shift, no attempt

was done to fit these data to a model.
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Figure 4.16: ITC-assay of 10 mM and 15 mM αCD titrated with 7.8 mM of DOPC. The inset
shows the first two injections of DOPC into the sample cell and the arrows represent the decrease
in the heat required at each equilibrium condition.

The shift in baseline and the trailing peak decrease both suggest that a slow exothermic process

is taking place. This process does not give rise to well defined stationary peaks for which the

amplitudes would be under the control of an equilibrium constant. For these reasons, we will refer

to this exothermic process as the irreversible exothermic process (IEP) at large αCD concentrations.

4.4.1.5 Interpretation of the ITC results

All the host-guest complexation reactions involving αCD reported in the literature show exothermic

contributions [204–206]. In the case of αCD-surfactant association, which is a relevant case as far as

CD-lipid interaction is concerned, Valente and Soderman [207] reported exothermic contribution

for a variety of molecules, regardless of temperature, chain length and charge. Therefore, it is

tempting to associate the exothermic components in our ITC data to CD-lipid complexation, either

taking the form of a solid precipitate (10 and 25◦C) or possibly the form of water soluble complexes

(40◦C).

The endothermic contribution at low αCD concentration reported in the present work is novel and

original. The main difficulty in interpreting our ITC data is to find a molecular mechanism that

give rise simultaneously to a REP at low αCD concentration and to an IEP at larger αCD concen-

trations. We learnt from the DLS experiments that in all situations, some lipid material subsist in

solution as bilayer (liposomes with well defined hydrodynamic radius). The Cryo-TEM images

confirm that sticky lipid bilayers are visible after incubating 24h at 20 mM αCD concentration. It

is therefore reasonable to assume that the lipid bilayer, initially injected in the solution is involved

in the REP. We could not determine the precise nature of the product of the REP. Based on generic
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arguments and comparison to Langmuir and Hill adsorption models, we found that the REP in-

volves a minimum of 2 αCD per lipid, and possibly 3 or more αCD per lipid. This stoichiometry

ratio is consistent with the end products of the REP being either the final inclusion complex, or an

intermediate compound in the reaction pathway leading to the final inclusion complex, or perhaps

a coexistence of both.

On the other hand, ITC studies on lipid membranes suggest that endothermic contribution may arise

from membrane rearrangements consecutive e.g. to the incorporation of pore forming

molecules [208–210]. A local enrichment in αCD at the vicinity of the lipid bilayer (whether it

comes from adsorption or a more subtle interaction) could also, in principle, give rise to some

endothermic signal in our case as well. Such a surface coating would be perfectly consistent with

the sticking behavior and the membrane stacking revealed by Cryo-TEM.

Therefore, we hypothesize that both endothermic and exothermic contributions are present in our

case. The exothermic contribution would come from the formation of the final inclusion complex,

either soluble at large temperatures, or solid in cooler conditions. As the final inclusion complex

involves about 5 αCD per lipid (according to the NMR lines analysis), its thermodynamic stabil-

ity and formation kinetics is expected to depend strongly on the αCD concentration (e.g. a large

exponent in the law of mass action) and therefore dominates above 10 mM. The endothermic con-

tribution is likely to involve a quasi-equilibrium complexation mechanism with a lipid bilayer, and

becomes apparent at lower αCD concentration. Its stoichiometry probably involves a lower αCD to

lipid ratio, providing it with a competitive advantage compared to the exothermic process at 5 mM.

At 10◦C at 5 mM, the precipitate is abundant, the exothermic term is the largest and compensates

for the endothermic contribution. At 40◦C at 5 mM, the precipitate is almost absent, the exothermic

term is smallest and the endothermic contribution dominates. The 25◦C case is an intermediate

situation. As a consequence, the REP would arise from the superimposition of two processes, one

exothermic and one endothermic, instead of being a single well defined complexation step. The

titration analysis of the REP would then be only indicative, in the absence of better modeling of

the multiple reaction steps. In addition, the stoichiometry of the REP could be resulting from the

superimposition of a 4:1 or 5:1 complex formation and a better balanced reversible surface associa-

tion of the αCD. Finally, the ITC data reported in the literature involving methylated cyclodextrins

at high concentrations may not be relevant in our case as these cyclic molecules do not aggregate

under similar conditions.
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4.4.2 Conclusion

The αCD-DOPC lipid bilayer interactions were investigated at the nanometer scale, combining a

set of electron microscopies, light and X-ray scattering, nuclear magnetic resonance and thermody-

namical characterization.

Direct imaging of the DOPC liposomes at 20 mM αCD concentration shows that despite the for-

mation of a solid deposit, lipid bilayers survive for long times, and interact together very strongly,

ultimately leading to dense lipid packing of the size of a single liposome, with the bilayer structure

still present.

The progressive dilution of the liposomes into 5, 10 and 15 mM αCD solutions leads to the forma-

tion of a solid deposit, with many liposomes surviving as demonstrated by dynamic light scattering

(DLS). The solid deposit, also referred as microcrystal powder, is believed to play an important role

both at large (µm) and small (nm) scales. Visualization by SEM suggests that αCD incorporating

DOPC (inclusion complexes) packs into a crystalline order, a fact which was then confirmed by

SAXS/MAXS/WAXS analysis. The quantitative study of the NMR spectrum of the powder after

dispersion into deuterated DMSO led to the determination of the powder composition, which was

found to lie in a range of 4.7 to 5.3 αCD per lipid.

The thermodynamic characterization of the formation of the host-guest complexed proved difficult.

A novel reversible endothermic process was unveiled, which dominates at low αCD concentration,

and whose intensity is strongly temperature dependent. At larger concentrations, a slow exother-

mic process is observed, that we link to the final αCD-DOPC complex formation, based on similar

reported results in literature. Our only explanation for the endothermic to exothermic transition

as a function of the αCD concentration is that both processes take place simultaneously. The en-

dothermic signature is therefore interpreted as the outcome of at least two competitive processes,

one being exothermic, the other being endothermic, with the latter dominating at high temperature.

The most likely candidate for the endothermic process is the reversible association of some αCD

molecules with the lipid bilayers present in solution.

4.4.3 Materials and methods

Materials

Chloroform solution of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, C44H84NO8P, MW
786.113) was purchased from Avanti Polar Lipid (Birmingham,AL). α-cyclodextrin powder
(C36H60O30 Mw 972.84) and Glucose (C6H12O6 Mw 180.16) were provided by Sigma-Aldrich, Co.
(Saint-Quentin, France). All chemicals had high purity and were used without further purification.
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Large unilamellar vesicles (LUVs)

Liposomal suspension of LUVs used for ITC and Cryo-TEM measurements were prepared as de-
scribed earlier [211]. A defined amount of DOPC lipids in chloroform was transferred to the vial,
and the organic solvent was evaporated under argon stream until completely dried, followed by 8h
of vacuum pumping. The lipid film was then hydrated with glucose solution (100 mM) and gently
vortexed. The resulting multilamellar vesicles suspension was extruded 21 times through a 100 nm
diameter pore polycarbonate filter with an Avanti Mini-Extruder. Vesicles prepared in this way gen-
erally showed a narrow size distribution (ø = 125.7 ± 0.36 nm, ζ = -11.8 ± 1.04 mV), as confirmed
with dynamic light scattering (DLS). The final concentration of LUVs was determined using an en-
zyme assay kit for choline (Sigma Aldrich). Glucose does not contribute per se to the formation of
LUVs, but was added here to facilitate the comparison of the current set of experiments with similar
α-cyclodextrin degradation assays performed on DOPC giant vesicles, where glucose is commonly
used for optical contrast and osmotic matching.

The α-cyclodextrin (αCD) solution

The α-cyclodextrin (αCD) solution was prepared by 2h of vigorous stirring of the powder in a
glucose solution (100 mM) at well defined concentration (5 mM, 20 mM).

Isothermal titration calorimetry (ITC) measurement

The ITC measurements were performed with a Nano ITC from TA Instrument (New Castle, DE).
The working cell (volume 0.950 mL) was filled with a 5 mM solution of αCD, and the reference
cell with the same amount of MilliQ water. One aliquot of 2 µL followed by 24 aliquots of 10 µL
of liposomal suspension were injected stepwise at minimum 500 s intervals into the working cell
filled with αCD solution. A set of reference blank experiments were also performed, namely the
titration of the vesicle suspension into a αCD-free glucose solution, and the titration of a glucose
solution into a cell filled with αCD solution. To avoid the presence of air bubbles, all samples were
degassed for at least 10 min shortly before each experiment. The sample was constantly stirred at a
rate of 310 rpm, and measurements were performed at 10 ◦C, 25 ◦C and 40 ◦C.

Cryo-transmission electron microscopy (Cryo-TEM)

A laboratory-build humidity-controlled vitrification system was used to prepare the samples for
Cryo-TEM. Humidity was kept close to 80% for all experiments and temperature was set at 22◦C. A
5 µL droplet of the sample was placed onto the lacey carbon film covered grid (Ted Pella) rendered
hydrophilic via glow discharge (Elmo, Cordouan Technologies). Excess sample was removed by
blotting with filter paper and the sample grid was vitrified by rapid plunging into liquid ethane (-180
◦C). The grids were kept in liquid nitrogen before being transferred into a Gatan 626 Cryo-holder.
Cryo-TEM imaging was performed on FEI Tecnai G2 TEM (200kV) under low dose conditions
with an Eagle slow scan CCD camera. Cryo-TEM Images analysis was performed by ImageJ soft-
ware (NIH, USA). The error in the determination of membrane thickness from Cryo-TEM images
analysis was estimated at ± 5%.

Scanning electron microscopy (SEM)

The αCD pure powder and the αCD/DOPC residual powder, were deposited on a carbon tape.
The sample was mounted on SEM sample stub and viewed using a FEG-SEM Hitachi SU 8010
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(1kV) without metallisation. SEM Images analysis was performed using the ImageJ software (NIH,
USA).

Nuclear magnetic resonance (NMR) spectroscopy

1HNMR(400 MHz) spectra were recorded in DMSO with a Bruker Avance 400 spectrometer
equipped with an Ultrashield magnet. αCD/DOPC stoichiometry was calculated from the 1H NMR
spectra of αCD complex by comparing the integral of proton signal of residual at 5.44 ppm and
number of glucose units per αCD molecule.

X-ray scattering measurements

Small angle X-ray scattering (SAXS) experiments were performed by using a diffractometer de-
veloped by Molecular Metrology (Elexience), using a Rigaku Micromax 007HF generator with a
copper-rotating anode. The wavelength of the incident beam was λ = 1.54Å, Cu Kα1. The diffrac-
tometer operates with a pinhole collimation of the X-ray beam focused by a multilayer optic (Os-
mic) and a two-dimensional gas-filled multiwire detector. The sample to detector distance was set
at 0.7 m, leading to a range of scattering vectors covered by the experiment 0.01 < q < 0.32Å−1.

WAXS. Wide-angle X-ray scattering experiments were carried out from the same diffractometer, by
using Phosphor imaging plates from Molecular dynamics as detectors. These plates were set at 0.06
m from the samples, allowing to explore scattering vectors ranging from q = 0.05Å−1 to 3.5Å−1.
The same cells of 1 mm thickness and Mica windows were used as sample holders. Measurements
were performed at room temperature.

MAXS. Additional small angle X-ray scattering experiments were performed using a Nanostar
diffractometer (Bruker-Anton Paar) that operates with a pinhole collimator and a wire proportional
gas 2d detector. A monochromatic (λ = 1.54Å, and almost parallel beam (divergence = 0.03◦C)
was obtained through a confocal mirror with advanced W/Si multilayer coating (XENOCS, SA).
The size of the incident beam on the sample was close to 300 µm. The sample to detector distance
was set at 22 cm, allowing to explore scattering vectors ranging from q = 0.05Å−1 to 0.8Å−1

Cells of 1 mm thickness and calibrated mica windows were used as sample holders.

Data reduction. For SAXS, all data were treated according to standard procedures for isotropic
small angle X-ray scattering. After radial averaging, the spectra were corrected from electronic
noise of the detector, empty cell, absorption and sample thickness. A 55Fe source was used for the
corrections of geometrical factors and detector cells efficiency as well as a silver behenate sample,
for the q-calibration. The normalization to the unit incident flux was then obtained using water or
Lupolen as standard samples. Nevertheless, such measurements on an absolute scale have not been
achieved for the WAXS experiments. The spectra were then locked onto the related SAXS ones.

Dynamic light scattering (DLS)

The size and ζ-potential of the DOPC-liposomes were measured with a ZetaSizer Nano ZS (Malvern
Instruments, UK) at 25◦C. Two separate measurements with a minimum of 10 runs were performed
for each sample.
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5 | Nonlamellar lipid structures

5.1 Introduction

L
ipid molecules such as phospholipids or monoacylglycerols spontaneously self-assemble

into a wide range of lyotropic liquid crystalline phases. The structural order within these

phases ranges from few nanometers up to hundred nanometers in size. In addition to

their great relevance in understanding the structure of biological membranes, the formation of

well-defined aggregates with controllable morphology is of high importance for a wide range of

applications such as nanoencapsulation, biocatalysts, drug and gene delivery [212, 213].

Aside from the well-known lamellar phase, other classes of lyotropic mesophases are formed upon

ordered arrangements of curved interfaces, separating lipid molecules from the water regions.

Within this group, three main subclasses can be distinguished: i) 2D packing of cylindrical inter-

faces (discontinuous phases), ii) 3D packing of saddle surfaces (bicontinuous phases), and iii) 3D

packing of spherical/ellipsoidal interfaces (discontinuous phases) [214]. Depending on the system,

aforementioned subclasses can occur in both oil-in-water system, where the mesophase has posi-

tive interfacial mean curvature, and in water-in-oil system, where the phase demonstrates negative

interfacial mean curvature (Figure 5.1).

C
0
< 0C

0
 = 0C

0
 > 0

cba

Figure 5.1: Nonlamellar tendencies of lipid monolayer. Oil-in-water (Type I) mesosphase is char-
acterized by positive interfacial mean curvature, whereas water-in-oil (Type II) phase have negative
interfacial curvature.

The hydrophobic effect (introduced by Tanford in 1973) causes spontaneous self-assembly of am-

phiphilic molecules into well-ordered structures above a certain concentration, called critical mi-

celle concentration, cmc. The cmc value strongly depends on the effective shape of a lipid molecule
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i.e. the length and number of hydrocarbon chains, type of a headgroup, and solution conditions.

Following Israelachvili [215], for zwitterionic, double-chain lipids the value of cmc is low (∼ 10−10

M), which is attributed to a larger hydrophobic/hydrophilic ratio of the tail and headgroup parts

compared to the single-chain lipids (cmc ∼ 10−4 M - 10−1 M).

The self-assembly of lipids, as a result of competition between hydrophobic effect and geometrical

packing (local) constraints, can be quantitatively explained by the critical packing parameter (CPP).

The CPP is a ratio between the volume of hydrocarbon chain(s), v, and the product of cross-sectional

lipid head group area, a (determined as the balance of inter-chain attractive and headgroup repulsive

interactions) with lipid chain(s) length, l

CPP =
v

al
5.1

Following the changes in the CPP value, one can predict order-order transitions associated with

changes in lipid/water interface. Lamellar phase is represented by CPP = 1, since it shows no

interfacial curvature. The values CPP< 1 correspond to Type I (oil-in-water) morphologies of

mesophases such as, micelles and Hexagonal HI phase, whiles CPP > 1 reflect to phase inversion

and Type II (water-in-oil) structures. Figure 5.2 gives an overview of mesophases with correspond-

ing CPP values [216, 217].

v/al < 1/3v/al = 1v/al > 1 v/al >1

Inverted 

micelles

Inverted 

hexagonal H
II

Cubic Lamellar 

bilayer
Hexagonal H

I
Micelles

Figure 5.2: Schematic illustration of lamellar and non-lamellar lipid aggregates formed in water.
The different structures have different curvature and are arranged in accordance with the value of
packing parameter CPP = v

al
. If the CPP parameter is less than one, the interface between polar

and hydrophobic regions curves towards the tail region. In contrary CPP exceeds one, the interface
curves towards the polar region of lipid molecule.

Since lipid self-assembly is a consequence of forces of different origins, the CPP value can be

easily tuned by changing lipid composition, additives, and environmental conditions (temperature,

pH, pressure, ionic strength etc.). These changes impose an imbalance of lateral stress, π(z), in the

lipid monolayer. As can be seen in Figure 5.3, the lateral pressure profile is built up from three
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contributions, and therefore, changes e.g. in external environment can affect the lateral stress and

consequently the overall curvature of a monolayer. Such an effect can be observed in the lamellar

phase, where increase in temperature drives the formation of an inverted hexagonal or cubic phase.

An increase in temperature is likely to have repercussions across the lateral pressure profile, such as

increasing repulsions in the chain region and/or decreasing the effective headgroup area by changes

in its hydration. As a results, the monolayer curves towards the water region (CPP > 1). Interest-

ingly, the pressure-dependent structural transition has opposite trend, where an increase in pressure

induce more pronounced curvature towards the hydrophobic region. Furthermore, Engblom [218],

and Cherezov [219] have shown that even small amount of charged lipids induce swelling of the

lipid/water system. The vast body of literature reports that incorporation of various hydrophobic

molecules such as surfactants [220], cholesterol [221], alcohols, hydrocarbons [222, 223], variety of

drugs [224], as well as salt concentration [225–227] can promote transitions between mesophases.

Figure 5.3: Lateral pressure profile across lipid bilayer. Schematic illustration of the forces that
act within fluid bilayer. When the bilayer is in equilibrium the sum of forces equals zero (so-called
zeroth moment). Adapted from [12].

The concept of CPP has been widely used to predict and describe morphology changes within

mesophases. Indeed, this is the case for simple closed surfaces, where the interior contains the

hydrophobic fraction (CPP < 1). However, the model detailed by Israelachvili fails to predict

appearance of the inverse biocontinous phases. The CPP is limited to a qualitative interpretation

of the phase diagrams, and cannot bring insight into the interfacial geometry nor on the physical

mechanism regulating lipid’s self-assembly behavior.

As a matter of fact the critical packing parameter determine only the local interfacial curvature. It

can be demonstrated by adapting an equation for differential geometry describing area of parallel

surfaces at distance d

a(d) = a(0)(1+2Hd+Kd2) 5.2

where H,K are Mean (C1 + C2) and Gaussian (C1C2) curvatures respectively, for a surface with

principal radii of curvature C1 and C2. The H is commonly defined to be positive for interface

curved towards hydrocarbon chains. The negative H describes inverse phases. The sign of the

Gaussian Curvature, K characterizes the nature of the surface.
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Integrating Eq. 5.1 with respect to distance, d, over lipid length, l, gives the expression for the lipid

parameter in terms of curvature of the interface between hydrophilic and hydrophobic regions.

v

al
= 1+Hl+

Kl2

3
5.3

Equation 5.3, shows that Mean and Gaussian curvatures can vary cooperatively with no influence

on CPP value. Therefore, the critical packing parameter provides information only about local

curvature of the interface, while the full morphology of phase, depends on minimum of the free

energy of the aggregates.

5.1.1 Chain packing frustration

Because of this, more rigorous approaches have been developed, which consider the total free

energy of the system, consisting of assemblies of lipid and water molecules Since the CPP model

proposed by Israelachvili fails to describe more complex lipid structures, more rigorous approach

has been developed, which consider total free energy of the lipid/water system. First given by

Gruner et al. [228] and refined later, the expression for the total free energy of a lipid system is

given by:

gtotal = gc+gp+gintern 5.4

where gc is a contribution from the membrane curvature, gp is the cost of packing of the hydrocarbon

chains and gintern represents various interactions, together with hydration force and electrostatic

contributions. In practice, gintern is negligible, therefore the curvature elasticity and hydrocarbon

chain packing are the main terms governing the total free energy of the system.

Figure 5.4: Illustration of packing frustrations in the HII phase. The pink area indicates the void that
exists in hexagonally packed cylindrical rods. As a consequence, energetically costly differences in
chain extension or tilt angles are required in order to fill the void.

Packing of hydrocarbon chains, known also as packing frustration arises from the need of lipid

chains to fill all available hydrophobic volume. For the lamellar phase, the space on the side of
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each interface is filled by the hydrocarbon lipid chains with uniform thickness. However, this state

cannot be achieved in case of curved inversed systems, for example in inverse hexagonal phase (Fig-

ure 5.4). It is related to the fact that the distance from the center of hexagonally packed cylindrical

rods to the unit cell boundary is not constant. In figure 5.4 it can be seen that different hydropho-

bic chain extensions [229] or tilt angles [230] are needed to fill the triangular ‘voids’ at the center

points [231, 232]. This difference makes a significant energetic contribution in one-component

system, where the chain length is constant. The void volume of a given amphiphile is inversely

proportional to the interfacial curvature, and thus proportional to the diameter of water channels

[231]. Therefore, reversed hexagonal phase exhibits small water channels and high interfacial cur-

vatures. Controlling the water content in the system is one way to manipulate water channel radius.

Other factors such as lipid chain unsaturation, branching, bigger chain length or temperature can

tune the spontaneous curvature of the phase. In their work, Templer et al. [232] using a model

based on competition of bending energy and packing frustration, calculated packing frustrations for

a binary fatty acid/phospholipid mixture at 35◦C. For inverse hexagonal phase packing frustration

was equal to 54% of the total free energy, while it was 1% for the inversed bicontinuous cubic

phase. This result signifies that the packing fraction plays a key role for the stability of the reversed

hexagonal phase, whereas bending energy dominates in inverse bicontinuous cubic phases. Another

approach to study the curvature elasticity pursued by Rand et al. [233], was the addition of alkane

to lipid/water system in order to relieve packing stress. Further, a detailed study done by Khoo et

al. [234, 235] demonstrated that addition of a long-chain alkyl to 1-monoolein (MO), forces the

system to go through series of phase transitions (QII - HII - Fd3m - LII). Addition of alkyl have

relieved the packing frustration, and therefore favored phases with increasing inverse in interfacial

curvature.

5.1.2 Bending interfaces

The common understanding of the energetics of membrane shaping is largely based on the seminal

Helfrich theory [236] (from 1973), which reduces lipid bilayer to infinitely thin elastic surface that

allows to treat it mathematically. The general expression for elastic bending energy per unit area,

gc, for a membrane is:

gc = 2κ(H−H2
0)+ κgK 5.5

where H0 is a spontaneous mean curvature of a stress-free surface determined by the distribution of

the lateral stress, κ - the mean curvature (bending) modulus and κG represents a Gaussian modulus

of the surface which expresses the bending energy and hence the shape of the interface.

A tendency in morphological changes can be predicted as a function of κ, κG and spontaneous

curvature H0. Deviations of the mean curvature from H0 cost elastic energy, determined by the

membrane bending κ. The measured values of κ for phospholipid membrane range between 5- 40
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kBT, and is assumed to be proportional to the square of the hydrocarbon thickness, and inversely

proportional to area per headgroup to some power p (p comprise between 3 and 5) [237]. Single-

chain lipids display values of κ fivefold smaller. Sherman et al. [238] have listed bending modulus,

κ and κG/κ for some common membrane lipids and 1-monoolein (MO). Interestingly, results on 1-

MO show that its bending modulus is comparable to thermal energy at room temperature, kBT∼ 4

10−21 J, which may imply that 1-MO is prone to thermal bending fluctuations, even when consider

as a bilayer.

The Gaussian modulus, κG, plays a key role in controlling the topological complexity of the mem-

brane. This follows from the Gauss–Bonnet theorem [239]. For lamellar phase the gaussian con-

tribution to the bending energy vanishes, while for closed shaped membranes, like vesicles, its

contribution is κg = 4π(1-g), where the genus g describes the topology of any closed interface.

However, κG has no effect as long as the curvature fluctuations take place at constant topology. The

value of Gaussian modulus is practically inaccessible to direct measurements. However, indirect

measurements of κG has been exploited by Siegel and Kozlov [240].

5.1.3 Inverse bicontinous cubic phase

The majority of cubic phases observed for water/lipid systems are inverse biocontinous cubic

phases. These structures were first reported by Luzzati [241] and Husson in 1962, however more de-

tailed studies started in the mid-1980s. Scriven [242] defined biocontinuous cubic phases as single,

continuous bilayer, where bilayer midplane is coincident with an infinite periodic minimal surface

and subdivides the space into two interpenetrating, but not connected water channels. Following the

mathematical argument of periodic minimal surfaces, three inverse biocontinous cubic phases are

currently known: the double-diamond (QII
D, space group Pn3m), the primitive (QII

P, space group

Im3m) and the gyroid (QII
G, space group Ia3d) (Figure 5.5). Alternative inverse discontinuous

cubic phase structures are observed in more complex systems, including lattices with space groups

Fd3m and Pm3m.

b ca
a b c

Figure 5.5: Mathematical representation of biocontinous cubic morphologies based on periodic
minimal surfaces [243] a) Gyroid (Pn3m) b) Diamond (Ia3d) c) Primitive (Im3m).
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Changes between two non-lamellar phases are fluid-fluid transitions, which involve changes in

symmetry and/or topology. Such transitions between phases are mostly driven by the water con-

tent [244], pressure and temperature. One of the most well characterized lipid/water systems are

monoacylglycerols, in particular 1-monoolein (MO) [245]. Its phase diagram was initially pro-

posed by Lutton [246]. After further developments of Hyde et al. [245] the final and detailed

version of the diagram was published in 2000 by Qiu and Caffrey [247], see Figure 5.6. An in-

crease in the water content results in a transition from the lamellar phase to the gyroid (G) cubic

phase then to the double-diamond (D) cubic phase. An increase in temperature results in transition

from biocontinous cubic phase into an inverse hexagonal phase, (HII) and finally micellar phase

(L2). The interesting feature of GMO-water system is excess-water phase separation region. Above

certain water content, phase separation occurs into a structured phase coexisting with water excess

indicating the maximum solubilization capacity for water of each phase. This excess-water phase

separation can be further use to form so-called isasomes [213, 222] and other structured emulsions

[248].

Figure 5.6: Experimental temperature–composition phase diagram for the MO/water system.
Reprinted from [247].

Owing to their stability against dilution in excess of water, bicontinuous cubic and hexagonal phases

can be dispersed into nanosized nanoparticles, known as a cubosomes and hexosomes [213]. the

size of these nanoparticles are typically 200 – 300 nm in diameter and they retain most of the prop-

erties of the bulk material, which make them interestingl for drug delivery, where low viscosity

nanoparticles are required for the intravenous administration of amphiphile-based drug formula-

tions. Developed by Landh in 1994 [249], preparation of cubosomes and hexosomes involves use

of nonionic block copolymers to colloidally stabilize dispersion of cubic phase. Pluronic F127 (also

known as a Poloxamer 407) [250] is the most used dispersing agent. It is composed of polyethylene
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oxide (PEO) and polypropylene oxide (PPO) blocks: PEO98PPO67PEO98. While the hydrophobic

PPO part is adsorbed onto or incorporated into the surface of the particle, the hydrophilic part, PEO,

extends to cover the surface and stabilize the dispersion [251]. A minimum of 4 wt% Pluronic 127

is required to obtain a stable dispersion of cubic nanoparticle. Handa and coworkers [252] reported

a decrease in particle size at high (10 wt%) polymer/lipid ratio. Moreover, SAXS measurements

done by Stroem et al. [253] revealed that the higher content of polymer evokes the coexistence of

two phases: double diamond (D) and primitive (P), whilst only D type cubic phase is observed at

lower concentrations. The observed transition is attributed to the high hydrophobicity of polymer,

which induces positive curvature of cubic phase.

To date, the nature and properties of various cubsomes and hexosomes have been characterized

with a vast variety of techniques, such as by small-angle X-ray scattering (SAXS) [254, 255], cryo-

transmission electron microscopy (Cryo-TEM) [256] and cryo-FESEM [257, 258], cryo-scanning

electron microscopy (SEM) [253] and differential scanning calorimetry (DSC) [248].

5.2 Project II: Influence of a pH-sensitive polymer on the

structure of monoolein cubosomes

Cubosomes are stable nanoparticle dispersions formulated from bulk cubic phases (Fig. 5.7). They

have been gathering increasing attention due to their potential applications in nanomedicine. How-

ever, pure MO systems alone do not respond to biological or external stimuli such as temperature,

light, pH or ionic strength. Hence, significant efforts are being made towards more accurately con-

trolled release of target biomolecules [259, 260] and on modulating the release properties of the

host-guest lipid cubic phases in response to specific external conditions [261–265]. This approach

recently led to the development of stimuli responsive cubosome-based drug-delivery systems with

the capacity of releasing their content in response to external triggers.
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Figure 5.7: a) Graphical picture of an inverse cubic phase with primitive type structure Im3m b)
Cryo-TEM image of a monoolein cubosome stabilized with 5 wt % Pluronic F127. Scale bar, 100
nm.

Negrini and Mezzenga [266] studied the effect of pH changes on the transport properties of mono-

linolein/linoleic acid (97:3 wt % ratio) bicontinuous cubic phases. The system that they designed

was shown to reversibly change from an Im3m cubic phase to an inverted hexagonal HII phase in re-

sponse to acidic (pH 2) conditions. This strategy was further exploited by Negrini et al. [265] who

presented a pH-responsive cubic phase, where controlled release of cargo is achieved by adapted

host-guest electrostatic interactions.

In this work, we describe a new MO-based pH-sensitive cubosome system we have developed,

loaded with a pH-sensitive polymer (see Fig. 5.8). This polymer, a poly (L-lysine-iso-phthalamide)

grafted with L-phenylalanine at the degree of grafting of 50% hereafter referred as PP50 (see Chap-

ter 6), is a promising pseudopeptidic polymer whose hydrophilic/hydrophobic balance depends on

external pH [267–269]. It is by design capable of mimicking the activity of membrane-penetrating

peptides. The presence of carboxylic acid side groups causes reversible conformational changes

in an aqueous environment from extended charged polyelectrolyte chains at neutral pH, to a glob-

ular state at acidic pH, resulting in a higher binding affinity for the lipid membrane, causing its

subsequent disruption. Thus, PP50 is an appealing example of a stimulus-responsive material, po-

tentially able to minimise drug losses at neutral pH while conversely triggering rapid intracellular

drug release from the cubic phase in an acidic environment.

a b

Figure 5.8: The chemical structures of a) Monoolein (MO) and b) Poly(L-lysine-iso-phthalamide)
chain grafted with phenylalanine (PP50).
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In this project, we describe how the pseudopeptide PP50 can be associated with standard MO

cubosomes prepared by sonication and stabilization with the nonionic Pluronic F127 surfactant

[250]. We have studied the structure of MO cubosomes incorporating a small amount (10 wt %) of

PP50 at two distinct pH values: pH 7.5 and pH 5.5. The crystallographic structure and the cubic

cell size were determined by by SAXS, whilst the morphology and topology of the MO-cubosomes

were characterised by Cryo-TEM.

It was found that under neutral pH conditions, the presence of polymer preserves the original Im3m

cubosome structure, while a significant amount of structural disruption, with a partial disappearance

of the cubic phase, is observed under acidic conditions. This suggests that our novel system has a

strong potential for developing pH-responsive encapsulation vectors based on cubosomes.

5.2.1 Results and discussion

5.2.1.1 Effect of the addition of polymer on the nanoparticle size

Prior to structural analysis, cubosomes with and without polymer and the polymer solution (3 mg

mL−1) were characterised in terms of particle size and ζ-potential (Table 5.1). As previously re-

ported, the polymer-free cubosome particles formed stable, milky dispersions with particle sizes

ranging from 170 to 220 nm under both pH conditions studied. Incorporation of 10 wt % PP50 into

the cubic phase at physiological pH moderately increased the size of the nanoparticles, whilst at

pH 5.5 the change was more significant (283 nm). The polydispersity index (PDI) was estimated

to be in the approximate range of 0.2-0.3, for all systems studied, indicating moderately heteroge-

neous systems. Moreover, particle dispersions stored at room temperature over a week showed no

significant changes in the size and PDI, indicating physically stable systems.

The ζ-potentials of unloaded cubosomes were -1.2 and 1.1 mV for pH 7.5 and 5.5 respectively, and

only a slight decrease of these values was observed upon polymer incorporation. This points to a

marginal surface coverage of the particles by the negatively charged polymers.

5.2.1.2 SAXS measurements

The liquid-crystalline structure of MO cubosomes incorporated with the polymer was investigated

using SAXS. Reference samples without polymer, at pH 7.5 and 5.5 (Fig. 5.9a,b), showed a se-

quence of three well-defined diffraction peaks with relative positions at ratios of
√

2,
√

4 and
√

6

respectively, which corresponds to a primitive Im3m cubic structure. For the sample without poly-

mer at pH 7.5, the next peaks of this space group symmetry (
√

10 and
√

12) were also visible. The
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Table 5.1: Hydrodynamic diameter and ζ-potential of cubosomes w/wo polymer and the pure
PP50 solution under different pH conditions. Values are shown as averages over 3 samples with 10
runs each, and the standard deviation is used as an error estimate. As anticipated, the polymer was
well dispersed at pH 7.5 and aggregated at pH 5.5 (DLS sizing data column)

Sample Size (nm) ζ—potential (mV)
pH 7.5 pH 5.5 pH 7.5 pH 5.5

Cubosomes 178.1 ± 5.2 220.9 ± 4.2 -1.2 ± 0.8 1.1 ± 0.4
Cubosomes with PP50 212.7 ± 4.7 283.3 ± 3.6 -2.1 ± 1.0 0.11 ± 0.7
PP50 N/A* 50.7 ± 4.2 -13.1 ± 2.1 -28.4 ± 1.0
∗ Not enough scattering from the linear dispersed polymer chains
∗∗ Measured by SAXS
∗∗∗ Obtained from Cryo-TEM images analysis of 7 cubosome nanoparticles

Table 5.2: Lattice parameters (a), calculated water volume fraction (φw) and water channel radius
(rw) of MO cubosomes w/wo polymer as a function of pH

Sample a** (Å) a*** (Å) φw (%) rw (Å)
pH 7.5 pH 5.5 pH 7.5 pH 5.5 pH 7.5 pH 5.5 pH 7.5 pH 5.5

Cubosomes 143.0 ± 0.1 137.3 ± 0.4 140.2 ± 0.2 139.0 ± 0.4 44.5 ± 0.1 42.5 ± 0.1 25.8 ± 0.1 24.0 ± 0.1
Cubosomes with PP50 163.2 ± 0.1 167.2 ± 0.1 163.0 ± 0.5 156.0 ± 0.9 50.4 ± 0.1 50.4 ± 0.1 31.8 ± 0.1 33.0 ± 0.1

corresponding lattice parameters, a = 143.0 ± 0.1 Å and a = 137.3 ± 0.4 Å for cubosomes at pH 7.5

and pH 5.5 respectively, were in agreement with previously published data.[270] The SAXS profile

of the cubosomes prepared with 10 wt % of polymer at pH 7.5 (Fig. 5.9 c) displayed the same

sequence of peaks, showing that the Im3m structure was preserved. The positions of the peaks

indicated a lattice parameter of a = 163.2 ± 0.1 Å larger than the reference case, while the peak

intensities relative to the diffuse background appeared slightly reduced (Fig. 5.9 and Table 5.2).
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Figure 5.9: 1-D diffraction plots of intensity vs. scattering parameter S=q/2π for MO-cubosomes
doped with 10 wt % PP50 polymer. a) Cubosomes at pH 7.5 (lattice parameter a = 143.0 ± 0.1
Å, Peak positions: 100.8 Å, 71.4 Å, 58.2 Å); b) cubosomes at pH 5.5 (lattice parameter a = 137.3
± 0.4 Å, Peak positions: 96.6 Å, 68.5 Å, 55.8 Å); c) cubosomes with polymer at pH 7.5 (lattice
parameter a = 163.2 ± 0.1 Å, Peak positions: 114.9 Å, 81.6 Å, 66.8 Å); d) cubosomes with polymer
at pH 5.5 (lattice parameter a = 167.2 ± 0.1 Å, Peak positions: 116.7 Å, 84.2 Å, 68.5 Å, 50 Å). The
peak indicated by * corresponds to a spacing of 50 Å.

At lower pH (Fig. 5.9 d), the SAXS data of the cubosome solution incubated with PP50 polymers

looked significantly more diffuse. A sequence of well visible but smaller peaks with relative posi-

tions at
√

2,
√

4 and
√

6 respectively was observed, still consistent with a P-type Im3m structure

with a = 167.2 ± 0.1 Å. In addition, a new peak at 50 Å (indicated by *) appeared, which was not

related to the previous family of diffraction peaks.

80



Chapter 5. Nonlamellar lipid structures

020

020

110110

200200

110110

020

110

110
200

200

110

110 020

020

020

110110

200200

110110

020

110

110 200

200 110

110

020

a b

c d

e f

Figure 5.10: Representative Cryo-TEM images of cubosome dispersions used in this study, with
the corresponding Fast Fourier Transform (FFT) of red box areas (insets). Unloaded cubosome: a)
pH 7.5; b) pH 5.5; c), d) cubosome/PP50 at pH 7.5. e), f) cubosomes/PP50 at pH 5.5. FFT was
used for determination of the structure of the liquid crystalline particles, independently from SAXS.
Scale bar, 100 nm.

5.2.1.3 Cryo-TEM observations

We used Cryo-TEM to visualize the nanostructure of the cubosome particles in both physiological

pH 7.5 and acid pH 5.5 environments. Cryo-TEM images (Fig. 5.10 a,b), combined with Fast

Fourier Transform (FFT) analysis, revealed that at both pHs, the reference samples formed stable

bicontinuous cubic phases with an Im3m symmetry and a measured lattice parameter of the order

of 140 Å as commonly observed in previous preparations [271, 272]. This indicates that pH alone

does not influence the stability of MO cubosome particles. Moreover, the bilayer thickness, as
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determined by image analysis, was about ∼36 Å (Table 5.2) which was in excellent agreement with

values reported elsewhere [271].

The structural symmetry of the primitive Im3m cubic phase was clearly preserved upon incorpora-

tion of the polymer at physiological pH (Fig. 5.10 c,d). More importantly, a corresponding analysis

of the structural parameters showed that the presence of the polymer expanded the unit cell size

a. This increase in lattice parameter was similar to what was observed in SAXS (Fig. 5.9 c and

Table 5.2). From the FFT analysis of a number of selected particles, a mean lattice parameter of

160 Å was obtained.

Remarkably, in the low pH regime (5.5), where PP50 is expected to interact strongly with the

lipids, some clear disruption of the underlying cubic phase structure was observed (Fig. 5.10e and

Fig. 5.11). A number of changes varied from particle to particle, and within a given particle.

There was in some regions a significant collapse of the structure, with disappearance of the lattice

structure. FFT analysis confirmed the absence of periodicity. In other regions, the cubic regions

were preserved as in the reference sample.

Finally, one could find regions in particles displaying some apparent lamellar ordering, with an

anisotropic orientation confirmed by FFT analysis. Whether the cubic structure disappeared totally

or only partially, our Cryo-TEM images demonstrated the pH dependent disruptive action of the

polymer on the MO-bilayer within the cubic phase.

Measurements of cubic lipid phases, pure or with additives, are commonly carried out in buffer

solutions of various chemical compositions, ionic strengths etc. It has been reported that such

parameters, like the presence of salts of different chemical natures, the exact pH, temperature and

pressure values, might all influence the phase behaviour of these lyotropic liquid crystals. In the

present study, the addition of 10 wt % polymer (with respect to the lipid mass) was accompanied

by a 12% increase in the value of the unit cell size (from 143 to 163 Å) in HEPES buffer (pH 7.5).

Although the polymer cannot be unambiguously located within the sample, the Cryo-TEM images

and the sharp appearance of the SAXS peaks indicate that the particles were spatially homogeneous

and that, if present inside, the polymer was evenly distributed. From the geometry of the primitive

cubic structure, one could estimate the amount of water present in the particles compared to the

bulk aqueous solution. Ignoring the Pluronic F127 and PP50, it is possible to relate the volume

fraction of lipid Φl to the cell size a, and lipid length l in the parallel surface approximation:

Φl = 2A0(
l

a
)+

4πχ
3

(
l

a
)3 5.6
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where A0 and χ are respectively the ratio of the area of the minimal surface in the unit cell to the

quantity (unit cell volume)2/3, and the Euler-Poincare characteristic, which depends on the symme-

try of the cubic phase [273, 274]. In the case of the Im3m structure, the values are A0=2.3451,and

χ=-4. Using the standard monoolein value l = 18 Å in the absence of PP50 at pH 7.5 (consistent

with the bilayer thickness of 36 Å seen in Cryo-TEM), one gets Φl= 0.555. According to this

value, 50 mg of monoolein were hydrated by about 40 mg of water. The free water (1 g or more)

was present in much larger amount, showing that the cubosome structures were in equilibrium with

excess water. If PP50 did not penetrate the nanoparticles and was thus present only in the excess

free aqueous solution, it could still act on the cubic phase indirectly, in a solvent-mediated way.

An obvious mechanism would be depletion, with PP50 lowering the water chemical potential in the

excess solvent region. One would expect to see in this situation a dehydration of the lipid phase, and

some decrease in the lattice size, which was contrary to our present observations. With the PP50

being deprotonated at pH 7.5, its adsorption onto the cubosome particles’ outer surface should con-

fer them with a negative surface charge, with a correspondingly negative zeta potential. Table 5.1

indeed reveals that the zeta potential of cubosomes decreased by 0.9 mV in the presence of PP50.

The change has the expected sign but was small in magnitude. We, therefore, doubt that PP50

covered the particle surface extensively. The most likely scenario was that PP50 penetrated into the

cubic phase water channels. The PP50 sample used in the present study has a number average mass

of Mn = 23.0 kDa, while the segment represented in Figure 5.8 b has a molar mass of 350 Da, with

an estimated length of 30 Å for a diameter of 14 Å (using a molecular model). Taking b = 30 Å as

the Kuhn segment length of the repeat units, the polymer consisting of 70 segments has a gyration

radius Rg =
√

70 /
√

6 b = 100 Å. On the other hand, the water channel radius, rw, can be estimated

using the relation between rw and the lattice parameter a [275]:

rw = 0.305a− l 5.7

with a = 163 Å and l = 18 Å one finds rw= 32 Å. Penetration of PP50 chains in the cubic nanos-

tructure therefore seems a reasonable assumption. The magnitude of the cell size variation, the

uniformity of the structures and the relative size of the polymer and the cubic cell make of the

penetration of PP50 into the cubosome particles the most likely possibility.

We discuss now the possible mechanisms for the cell size increase in the presence of the polymer.

We observed first that pH reduction only marginally decreased the measured unit cell size of the

reference samples by 6 Å. By comparison, the addition of PP50 at pH 7.5 increased this value by

20 Å. The change of electric charge on the polymer backbone when decreasing pH from 7.5 to 5.5

did not seem to be a prominent factor. The measured lattice parameter at pH 5.5 in the absence and

presence of PP50 were 137 and 167 Å respectively. This suggests that electrostatic repulsion is not

a likely candidate for explaining the observed swelling. Moreover, all experiments were done under
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buffered conditions, in which electrostatic interactions were strongly screened. At pH 7.5 it is un-

likely that the polymer inserts deeply into the bilayer. Modifications are probably therefore induced

by the interaction between the water-soluble polymer and the monoolein interface. Whether the

polymer is depleted or adsorbed by the membrane, its presence between the bicontinuous channels

changes the free-energy at two levels. First, it induces direct interactions between different parts

of the bilayer over the range of the polymer size. Secondly, the polymer-membrane interaction

changes the curvature elastic constants of the bilayer, the bending rigidity κ and the Gaussian rigid-

ity κ. For depletion and equilibrium adsorption this is expected to decrease κ and increase κ, while

for inserted polymers, an increase in κ and a decrease in κ are expected [276].

The observed swelling of the cubosomes at pH 7.5 suggests that the presence of PP50 promoted

a reduction in the magnitude of the spontaneous monolayer curvature. Hence, the spontaneous

curvature of the lipid bilayer towards the water region decreased, resulting in a higher water uptake

capacity.

Table 5.2 lists the variation of the lattice parameter a, measured by SAXS, the size of water pores

rw and the water volume fractions Φw. As can be observed, the water channel size increased while

some polymer was incorporated into the cubic phase. At physiological pH, this suggests that the

polymer behaved like a hydration-modulating agent i.e. favoured the hydration of the Im3m phase

without changing the structure (Fig. 5.9 c,d). Similar swelling behaviour of cubic phases upon

addition of additives has been reported previously by Angelov [277] and Negrini et al. [264].

5.2.1.4 Polymer-induced structural changes under acidic pH conditions

The well-resolved diffraction peaks obtained in SAXS (Fig. 5.9 a,b,c) at pH 7.5 or pH 5.5 without

PP50 indicate well-ordered cubic phases. The Cryo-TEM images of a selection of particles show

cubic ordering established across the whole particles. FFT image analysis displays characteristic

fourfold symmetric patterns depending on the orientation of the particles with respect to the electron

beam (Fig. 5.10 a,b,c,d). We conclude that the reference sample and the polymer loaded sample at

pH 7.5 are composed of crystalline pieces of Im3m bicontinuous cubic phase.
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Figure 5.11: Cryo-TEM images of a single cubosome at pH 5.5 with incorporated polymer. The
red boxes represent the areas used for FFT calculations. Scale bar, 100 nm. (a = 156.0 Å). 1) upper
part of particle 2) lower part of particle.

Figure 5.10 e,f and Figure 5.11 show a selection of nanoparticles with PP50 at pH 5.5. We could

see large disordered regions, with no visible periodic ordering, confirmed by the absence of peaks

in the FFT image analysis. Disordered and cubic ordered regions coexisted, sometimes within the

same particle. Fig. 5.11 shows a single particle in the same field of view: the upper part of the

particle was mostly disordered, while the bottom of the particle still presented a cubic ordering.

The particle in Fig. 5.10 f displayed some apparent lamellar order, associated with two spots in its

FFT pattern. Therefore, cubosomes with polymer in acidic conditions can be seen as a collection

of totally or partially disordered particles coexisting with cubic and lamellar ordered particles. The

image analysis performed on the lamellar regions leads to a repeat distance comprised between 65

and 75 Å. The TEM observations account well for the observed SAXS patterns. Indeed, with only

a small fraction of the particles retaining their cubic order, the Im3m diffraction peaks are faint in

Fig. 5.9 d. The observed peak at q* is consistent with a lamellar phase with a repeat distance d = 50

Å rather different from the lamellar periodicity estimated by Cryo-TEM. This discrepancy might be

due to a slow time evolution of the cubosome structure interacting with the hydrophobic polymer.

The SAXS and the Cryo-TEM measured values could correspond to different ageing stages of the

samples.

85



Chapter 5. Nonlamellar lipid structures

5.2.2 Conclusions

We prepared pH-sensitive cubosomes from monoolein by adding a pH sensitive polymer to the cu-

bosome dispersions. The dispersions were stable and well-ordered at neutral pH. In acidic buffer,

the presence of the polymer resulted in significant structural changes in the particle structure, lead-

ing to large disordered regions.

5.2.3 Materials and methods

Materials

Monoolein powder (1-Oleoyl-rac-glycerol, C18:1c9, Mw = 356.54 Da), Pluronic F127 (PEO99-
PPO67-PEO99, Mw = 12600 Da) and buffer components (HEPES, Citrate buffer) were supplied by
Sigma-Aldrich, Co. (Saint-Quentin, France). All chemicals had purities of >98% and were used
without further purification.

Polymer synthesis and characterisation

The polymer PP50 was synthesised as described previously [278]. Briefly, the parent polymer PLP
(poly(L-lysine-iso-phthalamide)) was synthesized by polycondensation of L-lysine methyl ester di-
hydrochloride and iso-phthaloyl chloride followed by ester hydrolysis. After purification, PLP was
conjugated with L-phenylalanine methyl ester hydrochloride by DCC-coupling reaction followed
by ester hydrolysis. The final PP50 was obtained after dialysis using a Visking membrane tubing
(molecular weight cut-off, 12000-14000 Da). PP50 is a linear copolymer, composed of a sequence
of 50% unsubstituted and 50% phenylalanine substituted L-lysine iso-phthalamide monomers (see
Fig. 5.8 b). The polymers used in the present study had a number averaged molecular weight Mn =

23.0 kDa, and a mass averaged molecular weight Mw = 45.8 kDa, as determined using an aqueous
gel permeation chromatography (GPC) system (Viscotek, UK).

Sample preparation

Colloidal dispersions of cubosomes were prepared as described by Landh [249]. Briefly, for each
sample, 50 mg of pure lipid was dispersed in chloroform, and the organic solvent removed under a
nitrogen stream followed by overnight vacuum pumping.

SAXS samples: The lipid deposit was hydrated with 94 wt % buffer solution (0.707 mL), and then
subjected to 10 freeze-thaw cycles. The resulting lipid dispersion was a cubic phase in excess water
(Pn3m, characterisation not shown). Following the freeze-thaw cycles, a Pluronic F127 aqueous
solution was added (2.68 mg surfactant in 0.30 mL buffer) for the polymer free reference samples,
while Pluronic F127 (2.68 mg) dispersed with PP50 (4.84 mg) in 0.294 mL of buffer solution, was
added for polymer loaded samples, corresponding to a total volume of 1 mL of buffer.

Cryo-TEM samples: The preparation followed similar steps to the preparation of the X-ray samples,
but using larger volumes of buffer. The lipid deposit was first hydrated with a buffer solution (1.288
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mL), followed by 10 freeze-thaw cycles, and 2.68 mg of Pluronic F127 and 4.84 mg of PP50
polymer dispersed in 1.288 mL of buffer (2.576 mL total volume of a buffer) were added.

Samples were probe-sonicated (Bioblock VibraCell 72412) at 30% amplitude for 5 min total time
at 1 on/off cycle period to prevent overheating. The two hydration solutions used in the study were
set to pH 7.5 with HEPES buffer (20 mM) and to pH 5.5 with citrate buffer (100 mM) prior to
mixing with lipids. Hydration, sonication and stabilisation with the surfactants transformed the
bicontinuous cubic phase into cubosome dispersions. Samples were then characterised by SAXS
or Cryo-TEM. Cryo-TEM imaging was performed with fresh samples (a couple of hours) while
SAXS samples had to be prepared a day before being placed in the Synchrotron beam.

Cryo-transmission electron microscopy (Cryo-TEM)

A laboratory-built humidity-controlled vitrification system was used to prepare the samples for
Cryo-TEM. Humidity was kept close to 80% for all experiments and the temperature was set at
22◦C. A 5 µL of the sample was placed onto a grid covered by the lacey carbon film (Ted Pella),
which was rendered hydrophilic via glow discharge (Elmo, Cordouan Technologies). Excess sam-
ple was removed by blotting with filter paper and the sample grid was vitrified by rapid plunging
into liquid ethane (-180◦C). The grids were kept in liquid nitrogen before being transferred into a
Gatan 626 Cryo-holder. Cryo-TEM imaging was performed on an FEI Tecnai G2 TEM (200 kV)
under low dose conditions with an Eagle slow scan CCD camera.

Cryo-TEM Image Analysis

Fast Fourier transform and sizing of the nanoparticles were performed using ImageJ software (NIH,
USA) software. The error in the determination of the lattice parameter from Cryo-TEM images
analysis was estimated at ± 5%.

Small angle X-ray scattering (SAXS)

The cubosome structures were determined by small-angle X-ray scattering using beamline I22 at
Diamond Light Source (DLS) with X-ray wavelengths of 0.73 Å. The 2-D powder diffraction pat-
tern was recorded on an image-intensified Pilatus 2M detector. Silver behenate (a = 58.38 Å) was
used to calibrate the small angle X-ray diffraction data for all measurements. SAXS data were
analysed using the IDL-based AXcess software package, developed at Imperial College London.
Details of the use of AXcess for data analysis can be found in ref [279].

Dynamic light scattering (DLS)

The size and ζ-potential of the lipid nanoparticles were measured with a ZetaSizer Nano ZS (Malvern
Instruments, UK) at 25◦C. Triplicate measurements with a minimum of 10 runs were performed for
each sample.
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6 | pH-sensitive polymers

6.1 Introduction

T
he cell membrane is a dynamic structure which regulates and coordinate the entry and exit

of small and large molecules. Essential ions and small molecules are transported through

the action of specialized membrane-transport proteins channels. Nano size materials, such

as drug delivery systems, are internalized through endocytosis upon contact with the cell membrane.

This endosomal pathway starts with the formation of early endosomes vesicles and continues via

progressive maturation and deliver the cargo to various intracellular compartments, where cargo is

recycled to the external milieu or degraded without its release into the cytosol. A crucial element of

this process is the gradual acidification (from pH ∼6.0 to ∼4.5) of the maturing vesicle, generated

and maintained by the V-ATPase proton pumps [280]. Depending on the properties of nanomaterials

and type of the cell, endocytic pathway can occur (Figure 6.1) via phagocytosis or pinocytosis.

Phagocytosis Macropinocytosis

Pinocytosis

Clathrin-mediated 

endocytosis

Caveolin-mediated 

endocytosis

Caveolin- and Caveolin

indipended endocytosis

Figure 6.1: Diverse mechanisms of nanomaterial internalization by the cell membrane. Adapted
from [281].

In order to avoid this endosomal fate, an effort has been devoted to developing a new generation of

nanocarriers that can disrupt the endosomal membrane. One of the promising directions involves

tailoring the properties of nanocarriers to work in a triggered manner. To date, cationic and anionic
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delivery systems, polymeric micelles [282], poly (amino acids) [283] and pseudo-peptidic polymers

[284] have been studied as potential pH-sensitive nanocarriers [285].

A nanocarrier with pH-sensitive capability can discern the pH-shift after endosomal capture and,

as a response, facilitate the release of the drug into the cytosol by a lipid membrane rupture. It is

clear that the presence of the pH-tunable moieties (e.g. carboxyl or tertiary amino groups) within

the nanocarrier structure plays a key role in the release of a cargo in response to the trigger. Upon

a variation of pH, pH-sensitive domains undergo (de)protonation, subsequently changing the hy-

drophobicity of the whole polymeric nanocarrier. These co-operative interactions i.e. ionization

and H-bonding between moieties evoke reversible conformational changes from extended charged

chains to clumped up or globular state [286]. This behavior results in higher binding affinity to the

endosomal membrane and its subsequent disruption, consequently leading to release of the cargo

into the cytoplasm.

Despite significant progress in this field, knowledge is still missing about the translocation process

of pH-sensitive nanocarriers through a lipid membrane under different pH values. It is therefore

essential to gain more insight into the structure-activity relationship of pH-sensitive materials with

cell- and endosomal- membranes in order to design more efficient drug delivery systems.

COOHO O
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O O

N
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N
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HN

COOH

O

50% 50%

Figure 6.2: The poly(L-lysine isophthalamide) chain with L-phenylalanine grafted at the pendant
carboxylic acid residue (grey circle).

Amphiphilic pseudo-peptides have been designed and synthesized to mimic behavior of fusogenic

peptides [287, 288]. Recently, Chen et al. developed a new acid-responsive polymer, where pheny-

lalanine was grafted onto the poly(L-lysine isophthalamide) backbone with at 50% stochiometric

molar substitution (PP50, Figure 6.2). The hydrophobic backbone with carboxyl groups under-

goes random-coil to globular conformational transitions. The pH-mediated conformational change

is regulated by the balance between the hydrophobic moieties and the charged carboxyl groups.

The activity of this polymer is reportedly aligned to the pH-environment of endosomes (pKa=6.5).

Following acidification, protonation of the exposed carboxylic acid groups, the polymer displays

changes of conformation from extended chain to collapsed hydrophobically stabilized structures.

This feature leads to increased binding of the polymer to cell membranes and subsequent membrane

distribution
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It has been demonstrated in vitro that PP50 can serve as a nanocarrier for a vast range of molecules.

PP50 has been employed to successfully deliver trehalose into human erythrocytes and human cells

[289, 290]. It was reported that at pH 7.0 the polymer adsorbs on the membrane surface, yielding

to its thinning and limited intake of the sugar. This phenomenon has been explained in terms of

the hydrophilic/hydrophobic balance due to the partial protonation of the polymer. For lower pH,

the change in conformation and hydrophobicity of PP50 resulted in an increase of membrane per-

meability to trehalose. Novel approaches involving delivery of proteins or SiRNA [291] into the

cytoplasm of cells have also been recently developed, opening a broad array of possible applica-

tions. These studies have also confirmed the biocompatibility of PP50 and its derivatives. Despite a

great deal of work on the subject [287, 292], the detailed mechanism of membrane-mediated action

of given pH-sensitive polymer remains elusive. A better understanding of this interplay is crucial

in developing new strategies and enhance the polymer efficiency. Therefore, in this work we aim

at investigating the effects of PP50 on lipid model membranes. We employed Cryo-TEM, SANS

and differential scanning calorimetry (DSC) to obtain information on the bilayer structure upon

interaction with the polymer.

6.2 Project III: Action of the pH-sensitive polymer PP50

on fluid phospholipid bilayers

6.2.1 Results and discussion

6.2.1.1 Cryo-TEM visualization of interaction between DOPC-LUVs and pH sensi-

tive polymer PP50

Our first approach to assess the membrane-lytic properties of PP50 was to perform Cryo-TEM

imaging of large unilamellar vesicles (LUVs) incubated with polymer at two different pH: 7.5 and

5.5. Therefore, buffer solution of polymer (3 mg/ml) was incubated with DOPC-LUVs (1.5 mg/ml)

for 60 min. As seen in Figure 6.3, systems at both pH show no appreciable alteration of membrane

morphology with respect to pure lipid systems. Since our results on the interaction of the polymer

with monoolein cubosomes (see Chapter 5) clearly demonstrate the ability of PP50 to disrupt the

lipid structure at low pH conditions, we decided to replicate the preparation of the sample. DOPC-

lipid films were directly hydrated with a solution of PP50 at both physiological (pH 7.5) and acidic

(pH 5.5) pH and subjected to tip sonication for 15 min.
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a bb

Figure 6.3: Cryo-TEM images of DOPC-liposomes incubated with polymer PP50 at a) pH 5.5 and
b) pH 7.5. Scale bar, 50 nm.

Fig 6.4 shows liposomes formed in polymer solution at pH 7.5. The liposomes display standard

morphology with no detectable changes in membrane structure, which indicates no disruption of

membrane structure at the presented length scale. On the other hand, CryoTEM images of lipo-

somes prepared by hydration with polymer at pH 5.5 show large material aggregates (Figure 6.5)

together with portions of intact vesicles (as indicated by black arrows).

Figure 6.4: Cryo-TEM images of DOPC-LUVS (1.5 mg/ml) prepared by hydration with polymer
solution at pH 7.5 (3 mg/ml). Scale bar, 50 nm.
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Figure 6.5: Cryo-TEM images of DOPC-LUVS prepared by hydration with polymer solution at
pH 5.5 (3 mg/ml). The vesicles interacting with PP50 are indicated by white arrows. Black arrows
show intact vesicles. Inset shows zoomed-in images of lipids/PP50 aggravates with portion of
bilayer. Scale bar, 50 nm.

To fully check whether the presence of the observed clusters is really due to the presence of poly-

mer/lipid aggregates under acidic pH conditions, rather than to sample preparation, we used the

LUVs/PP50 samples formed at pH 7.5 (Figure 6.4) and rapidly decreased the pH of the sample by

adding HCl. Figure 6.6 presents a set of Cryo-TEM images which were acquired immediately after

the drop of pH in the sample.

The images show similar aggregates to the ones observed in Figure 6.5, however the disruption

of liposomes appear to be more pronounced. The Cryo-TEM images reveal a small number of

intact vesicles, indicating that a change of pH from physiological to acidic has a higher effect on

the membrane-lytic properties of polymer than in the system where polymer/liposome system is

directly prepared in pH 5.5. We argue that observed difference can be explained by the localization

of the polymer at pH 7.5. In physiological conditions, we expect PP50 to occupy the water/lipid

interface, with no influence on the membrane structure. Upon rapid acidification, the polymer be-

comes hydrophobic, which triggers its membrane-lytic properties. In the case of a system prepared

directly in pH 5.5 the polymer is already in a globular state, which might have consequences on its

transfer towards the lipid membrane.
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Figure 6.6: DOPC-LUVs/PP50 system after addition of HCl. The vesicles interacting with PP50
are indicated by white arrows. Black arrows show intact vesicles. Scale bar, 50 nm.

6.2.1.2 Effect of the polymer on the lipid phase transition

To further assess the mechanism of membrane disruption upon interaction with PP50, we performed

differential scanning calorimetry measurements. The rationale of these experiments is that the

intimate association of a polymer inserted in the hydrophobic bilayer core with the phospholipid

tails should give rise to changes in the DSC thermograms at the vicinity of the main transition

temperature, such as a shift in the melting temperature, a widening of the measured specific heat or

a change in the enthalpy of melting. As DOPC bilayers are fluid above -20◦C, this approach requires

to select a phospholipid with a melting temperature closer to experimentally accessible values. In

the following set of experiments, we used DPPC, with all the preparation steps performed in the

high temperature fluid phase (cf Material and Methods).
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We followed an approach similar to the Cryo-TEM experiments, by first analyzing systems of

DPPC liposomes incubated for 60 min with the polymer. Fig 6.7 shows the DSC curves for DPPC

vesicles incubated with PP50 for a wide range of pHs. All curves appear sharp with the same value

of the transition temperature (Tm) and similar intensities. At pH 7.5 the curve presents a wide high

temperature shoulder, centered around 42◦C. The secondary contribution gradually disappears with

more acidic pH, with almost no trace at pH 5.3 (Fig. 6.8).
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Figure 6.7: Exemplary DSC thermograms of a) DPPC-liposomes (10 mg/ml) incubated with 20
mg/mL of PP50 b) DPPC-LUVs at various pH.

The determination of the enthalpy of melting ∆H and the main transition temperature Tm were

carried out for all the curves and are summarized in Fig 6.7. For pure DPPC systems at pH 7.5

and 5.3 the enthalpy change and Tm are consistent, and the values show good agreement with

those reported by other authors [293, 294]. Moreover, the values of the enthalpy difference are in

line for both measured pH, suggesting no appreciable changes in the transition between the two

pH conditions. It is worth noting the high temperature shoulder is not observed in pure systems,

whatever pH value is considered.

In all the measured pH conditions, the incubation of liposomes with PP50 do not influence the value

of the transition temperature (41.5 ± 0.3◦C). Similarly, the enthalpy jumps at all pHs are within error

bar similar (33.3 ± 1.8 kJ/mol). This result are consistent with the Cryo-TEM investigations which

cannot distinguish among vesicles incubated at pH 7.5 or 5.5.
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Figure 6.8: Exemplary DSC thermograms of liposomes incubated with 20 mg/mL of PP50 at a)
pH 7.5 and b) pH 5.3.
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Figure 6.9: Calculated a) enthalpy and b) transition temperature (Tm) of pure DPPC system and
DPPC-LUVs incubated with PP50 at various pH. Error bars are estimated on the standard deviation
of 6 DSC runs.

Based on our Cryo-TEM observations, where it was shown that the preparation of the DOPC/PP50

sample plays a key role in determining the level of membrane disruption, we analyzed the phase

behavior of LUVs prepared by hydration with the polymer solution. Figure 6.10 presents the DSC

scans for pure DPPC-LUVs solution and LUVs prepared in polymer solution at pH 7.5 and 5.3.

At pH 7.5 the curve of DPPC/PP50 system is centered at 41.5 ± 0.2◦C, with a measured enthalpy

variation of 33.3 ± 1.8 kJ/mol, which is agreement with DSC measurements of pure DPPC-LUVs.

The signal however is much broader for incubated DPPC compared to pure DPPC sample (Fig

6.10). The signal for the liposomes prepared in PP50 displays a bimodal signature, one sharp com-

ponent being similar to the pure DPPC curve, and one component superimposed to the incubated

DPPC curve, visible as a broad shoulder in the high temperature side of the peak (Fig. 6.12).
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Since the calculated values of the enthalpy jump and Tm are close to the ones obtained for pure

DPPC-LUVs (Fig. 6.11), we can assume that a total melting of the lipid chains is occurring in

all cases, and that the observed broadening of the specific heat curve is caused by the interaction

with PP50. As previously reported by Cater et al. [295], small amounts of drug molecules can

affect the long-range organization in the bilayer structure of both the lipid chains and the polar

groups. As a result, the adsorption of hydrophilic molecules at the membrane surface can reduce

the cooperativity of the gel-to-liquid transition, which correlates to a widening of the transition over

a larger temperature interval.
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Figure 6.10: Exemplary DSC curves of blank and liposomes formed in PP50 solution at a) pH 7.5
and b) pH 5.3.
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Figure 6.11: Calculated a) enthalpy and b) transition temperature (Tm) for pure DPPC-LUVs and
liposomes formed in PP50 solution at various pH. Error bars are estimated on the standard deviation
of 6 DSC runs.

On the other hand the formation of liposomes in polymer solution under acidic conditions results

in a significant reduction of the measured enthalpy of melting, equal to 23.4 ± 0.1 kJ/mol, whereas
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the peak position Tm does not change appreciably. The transition peak remains sharp, similar to

pure DPPC system at the same pH (Fig 6.10b).

It has been reported that the incorporation of hydrophobic polymer within a lipid bilayer tend to

lower the transition temperature of the phase transition by facilitating the lipid expansion [296].

The phase transition temperature can be affected by the presence of ’impurity’ molecules in an

analogous way to that exhibited by water or liquid when an added solute lowers the freezing point.

In our case however Tm remains unchanged. As a rule, it is very difficult to change the enthalpy ∆H

and entropy of melting ∆S of a first order thermodynamic transition without changing significantly

the coexistence temperature ∆H/∆S . In the present case, our observations are better accounted for

by postulating that the transition at pH 5.3 is similar to the one at pH 7.5, but acting on a smaller

amount of lipid bilayer material. Therefore, we rather assume that the polymer destroys or prevents

the formation of vesicles, and reduce the amount of lipid bilayer present in the sample. This is

consistent with the Cryo-TEM images where less vesicles are visible. As a corollary, there must be

some amount of lipid material found in a different, non bilayer form, due to the strong interaction

with PP50. This nonlamellar lipid-PP50 material does not seem to give rise to a thermodynamic

melting signal in the expected range of transition temperature.

35 40 45

0.00

0.10

0.20

H
e
a
t 

F
lo

w
 (

W
/g

)

Temperature (°C)

 DPPC 
 DPPC/PP50 incubated
 DPPC/PP50 hydrated

35 40 45

0.00

0.10

0.20

0.30

H
e
a
t 

F
lo

w
 (

W
/g

)

Temperature (°C)

 DPPC 
 DPPC/PP50 incubated 
 DPPC/PP50 hydrated 

ba
pH 7.5 pH 5.3

Figure 6.12: Comparison of exemplary DSC curves of pure DPPC-LUVs, liposomes incubated
with PP50 (DPPC/50) and liposomes formed in PP50 solution (DPPC in PP50) at a) pH 7.5 b) pH
5.3.

Comparison of the DSC curves of two systems, DPPC incubated with polymer and DPPC-LUVs

prepared in PP50 solution, provides information on the interaction between polymer and the lipid

bilayer. At physiological pH the DSC profile for DPPC hydrated in PP50 shows a broad peak,

whereas for the second system the transition remains sharp with a high temperature shoulder

(Fig. 6.12). The differences in the two profiles can be explained in terms of accessible mem-

brane surface to the polymer. When liposomes are directly hydrated with PP50, the polymer is also
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present in the inner volume of the vesicles, therefore can interact with both leaflets of the mem-

brane and the effect is more prominent. In case of liposomes incubated with PP50, only the outer

membrane is available and the alteration of the transition is thus lower.

Under acidic pH condition, the difference between hydrated and incubated systems is mainly the

integrated enthalpy jump at the transition (Fig. 6.13), as both peaks show the same sharp profile.

We argue that accessibility of the membrane plays a significant role in explaining these differences.

In the case of liposomes incubated with PP50, the polymer does not interact significantly with

the membrane due to its hydrophobicity and large size, therefore the transition is not affected by

the presence of the polymer. For liposomes hydrated with PP50 at pH 5.3, on the other hand,

the formation of vesicles is inhibited by the polymer which can aggregate with lipid molecules

and reduce the total amount of lipid bilayer participating in the transition. This assumption is

further strengthened by the pH drop experiment performed with Cryo-TEM, which shows that if

the polymer has access to the membrane surface, the conformational change can greatly disrupt the

lipid bilayer.

At pH 5.3 the membrane is unaltered when the polymer is added to already formed liposomes, but

the enthalpy change of the transition is greatly affected in systems where liposomes are formed

within a PP50 solution. Therefore the hydrophobic conformation of polymer disrupts the formation

of lamellar structure.
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Figure 6.13: Summary of calculated a) enthalpy and b) transition temperature for pure DPPC-
liposomes, liposomes incubated with PP50, and liposomes formed in PP50 solution for all measured
pH. Error bars are estimated on the standard deviation of 6 DSC runs.

6.2.1.3 Small angle scattering studies of the interaction between liposomes and PP50

In order to understand in detail the effect of the polymer on the lipid membrane structure, we per-

formed small angle neutron scattering measurements on relatively diluted LUVs systems composed
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of DOPC, DOPC/Chol and d31POPC. To increase the contrast of the hydrogenated lipid molecules

with the solvent, DOPC and DOPC/Chol LUVs suspension were prepared in a D2O solution. This

approach was previously employed to study the effect of cholesterol [297, 298] or styrene [299]

on the lipid bilayer structure. To gain knowledge on the localization of the polymer in the lipo-

somal suspension, we additionally performed SANS experiments using partially deuterated lipids,

d31POPC, which were re-suspended in H2O. The reason for working with this POPC was that

perdeuterated DOPC molecules were not commercially available.

The combination of various contrast should allow to better understand changes in the membrane

structure upon interaction, as well as to determine the distribution of the polymer at the lipid/mem-

brane interface. A full analysis of the experimental data is currently pursued. In this paragraph, we

show preliminary results.

The absolute scattering intensity I(q) as a function of the scattering vector modulus q = 4πsin(θ)/λ

of the pure PP50 solution depending on pH is represented in Figure 6.14. The curves reveal varia-

tions in the polymer conformation and aggregation state upon changing the pH. The obtained raw

data were fitted to a Gaussian model using the SasView Software. As expected, the highest radius

of gyration, Rg = 221 Å, is observed for a pH corresponding to the known pKa (i.e. 6.5) of the

polymer, while for pH 7.5 Rg shows the lowest value of 56 Å.
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Figure 6.14: SANS raw data of pure polymer PP50 (3 mg/ml) in D2O measured at various pH.

The scattering curves of LUVs (1.5mg/ml) incubated with 3 mg/mL PP50 solutions at various pH

are presented in Figure 6.14. For clarity, we present curves for pH 7.5 and 5.5 only. The full SANS

spectra of all studied pH can be found in Figure C.2 at page 135.

Figure 6.15 shows that all measured samples display similar scattering profiles: a flat Guinier

regime (low q), a characteristic intermediate regime with q−4 dependence, ending with flat scat-

tering decay at large q. The results are consistent with a spherical morphology of the scattering
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objects and are in line with data reported before [31, 300, 301]. The intensity in the intermediate

regime in all measured samples depends on pH (Figure 6.14). This results suggest that the presence

of the polymer, even at physiological pH, is visible in the bilayer structure.
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Figure 6.15: Comparison of SANS curves for LUVs and LUVs/PP50 system for a) DOPC at pH
7.5 b) DOPC at pH 5.5 c) DOPC/Chol at pH 7.5 d) DOPC/Chol at pH 5.5 e) d31POPC at pH 7.5
and f) d31POPC at pH 5.5.
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6.2.2 Conclusion

We performed a set of experiments involving three types of samples under at least two pH condi-

tions. The three types of samples are i) pure phospholipids (control), ii) phospholipids incubated

with PP50 polymer after the formation of the vesicles, iii) phospholipid vesicles prepared in the

presence of PP50 (Figure 6.16). Cryo-TEM and DSC experiments were done on the three types of

samples, while SANS experiments involved only the pure and the incubated samples.

The combined results of the three techniques are consistent. We found that pH changes were not,

only little effective in disrupting the membrane structure in the case of the incubated samples.

Alternatively, PP50 prevents the formation of vesicles (LUVs) under acidic condition, with the

evidence of lipid-PP50 piece of material not forming a bilayer structure. The lipid bilayer obtained

when preparing the vesicles in the presence of the polymer at pH 7.5 is massively disrupted when

the pH is lowered by the addition of HCl solution.
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Figure 6.16: Scheme representing the two methods of sample preparation used: Method I - In-
cubation of polymer with liposome dispersion; Method II - Hydration of lipid film with polymer
solution.

We conclude that the capacity of the PP50 polymer to interact with the lipid bilayer depends on

the preparation method. Under acidic conditions, the polymers is likely to be found as rather large

aggregates with low solubility, and 1h of incubation time does not allow it to find its way to the lipid

bilayer, in spite of its strong disruptive power. When the preparation method brings the polymer in

contact to the lipid prior to vesicle formation, the disruptive power of PP50 is then very effective.

The nature of the lipid-polymer mixture at low pH is unknown and deserves to be investigated in

the future.
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6.2.3 Materials and methods

Materials

Chloroform solution of DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine, C44H84NO8P, Mw 786.11),
DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine, C40H80NO8P, Mw 734.039), Cholesterol (choles-
terol, ovine wool, C27H46O, Mw 386.654) and d31POPC (1-palmitoyl-d31-2-oleoyl-sn-glycero-3-
phosphocholine, C42H51NO8PD31, Mw 7791.267) was purchased from Avanti Polar Lipid (Birm-
ingham, AL). HEPES (C8H18N2O4S Mw 238.30), Trisodium citrate dihydrate
( HOC(COONa)(CHC2COONa)2 Mw 294.10) and Citric acid (HOC(COOH)(CH2COOH)2 Mw

192.12) were purchased from Sigma-Aldrich
(Saint-Quentin, France). All chemicals had high purity and were used without further purification.

Large unilamelar vesicles (LUVs)

A defined amount of lipids in chloroform was transferred to the vial, and organic solvent was
evaporated using an argon stream until completely dried followed by 8h of vacuum pumping. The
lipid film was then hydrated above phase transition, with appropriate buffer or polymer solution
(HEPES or Citrate buffer) and gently vortexed.

Liposomes for Cryo-TEM measurements: Resulting MLVs suspension was subjected to radiation
using titanium-tip sonicator (Bioblock VibraCell 72412) at 30% amplitude for 15 min total time at
1 s on/off cycle to prevent overheating.

Liposomes for SANS measurements: The MLVs suspension was extruded using an Avanti Mini-
Extruder. The sample was first extruded 21 times through 200 nm, subsequently 21 times through
100 nm and finally 21 times through 50 nm diameter pore polycarbonate filters.

Multilamellar vesicles (MLVs)

A dispersion of MLVs of DPPC was used for DSC measurements. A defined amount of lipid in
chloroform was transferred to a glass vial, and the organic solvent was evaporated using an argon
stream followed by 8h of vacuum pumping. The lipid film was then hydrated with buffer solution
(HEPES or Citrate buffer) at 70◦C. The resulting MLVs suspension was placed in a bath sonicator
for 15 min above the main phase transition (41◦C) to disperse larger aggregates.

Polymer (PP50) solution

The appropriate amount of polymer PP50 was dissolved into HEPES buffer solution (20 mM, NaCl
150 mM) or Citrate buffer (100 mM) and left overnight on lab shaker, prior to use. For SANS
experiments, the polymer solutions were prepared in D2O.

Cryo-transmission electron microscopy (Cryo-TEM)

A laboratory-build humidity-controlled vitrification system was used to prepare the samples for
Cryo-TEM. Humidity was kept close to 80% for all experiments and the temperature was set at
22◦C. A 5 µL of the sample was placed onto lacey carbon film covered grid (Ted Pella) rendered
hydrophilic via glow discharge (Elmo, Cordouan Technologies). Excess sample was removed by
blotting with filter paper and the sample grid was vitrified by rapid plunging into liquid ethane
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(-180◦C). The grids were kept in liquid nitrogen before being transferred into a Gatan 626 Cryo-
holder. Cryo-TEM imaging was performed on FEI Tecnai G2 TEM (200kV) under low dose condi-
tions with an Eagle slow scan CCD camera. Cryo-TEM Images analysis was performed by ImageJ
software (NIH, USA). The error in the determination of the membrane thickness from Cryo-TEM
images analysis was estimated at ±5%.

Differential scanning calorimetry (DSC)

The impact of the polymer PP50 on the thermal properties of lipid membranes was estimated using
differential scanning calorimetry (DSC). The measurements were performed with a high sensitivity
differential scanning calorimeter (DSC Setaram) and volume of twin cells was 0.5 mL each. The
measuring cell was filled with the analyzed sample (MLVs, with or without polymer PP50), while
the reference cell was filled with the same buffer as used for preparation of the samples. The
temperature of the cells was changed with a constant rate (heating rate: 0.5 K/min, cooling rate: 0.3
K/min). Differences in the heat uptake between the sample and the reference cell provided direct
information about the energy of thermally-induced processes in the sample. The analysis of DSC
data was performed using OriginPro 9.0 (Northampton, Ma, USA).

Small angle neutron scattering (SANS)

The samples were mounted in a 2 mm thick quartz cuvettes (Hellma). The small angle neutron scat-
tering data were collected on the beam line D11 at the Institut Laue-Langevin (ILL) in Grenoble.,
France The DOPC and DOPC/Chol samples were prepared in D2O while, d31POPC (one deuterated
chain) in H2O to provide maximal contrast in scattering length density across the bilayer profile.
The neutron wavelength resolution was 2 ·∆λ/λ = 0.1. All scattering data were corrected for back-
ground, and incoherent scattering from 1 mm thick D2O or H2O solutions were used to correct for
the deviation in uniformity of the detector response. The final data were converted to absolute scale.
All experiments were performed at room temperature (25◦C).
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7 | Concluding remarks

In order to improve the therapeutic effect of a drug, a great deal of research is currently being

conducted to develop drug delivery systems that are meant to facilitate the transport of a pharma-

ceutical compound in the human body. Amongst these systems, agents able to interact and modify

the properties of lipid membranes are of particular importance, as membranes are critical structural

and functional elements in all living cells. At the same time however, too drastic modifications of

a membrane might lead to toxic effects of a given delivery system. A better understanding of inter-

actions between the carrier and the membrane will enable the intelligent design of novel materials,

ultimately paving the way for more efficient and safer therapeutic interventions.

In this PhD project, we have successfully studied different aspects of the interaction between

nanocarriers and model lipid membranes. The area of our investigation was focused on two dif-

ferent nanocarriers, namely α-cyclodextrin and pH-sensitive polymer (PP50). In all instances, our

studies provided deep insights, at nanoscale resolution, into the mechanism of action of the nanocar-

riers in model membrane system. The major part of this thesis contributes to the understanding of

the behaviour of α-cyclodextrin in a model membrane, together with its detailed thermodynamic

description. The novelty of this work is based on a combination of multidisciplinary techniques,

which together provide a thorough exploration of the α-cyclodextrin / membrane interactions.

The studies on α-cyclodextrin were divided into two subprojects. As first we evaluated the effect of

α-cyclodextrin on planar membrane objects i.e giant unilamellar vesicles and supported lipid bilay-

ers. By coupling information obtained from confocal microscopy and quartz crystal microbalance,

we investigated and visualized pore formation in supported lipid membranes caused by the pres-

ence of α-cyclodextrins The results provided a quantitative kinetic description of the lipid extraction

process. Furthermore, we explored the effect of α-cyclodextrin on a individual giant unilamellar

vesicles (GUVs). We observed a shrinking of the vesicle upon its interaction with α-cyclodextrin.

Moreover, the analysis of the translocation of a fluorescent dye upon lipid extraction confirmed the

pore formation observed in supported lipid bilayers. We also recognized a novel structural pertur-

bation at the membrane surface upon addition of α-cyclodextrin. For the first time, we reported the

3D structures formed on both Supported lipid bilayer and GUV surfaces. Thus we propose that the
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formation of these membrane/CD complexes is a major driving force for the pore formation and the

final membrane disruption. Secondly, we explored the ability of α-cyclodextrin to extract lipids in

highly curved small unilamellar vesicle systems. Using the Cryo-TEM technique we studied time-

evolution of changes in membrane structure upon interaction. We demonstrated that α-cyclodextrin

causes vesicle fusion and structural deformation of the membrane.

Moreover, we attempted to unravel the α-cyclodextrin mechanism of action at the nanoscopic scale.

Using isothermal titration calorimetry, we measured the free energy of the interactions, together

with its enthalpic and entropic contributions. We also demonstrated the temperature-dependence of

the process. Lastly, we attempted to decipher the complex formation between single α-cyclodextrin

molecule and lipids. Using scanning electron microscopy together with small angle x-ray scattering

technique, we demonstrated the α-cyclodextrin/lipids form crystals with compact crystalline struc-

ture, and well-defined morphology. To conclude, the α-cyclodextrin has been known for more than

sixty years, and there are still open questions regarding, for instance, the mechanism of lipid extrac-

tion and complexation. Our work presented in this thesis provided several novels exciting insights

and suggested new research directions that will be undoubtedly pursued in the years to come.

The second focus of this PhD project was on the investigation of the behaviour of the pH-responsive

polymer (PP50) in model lipid systems. PP50 and its derivatives have been intensively studied

within our cross-institutional ITN-SNAL network. Previously, our collaborators has shown that

PP50 indeed increased the permeability of lipid membrane to its payload. Interaction of PP50 with

red blood cells (RBC) enhanced the loading of the impermeable sugar trehalose in the cytosol of

cells, with a consequent increase of the viability of RBCs during cryopreservation. In order to fully

understand the molecular mechanisms of these phenomena, we have started our own biophysical

investigations of PP50’s interactions with model lipid membranes. By combining Cryo-TEM tech-

nique with Small angle X-ray Scattering technique, we have explored how the physicochemical

properties of PP50 vary in solutions with different pH values, and, therefore, how pH affects the

polymer ability to locally perturb the internal structure of cubosomes. The demonstrated effective-

ness of PP50 to interact with lipid membrane motivated us to study the pH-sensitive feature of PP50

in a model liposomal system. Our first attempt, involving simple incubation of polymer with lipid

vesicles, showed that PP50 at both neutral and acidic pHs had minor effects on the lipid membrane.

Concretely, Cryo-Tem visualizations demonstrated no changes in the membrane structure, nor in

the number of lipid vesicles. We, therefore, cross-validated the results of Cryo-TEM and differential

scanning calorimetry (DSC) using more invasive sample preparation (sonication in the presence of

polymer). We were surprised, as the studies confirmed that sample preparation plays a significant

role in enhancing interactions of the polymer with the lipid membrane.

We conclude that further studies involving the analysis of the mechanism by which PP50 disrupts

the lipid bilayer, are needed to fully understand membrane-lytic properties of the polymer. By
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applying Small angle neutron scattering technique, together with GUVs analysis, we hope to obtain

an exhaustive picture of PP50 / membrane interactions.
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8 | Résumé de thèse en français

Au cours des dernières décennies, les chercheurs ont accompli de nombreux efforts pour améliorer

la sécurité ainsi que maximiser l’efficacité des traitements médicamenteux. L’un des principaux

obstacles que les vecteurs de médicaments rencontrent pour atteindre les compartiments cellulaires

cibles est leur pénétration limitée à travers les membranes biologiques, en raison de leurs propriétés

physico-chimiques telles qu’une mauvaise solubilité dans l’eau, ou un temps de demi-vie de circula-

tion trop court. Une grande variété de nanomatériaux (in)organiques est actuellement testée comme

vecteurs de délivrance de médicaments, afin de protéger leur charge, c’est-à-dire le principe actif,

d’une dégradation dans l’environnement physiologique et en facilitant simultanément leur transport

au travers des membranes cellulaires.

Cette livraison au moyen de nanoparticules constitue une stratégie procurant un certain nombre

d’avantages, tels qu’une solubilité améliorée des médicaments hydrophobes, une suppression de

l’immunogénicité et des effets secondaires réduits, et permettant la libération de médicaments

d’une manière controlée et déclenchable. À ce jour, i) liposomes ii) points quantiques iii) micelles

polymériques iv) dendrimères iv) polymère-médicament conjugués et vi) les matériaux sensibles au

pH ont émergé comme classes de systèmes de livraison à l’échelle nanométrique. Fait important,

beaucoup d’entre eux ont déjà atteint l’étape des applications cliniques.

Malgré les nombreuses succès de ces systèmes, la connaissances sur les interactions entre les

nanomatériaux et les membranes cellulaires sont encore insuffisantes. La perméation et le trans-

port d’un nanomatériau à travers les membranes biologiques sont d’une importance cruciale pour

déterminer la capacité des nanoparticules à atteindre leur cible cellulaire. Il est donc nécessaire de

comprendre comment les nanoparticules interagissent avec une membrane cellulaire. Plus précisé-

ment, les questions de l’influence des nanomatériaux sur la structure locale et la composition de la

bicouche lipide et les changements de propriétés physiques induits sont essentielles.

Dans ce contexte, les études biophysiques de systèmes modèles lipidiques sont incontournables

pour comprendre les forces et les interactions entre membranes cellulaires et nanoparticules. La

motivation de la présente étude est de gagner en compréhension sur le mécanisme d’action de
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plusieurs nanomatériaux avec des membranes biologiques et leur impact sur les propriétés physic-

ochimiques de ces membranes. Nous nous concentrons sur la caractérisation des interactions de

trois types de vecteurs potentiels de médicaments.

◆ Réorganisation des membranes lipidiques médiée par la présence de cyclodextrine-α. Nous

étudions l’extraction des lipides de la membrane causée par ces cyclodextrines, un phénomène

révélé pour la première fois par Debouzy en utilisant des globules rouges humains. Ceci est

discuté au Chapitre 4.

◆ Caractérisation des cubosomes et de leur potentiel concernant l’administration contrôlée de

médicaments. Notre objectif est ici de tirer profit d’un polymère sensible au pH pour con-

cevoir un nouveau système cubosomal hôte-invité, avec un interrupteur de déclenchement

activé par le pH, comme présenté au Chapitre 5.

◆ Translocation d’un polymère sensible au pH à travers une membrane imitant le lysozyme.

Dans cette étude, nous nous sommes concentrés sur la façon dont le pH externe affecte la

diffusion à travers la membrane lipidique d’un polymère stimuli-sensible, et comment la

composition de la membrane dicte le mécanisme de ce processus. Les résultats de cette

étude font l’objet du Chapitre 6.

Nous utilisons des techniques de visualisation (Cryo-TEM, SCLM), complétées par des méthodes

de calorimétrie (ITC, DSC), de caractérisation de surface (QCM-D) et de diffusion de rayonnement

(SANS, SAXS). À notre connaissance, la combinaison de ces techniques n’a fait l’objet que de peu

de travaux publiés. Nous espérons donc apporter une contribution originale tant du point de vue

fondamental qu’appliqué autour des interactions nanoparticule/membrane lipide et des systèmes de

transport de médicaments en général.

Membrane cellulaire et bicouche lipide

La membrane cellulaire est un composant essentiel de toutes les cellules vivantes. Elle détermine

les frontières entre l’intérieur de la cellule et l’environnement externe, et joue un rôle essentiel dans

la protection cellulaire. De nombreux processus cellulaires importants, y compris le contrôle et

le transport des nutriments, la reconnaissance moléculaire et la réponse immunologique ont lieu

dans la membrane ou sont médiés par elle. Par conséquent, l’intégrité de la membrane et son bon

fonctionnement sont d’une importance capitale pour une cellule saine.

De nombreuses propriétés physicochimiques critiques des membranes biologiques peuvent être

capturées et comprises à partir d’études sur des bicouches lipides modèles, formées d’un nom-

bre d’espèces lipides réduit. La bicouche lipide présente de nombreuses propriétés découlant
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des interactions coopératives entre les molécules qui la composent. Il s’agit d’une structure bidi-

mensionnelle formée de deux feuillets accolés de molécules tête-bêche d’épaisseur nanométrique

(5 nm), avec deux régions interfaciales et un coeur apolaire formé par des queues hydrocarbonées

hydrophobes.

L’avantage de travailler avec des membranes modèles vient du contrôle de la composition, et donc

de la complexité de la membrane, afin de mieux comprendre les processus conduisant à des in-

teractions avec les nanomatériaux. De nombreuses applications médicales et pharmaceutiques de

nanoobjets tels que la photothérapie, la bioimagerie et la délivrance de médicaments nécessitent un

réglage fin des propriétés des nanoparticules pour une fonction donnée, et donc une compréhension

détaillée et un contrôle des interactions nanoparticules avec une membrane cellulaire sont néces-

saires.

Déformation de la membrane lors de l’interaction avec les

cyclodextrines α

Les cyclodextrines (CD) sont des oligosaccharides cycliques formés par dégradation bactérienne

de l’amidon, et contiennent typiquement six (α-CD), sept (β-CD) ou huit (γ-CD) unités de glucose

(Fig. 8.1). Alors que le côté externe des CD est hydrophile, la cavité interne crée un microenviron-

nement hydrophobe. Cette caractéristique unique permet aux CD de piéger de manière réversible

un large éventail de molécules invitées, et de rendre les molécules CD potentiellement candidates à

la délivrance de médicaments et à la séquestration du cholestérol, parmi d’autres applications.
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Figure 8.1: Structure chimique des cyclodextrines natives a) Structure 2D de la cyclodextrine
montrant l’arrangement des monomères de glucose b) αCD c) βCD d) γCD.

Malgré de nombreux efforts, il manque toujours des données expérimentales et théoriques co-

hérentes sur le mécanisme d’interaction de la CD avec la membrane cellulaire et sa capacité à

complexer les composants lipidiques. Puisque les changements dans l’organisation des lipides dans

les membranes plasmiques peuvent modifier les fonctions cellulaires, il est d’une importance cru-

ciale de traiter le phénomène de complexation lipide-CD. Notre objectif dans ce projet est de rendre
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compte du mécanisme de dégradation d’une bicouche modèle exposée à des concentrations crois-

santes de cyclodextrine α.

Pour commencer, nous avons évalué l’effet de la cyclodextrine sur les objets membranaires planaires

ou peu courbés, comme les bicouches lipidiques supportées et les vésicules unilamellaires géantes

composées de phospholipides zwitterioniques (DOPC). Les changements dans la structure des GUV

exposés à des solutions de CD de concentrations variables ont été suivis en utilisant la microscopie

de fluorescence et de transmission. À faible concentration de CD (5 mM), les vésicules semblent

stables sur une échelle de temps de plusieurs heures. À des concentrations plus élevées, les vésicules

rétrécissent tout en conservant leur forme sphérique et une intégrité apparente de la membrane (Fig.

8.2). En observant les vésicules individuelles, il semble que le rayon apparent (et non la surface)

diminue linéairement avec le temps.

Le taux de réduction du rayon (en µm/s), lorsqu’il est mesurable, est extrêmement dépendant de la

concentration. Un examen précis des images révèle la présence de taches lumineuses (fluorescence)

ou sombres (transmission) avec une suspicion d’accumulation de matière à une échelle inférieure

à la résolution optique. Le sort des lipides qui sont retirés de la surface des vésicules ne peut pas

être déterminé sur une base de microscopie optique. Cependant, les indices obtenus par d’autres

techniques (voir ci-dessous) suggèrent que les taches observées sur les surfaces des vésicules sont

des agrégats croissants mixtes de lipides et de CD, et que leur croissance est la force motrice de

la contraction des vésicules. Une combinaison de nucléation et de croissance d’agrégats pourrait

expliquer la diminution linéaire en temps du rayon observée.

blank 0 s 432 s 892 s 1277 s

b

a 

Figure 8.2: Évolution temporelle des vésicules unilamellaires géantes de DOPC interagissant avec
une solution de concentration 10 mM de α-CD. a) Microscopie confocale à balayage laser de GUV
dans une solution contenant le colorant hydrosoluble HPTS, b) Images de champ clair correspon-
dantes. Les flèches montrent un agrégat anormal à la surface de la vésicule (taches brillantes et
foncées, respectivement). Il y a un petit décalage de ca 3 min entre le debut du mélange GUV/α-
CD et le début de l’acquisition de la microscopie. Barre d’échelle, 10 µm.
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Pour confirmer ces observations, nous avons effectué deux études distinctes sur des bicouches lipi-

des supportées formées de DOPC (SLB), par dépôt et fusion de petites vésicules. Tout d’abord, les

SLB marquées par fluorescence, déposée sur des surfaces de verre, qui ont été suivies par micro-

scopie de fluorescence.

Ces échantillons ont confirmé dans leur intégralité les deux observations sur les GUV concernant

le rôle de la concentration de CD et la présence d’agrégats (taches) qui se nucléent de manière

homogène et déclenchent la contraction du tapis de lipide et son retrait de la surface du verre (Fig.

8.3).

20 s 150 s 400 s 250 s 650 s

Figure 8.3: Evolution temporelle de la DOPC SLB marquée par fluorescence à une concentration
de 15 mM αCD. Il y a un léger décalage de ca 3 min entre l’injection de αCD dans la chambre de
mesure et le début de l’acquisition de la microscopie. Barre d’échelle, 10 µm.

Des mesures quantitatives ont pu être faites, tant pour le taux de nucléation que pour le nombre de

lipides éliminés par seconde.

Deuxièmement, des bicouche supportées non marquées ont été déposées sur des surfaces de quartz

résonantes pour des mesures de microbalance à quartz (QCM-D). Cette technique détermine pré-

cisément le poids du matériau adsorbé/désorbé. De plus, le signal déphasé fournit des informations

sur la dissipation visqueuse dans la couche limite cisaillée. On observe un dépôt réversible de CD

à faible concentration (5mM). En revanche, toutes les concentrations plus élevées conduisent à une

élimination partielle (10 mM) ou totale des lipides (15 mM, 20 mM) de la surface. En couplant

les informations obtenues à partir de la microscopie confocale et de la microbalance à cristaux

de quartz, nous sommes en mesure de fournir une description cinétique quantitative du processus

d’extraction des lipides. Pendant ce temps, la dissipation déphasée trahit la présence probable de

membranes non confinées au-dessus de la surface, ce qui pourrait être une contrepartie des décora-

tions floues observées par fluorescence sur les GUV.

Pour mieux comprendre le mécanisme disruptif membranaire des molécules de cyclodextrines, nous

avons étudié l’action de ces molécules sur les lipides dans de petits systèmes de vésicules unil-

amellaires très courbés (SUV). Nos images Cryo-TEM révèlent que l’αCD est active à l’interface

membrane/eau, en extrayant progressivement les composants lipides de la bicouche. Par con-

séquent, le déséquilibre qui en résulte entre les feuillets externe et interne favorise la fusion et
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le regroupement des vésicules. Avec l’augmentation du temps d’incubation, nous observons la

présence de structures internalisées dans les vésicules, affichant des formes déformées. Pour des

temps d’incubation plus longs, les intérieurs des vésicules sont remplis d’un empilement dense

d’objets lamellaires, sans topologie reconnaissable évidente. Ceci implique que les CD fournissent

suffisamment d’énergie pour que les vésicules externes s’infiltrent et s’emballent au sein d’autres

vésicules ou autour d’elles-mêmes.

Figure 8.4: Images SEM d’échantillons cristallins de mélanges de 5 mM α-CD / 7.8 mM DOPC.
Barre d’échelle, 3 µm.

De plus, nous avons tenté de démêler le mécanisme d’action de la cyclodextrine à l’échelle

nanoscopique. En utilisant la calorimétrie de titration isotherme, nous avons mesuré l’énergie libre

des interactions, ainsi que ses contributions enthalpiques et entropiques. Nos calculs théoriques,

ainsi qu’une analyse RMN, ont estimé le rapport α-CD/DOPC dans les complexes. De toutes

les structures supramoléculaires proposées, les complexes CD/DOPC 3-5:1 apparaissent comme

étant les plus favorables. Enfin, nous avons tenté de déchiffrer la formation de complexes en-

tre la molécule de α-cyclodextrine unique et les lipides. La microscopie électronique à balayage

a révélé l’existence de structures (poudre) d’apparence cristalline que nous associons à des em-

pilements denses α-cyclodextrine/lipides de morphologie bien définie (Fig. 8.4). Notre suspicion

d’agencement moléculaire cristallin a été confirmée par l’analyse SAXS/WAXS, qui a révélé la

présence de pics de corrélation de Bragg compatibles avec des tailles de cellules cristallines de

l’ordre de 1 nm. La structure diffère de celle de la CD cristallisée pure et ne peut être obtenue qu’en

présence de lipide DOPC. Même si la détermination cristalline précise de la structure est toujours

manquante, toutes les preuves suggèrent que ces agrégats cristallins ont un lien avec les agrégats

observées en fluorescence sur les GUV ou sur les SLB.

En conclusion de ces multiples investigations, notre proposition est que la dégradation des bi-

couches induite par la cyclodextrine n’est pas due à l’extraction moléculaire individuelle des lipides

114



Chapter 8. Résumé de thèse

en solution, mais à la nucléation suivie de la croissance d’empilements ordonnés, denses et insol-

ubles de cyclodextrines stabilisées par les lipides. Ces agrégats fournissent une force motrice assez

forte pour rétrécir et finalement éliminer complètement la bicouche lipidique.

Effet disruptif d’un pseudo-peptide dépendant du pH (PP50)

Des pseudo-peptides amphiphiles ont été conçus et synthétisés pour imiter le comportement des

peptides fusogènes. Récemment, nos collaborateurs du réseau ITN-SNAL ont développé un nou-

veau polymère sensible à l’acidité de l’environnement, où des groupements phénylalanines ont

été greffés sur le squelette poly(L-lysine isophthalamide) avec 50% de substitution molaire stoe-

chiométrique (Fig. 8.5), qui pourrait servir de véhicules nanométriques. Le squelette hydrophobe

avec des groupes carboxyles subit des transitions de conformation de filament aléatoire à globu-

laire. Le changement de conformation médiée par le pH est régulé par l’équilibre entre les frag-

ments hydrophobes et les groupes carboxyle chargés. L’activité de ce polymère est optimisé pour

réagir au pH ambiant des endosomes (pKa = 6.5). Après l’acidification, la protonation des groupes

d’acide carboxylique exposés, le polymère présente des changements de conformation de la chaîne

étendue à des structures stabilisées hydrophobes effondrées. Cette caractéristique conduit à une

liaison accrue du polymère aux membranes cellulaires et à la distribution subséquente de la mem-

brane. Il a été rapporté par nos collaborateurs qu’à pH faible, le changement de conformation et

d’hydrophobicité de la PP50 entraînait une augmentation de la perméabilité membranaire.

Malgré de nombreux travaux sur le sujet, le mécanisme détaillé de l’action membranaire du polymère

sensible au pH reste insaisissable. Une meilleure compréhension de cette interaction est essentielle

pour développer de nouvelles stratégies et améliorer l’efficacité du polymère. Par conséquent, dans

ce travail, nous avons étudié les effets du PP50 sur les membranes modèles lipidiques. Nous avons

utilisé la Cryo-TEM et la calorimétrie différentielle (DSC) pour obtenir des informations sur la

structure de la bicouche lors de l’interaction avec le polymère.
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Figure 8.5: La chaîne poly(L-lysine isophtalamide) avec de la L-phénylalanine greffée sur le résidu
d’acide carboxylique (cercle gris).
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Notre première tentative, impliquant une simple incubation du polymère avec des vésicules li-

pidiques, a montré que la PP50 à des pH neutre et acide avait des effets mineurs sur la membrane

lipidique. Concrètement, les visualisations de Cryo-TEM n’ont démontré aucun changement dans

la structure de la membrane, ni dans le nombre de vésicules lipidiques. Nous avons donc validé les

résultats de Cryo-TEM et de DSC en utilisant une préparation d’échantillons plus invasive (sonica-

tion en présence de polymère). Nous avons été surpris, car les études ont confirmé que la prépara-

tion des échantillons joue un rôle important dans l’amélioration des interactions du polymère avec

la membrane lipidique (Fig. 8.6).

Figure 8.6: Images Cryo-TEM de LUVS de DOPC préparées par hydratation avec une solution de
polymère à pH 5.5 (3 mg/mL). Les vésicules interagissant avec PP50 sont indiquées par des flèches
blanches. Les flèches noires montrent des vésicules intactes. L’encart montre une image agrandies
des lipides/PP50 où la bicouche n’est plus visible. Barre d’échelle, 50 nm.

Enfin, nous avons étudié l’effet du PP50 sur un système lipidique non-lamellaire: les phases cu-

biques stabilisées par des tensioactifs non ioniques (Pluronic) de la mono-oléine de glycérol (MO),

également connues sous le nom de cubosomes. Les cubosomes attirent de plus en plus l’attention

en raison de leurs applications potentielles en nanomédecine. Cependant, les systèmes MO purs ne

répondent pas seuls à des stimuli biologiques ou externes tels que la température, la lumière, le pH

ou la force ionique. Par conséquent, notre idée était d’incorporer le polymère sensible au pH, PP50,

dans la structure des cubosomes pour améliorer leur réponse environnementale.
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Figure 8.7: Images Cryo-TEM représentatives des dispersions de cubosomes utilisées dans cette
étude, avec la transformée de Fourier rapide (FFT) correspondante des zones de boîtes rouges (en-
carts). Cubosome non chargé: a) pH 5.5 b) cubesomes / PP50 à pH 5.5. La FFT a été utilisée pour
la détermination de la structure des particules cristallines liquides. Barre d’échelle, 100 nm.

En combinant les données de SAXS du synchrotron avec la Cryo-TEM, nous avons d’abord établi

que la taille des cellules cubiques a été élargie en présence de PP50, ce qui indique une interaction

étroite entre les lipides et les polymères (Table 8.1). La nature du gonflement observé à pH 7.5 est

encore indéterminé (ceci pourrait être dû à des interactions électrostatiques, à une pression osmo-

tique en solution ou à une adsorption de polymère sur la bicouche de MO). A pH 5.5, l’intensité

de diffusion de la phase cubique diminue sans disparaître. Ceci suggère qu’une fraction importante

de la phase cubique originale est détruite (Fig. 8.7). De nouvelles structures émergent, comme une

phase lamellaire possible associée à un nouveau pic de diffusion dans les spectres, ou une phase

désordonnée, à la suite de l’action perturbatrice de la molécule PP50.

Table 8.1: Paramètres de maille (a) et le rayon du canal d’eau (rw) des cubosomes de MO avec/sans
le polymère en fonction du pH.

Échantillon a** (Å) a*** (Å) rw (Å)

pH 7.5 pH 5.5 pH 7.5 pH 5.5 pH 7.5 pH 5.5

Cubosomes 143.0 ± 0.1 137.3 ± 0.4 140.2 ± 0.2 139.0 ± 0.4 25.8 ± 0.1 24.0 ± 0.1

Cubosomes avec PP50 163.2 ± 0.1 167.2 ± 0.1 163.0 ± 0.5 156.0 ± 0.9 31.8 ± 0.1 33.0 ± 0.1
∗∗ Mesuré par SAXS

∗∗∗ Obtenu à partir de l’analyse d’images Cryo-TEM de 7 nanoparticules cubiques.

Nous avons donc observé que la capacité du polymère PP50 à interagir avec la bicouche lipidique

dépend non seulement des changements de pH, mais aussi de la méthode de préparation. Lorsque la

méthode de préparation met le polymère en contact avec le lipide avant la formation des vésicules,

le pouvoir perturbateur de la PP50 est alors très élevé. La structure du mélange lipide-polymère à

faible pH est inconnue et mérite d’être étudiée à l’avenir.
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Conclusions

Dans cette thèse de doctorat, nous avons étudié avec succès différents aspects de l’interaction entre

nanoporteurs et membranes lipides modèles. Le domaine de notre étude était centré sur deux nan-

otransporteurs différents, à savoir la cyclodextrine α et le polymère sensible au pH (PP50). Dans

tous les cas, nos études ont fourni des informations approfondies, à la résolution nanométrique, sur

le mécanisme d’action des nanoporteurs dans un système de membrane modèle. La majeure partie

de cette thèse est consacrée à la compréhension du comportement de la cyclodextrine α avec une

membrane modèle, ainsi qu’à sa description thermodynamique détaillée.

La nouveauté de ce travail est basée sur une combinaison de techniques multidisciplinaires, qui

ensemble fournissent une image approfondie des interactions entre cyclodextrines α et membranes.

Notre travail sur l’interaction entre les polymères sensibles au pH et les membranes lipides a fourni

plusieurs nouvelles idées intéressantes et suggéré de nouvelles directions de recherche qui seront

sans aucun doute poursuivies dans les années à venir.
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A.1 Supporting Information

Project Ia: Kinetic evolution of DOPC giant vesicles

and supported lipid bilayers exposed to α-cyclodextrins
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Figure A.1: Bright field images of DOPC SLB marked with DiI at various αCD concen-
trations: a) 5 mM b) 10 mM c) 15 mM d) 20 mM. There is a 120 s lag time between
the injection of αCD into the measuring chamber and the beginning of the microscopy
acquisition.
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Table A.1: Frequency (∆f) and dissipation (∆D) shifts resulting from the action of αCD on a DOPC
membrane, at various concentrations. The change reveals homogeneous (at 5 mM and 10 mM
concentration of αCD) and heterogeneous (15 mM and 20 mM concentrations) interactions, after
exposure of the lipid bilayer to αCD for more than 1 h. Values are averages over 3 different samples,
and the standard deviation is used as an error estimate

αCD concentration 5 mM 10 mM 15 mM 20 mM
Overtone ∆f (Hz)

3 -1.05 ± 0.35 12.65 ± 0.92 -11.05 ± 14.14 3.77 ± 5.66
5 -0.10 ± 1.98 14.05 ± 1.49 3.60 ± 10.89 10.93 ± 2.49
7 -0.75 ± 0.35 14.80 ± 1.56 10.25 ± 6.01 14.67 ± 1.53
9 -0.50 ± 0.28 15.65 ± 1.34 14.45 ± 5.59 16.43 ± 1.29
11 -0.45 ± 0.64 15.80 ± 0.85 17.10 ± 4.95 20.10 ± 3.76
13 -0.05 ± 0.35 17.20 ± 2.26 10.61 ± 3.25 17.83 ± 3.76

Overtone ∆D (·10−6)
3 1.12 ± 0.25 3.17 ± 0.11 31.80 ± 9.62 19.90 ± 5.17
5 0.93 ± 0.25 2.31 ± 0.01 23.60 ± 8.49 13.25 ± 4.59
7 0.65 ± 0.07 1.95 ± 0.06 18.51 ± 6.72 10.60 ± 2.51
9 0.58 ± 0.18 1.64 ± 0.06 15.18 ± 5.41 8.40 ± 2.01
11 0.59 ± 0.13 1.43 ± 0.01 12.45 ± 4.17 7.13 ± 1.55
13 0.49 ± 0.13 1.90 ± 0.92 10.61 ± 3.25 6.08 ± 1.24
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Figure A.2: Time evolution of the single hole areas on SLBs upon interaction with a) 10 mM b) 15
mM c) 20 mM αCD.
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Figure A.3: Changes in diameter of 3 individual GUVs upon interaction with αCD at various
concentrations: a) 10 mM b) 15 mM c) 20 mM.

121





B | Appendix B

B.1 Supporting Information

Project Ib: The formation of host-guest complexes

between lipid and α-cyclodextrin

Figure B.1: Cryo-TEM images of pure DOPC-LUVs prepared by extrusion technique. Scale bar,
50 nm.
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Figure B.2: Changes in hydrodynamic diameter and ζ-potential of DOPC-LUVs upon titration into
5 mM αCD solution.
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Figure B.4: 1H NMR spectra of DOPC in DMSO.
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Figure B.6: Isothermal titration calorimetry profiles of a)titration of 7.8 mM DOPC into 5 mM
αCD at various temperatures. Panel b) control measurement in which DOPC-LUVs are injected
into the αCD-free glucose solution.

B.2 A lower bound for the cooperativity exponent a

We assume a Hill equilibrium and neglect overfills consecutive to injections in the measure cell.

Let ci be the concentration of free CD in solution after i injections, and c0 the initial concentration.

Let Xi = cPL/c0 the ratio of the concentration cPL of PL to c0 after i injections.

If the reaction was total with a CD for 1 lipid, the number of free CD in solution would be equal to

c0(1−aXi). Therefore, we have

c0 ≥ ci ≥ c0(1−aXi) B.1

and following,
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Kaca
0 ≥ Kaca

i ≥ Kaca
0(1−aXi)a B.2

As the covered surface reads θ = Kaca
i
/(1+ Kaca

i
) and as x/(1+ x) is a growing function of its

argument x, one deduces that

θi =
Kaca

i

1+Kaca
i

≥
Kaca

0(1−aXi)a

1+Kaca
0(1−aXi)a

≥
Kaca

0(1−aXi)a

1+Kaca
0

B.3

The total integrated released heat is proportional to θi and to the number of phospholipids present

nPL. One can write

q1+q2+ . . .+qi = fqnPLθi ≥ fqnPL

Kaca
0(1−aXi)a

1+Kaca
0

= fqnPLθ1(1−aXi)a B.4

with fq the enthalpy released per complexed lipid. All injections being identical and small, one has

fqnPLθ1 = iq1, leading to the desired result

i
∑

j=1

q j ≥ iq1(1−aXi)a B.5

B.2.1 ITC data analysis

The intensity of the ITC signal for 10◦C is low and comparable to background noise (Fig 4.13 at

page 58), with no distinguishable thermodynamic characteristic of the αCD-DOPC interaction.For

40◦C the signal displays two consecutive regimes: a progressive decrease of the peaks, followed

by a quasi-constant value and never reaches plateau, as if the titration is interrupted. Because of

this feature the full analysis with thermodynamical model is hindered. Therefore only ITC data for

25◦C will be further analyzed.

The relatively large error bars for the intensity observed in the curve of Fig 4.13 b (25◦C) can be

explained by the sample preparation. Due to extrusion process we are not able to fully control

the final concentration of the liposomes. Moreover, it was reported that αCD can aggregate in

aqueous solution,either by ageing or high concentration, which might have an influence on the lack

of reproducibility of the experimental curves. Despite these fluctuations the signal trend is alike for

all experimental curves.
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Figure B.7: Normalized heat peaks of separate ITC experiments measured at a) 10◦C b) 25◦C c)
40◦C.

To compare the ITC data, the curves were normalized by the heat of the first injection (Fig 4.16).

In all cases the curve reaches a final value close to zero, indicating completion of the reaction.

Moreover, the decrease in value halts rapidly after ten (Fig 4.13 at page 58) injections, where the

plateau is reached. Assuming homogeneous mixing, it is possible to derive the concentrations in

the measuring cell using:

NCD[0] = 4.75 ·10−6 mol

NPL[0] = 0 mol

NCD[i] = NCD[i−1]
Vcell−Vin j

Vcell

mol

NPL[i] = NPL[i−1]
Vcell−Vin j

Vcell

+7.8 ·10−8 mol

B.6

where NPL[i], NCD[i] are the total number of moles of phospholipid and cyclodextrins respectively,

that are found in the cell after i injections. After complete titration, a rough stoichiometry can be

calculated
5 mM ·Vcell

7.8 mM ·10 ·Vin j

≃ 6 B.7
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which corresponds to 6 αCD molecules neutralized by a single lipid molecule.

Existing ITC models are inadequate in characterizing the observed αCD/DOPC interactions, there-

fore we attempted to fit the experimental data with a theoretical adsorption model. The frequently

used Langmuir adsorption model proved to be unsuccessful in describing the experimental data.

In this work a cooperative Hill adsorption model is proposed. The main assumption of the model is

that a certain number of αCD molecules must bind simultaneously to the surface. The mechanism

can be described, independently of the αCD and/or αCD/DOPC aggregates structure, in terms of

the surface fraction, θ, covered by the aggregates, as:

θ =
Kaca

CD, f ree

1+Kaca
CD, f ree

B.8

where Ka is the association constant between the lipid and αCD molecule, cCD, f ree is the concen-

tration of free αCD molecules in solution and a is the number of molecule of a single cluster. It

is also possible to define the association constant Ka for such a model by simply considering the

variation of free energy due to the transfer of one molecule from a reference solution (in this case

c0 = 1M) to an aggregate of a molecules.

Ka = c−a
0 exp(βa∆gcl) M−a B.9

where ∆gcl is the free energy of adsorption for one αCD molecule and β is the Boltzmann unit

defined as β = 1/(kb ·T ).
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Figure B.8: Normalized heats plotted versus the DOPC/αCD ratio for experimental data at 25◦C
(scatter) with theoretical lower bounds calculated for different stoichiometry ratio a.
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Plotting the normalized heat peaks in a X[i] vs
∑

q[i]/q[1] representation, the curve (1-αX[i])a is a

lower bound for the stoichiometry. The graph of experimental data with theoretical lower bounds

for a= 1,2,3,4 shows that the totality of the peaks are below or intersecting a=2. The obtained

stoichiometry however takes into account an irreversible complexation between αCD and lipids. In

case of a reversible process, the lower bound is raised and values for a might be comprised between

3 and 5.

B.2.2 Hill’s thermodynamical model

The full treatment of Hill’ s adsorption model can be also used to obtain thermodynamic picture of

the reaction, including enthalpy and association constant. From Eq. B.8 it is possible to express

Hill’s equation as

Kaca
CD, f ree =

θ

1− θ
B.10

and by analyzing the coefficients that linearize the ln(nCD) vs ln(θ/1−θ) plot it is possible to extract

the thermodynamical parameters of the reaction.

Any change in surface coverage θ leads to a heat contribution q[i] which can be expressed as

fqq[i] =
[

θ[i]NPL[i]− θ[i−1]NPL[i−1]
Vcell−Vin j

Vcell

]

B.11

and a change of free αCD molecules in the solution.

NCD = nCD, f ree+ fmθNPL B.12

where fq and fm are two adjustable parameters that must be determined. Equations B.11 and B.12

can be further reduced to

θ[i] =
fqq[i]+ θ[i−1]NPL[i−1] Vcell−Vin j

Vcell

NPL[i]
B.13

nCD, f ree[i] = NCD[i]− fmθ[i]NPL[i] B.14

Optimization of the parameters involves the minimization of χ2

χ2 =
1

Nin j

Nin j
∑

i=1

(yi−axi−b)2 B.15

where xi is ln(nCD, f ree), yi is ln(θ/1− θ), and a, b are the slope and intercept of the linear fitting of

the plot for a set of fq and fm. The values of fq and fm fluctuate strongly, however the product fq · fm
is consistent throughout the analysis. By combining eq. B.11 and eq. B.12 it is possible to obtain
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an expression for the enthalpy of the reaction, which was found to be

∆H = − 1
fm fq

≃ 0.767 kJmol−1 B.16

The linear slope of the plot (see B.9) is equal to the stoichiometric ratio, which was consistently

found to be a ≃ 4.0

Figure B.9: An example of fitting experimental data (25◦C) with Hill’s adsorption model. The last
two points are not included in fitting.
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C.1 Supporting Information.

Project III: Action of the pH-sensitive polymer PP50

on fluid phospholipid bilayers
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Figure C.1: SANS raw data of interaction between PP50 with LUVs composed of: a) DOPC in
D2O, b) DOPC/Chol (8:2) in D2O c) d31POPC in H2O.

133



Appendix C

The SANS curves were first analyzed using the model-free approach proposed by Gordeliy [302].

The model is tailored for diluted systems, where only independent particle scattering occurs, and

offers an initial analysis and quality check of the SANS data.

Guinier Approximation. The very first analysis of SANS data is the Guinier approximation, which

provides a quick way of evaluating changes in the radius of gyration (Rg) of LUVs upon interaction

with the polymer. This Guinier regime reads:

I(0)(1−
q2R2

g

3
) ≈ I(0)e−q2R2

G
/3 C.1

The value of Rg can be extracted from the Guinier plot ln(I(q)) vs q2. Figure (C.2) presents Guinier

plots of the systems at low q-range (7.7 ·10−6 < q2 < 1.4 ·10−5Å−2). Comparing the calculated Rg re-

sults of DOPC-LUVs incubated with polymer and pure DOPC-vesicles (Figure 6.16 a), we observe

a small variation of Rg at pH corresponding to the pKa of the polymer (pH 6.56). Interestingly, the

radius of gyration for systems at acidic pH (5.5) shows no change in value compare to pure DOPC

systems. For liposomes with incorporated Cholesterol (8:2) the incubation with polymer at pH 5.5

results in a minor decrease in Rg from 410 Å down to 385 and 390 Å. On the other hand the system

of deuterated POPC with PP50 shows no change in Rg regardless of pH.
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Figure C.2: Guinier plots for pure liposomes and mixture of PP50 with LUVs composed of
a)DOPC b)DOPC/Chol(8:2) c)d31POPC at various pH. Right site of the figure represents the cor-
responding Rg values for all systems.
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Determination of the membrane thickness using the Kratky-Porod plot. It was shown by several

authors [301, 303–307] that the thickness of a two-dimensional planar sheet can be easily extracted

from a Kratky-Porod plot. The Kratky-Porod analysis is based on the assumption that in a small

range of scattering vectors, the scattering intensity of LUVs in D2O can be estimated using an

equation similar to eq (C.1). By plotting the data as ln(I(q)q2) vs q2, the membrane thickness can

be evaluated using the relation:

d2 = 12R2
k C.2

A typical Kratky-Porod (KP) plots of experimental SANS data, together with results from our fits

are presented in Figure (C.3). At lower q-values (q2 < 8 · 10−3Å−2) data show a non-linear behav-

ior, whiles in the higher q-regime (q2 > 2 · 10−2Å−2) a larger dispersion of the values is observed.

Therefore we have selected the region of (8 ·10−3 < q2 < 1.6 ·10−2Å−2) for the fitting of experimen-

tal data. However is should be noted that the values from fits are very sensitive to the choice of the

fitting interval.
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Figure C.3: Kratky-Porod plot and corresponding membrane thickness of a) DOPC-LUVs and
b)DOPC/Chol-LUVs incubated with PP50. The solid line represents the fits to experimental data.

The calculated membrane thickness of DOPC and DOPC/Chol LUVs (Figure C.3) shows rather

small values ranging from 32 Å up to 40 Å. However, such lower thickness of the membrane in

fluid phase has been reported before by Nagel and Nagel [194].

The incubation of the DOPC-liposomes with polymer results in a minor decrease in membrane

thickness upon acidification. However, the incorporation of 20% of cholesterol in DOPC lipo-

somes, seems to play significant role (Figure C.3 b) in the LUVs/Polymer interaction. The variation

of membrane thickness for DOPC/Cholesterol Liposomes change from 32 Å up to 38 Å with its

maximum at pH 6.85.

Model-dependent SANS data analysis. The SANS 3D information on the scattering curve is lost

due to 1D projection form of the data (Fig 6.15) Therefore, to retrieve full structural information

about system it is essential to apply the model-based data analysis. The model for the scattering
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particle is constructed based on information from other sources in order to make up for the loss

of the structural information. The SANS intensity I(q) of a collection of monodisperse scattering

particles is proportional to :

I(q) = N |F(q)|2 S (q) C.3

where N is number of scattering objects in the sample, F(q) is a form factor of the object, and S(q)

the structure factor coming from interaction between the objects (for diluted samples S=1). The

form factor,F(q), is the Fourier transform of the contrast ∆ρ between the scattering length densities

of the object and the solvent. For unilamellar vesicles it can be written as:

F(q) = (4π/q)
∫ outer radii

innerradii
∆ρ(r) sin(qr)rdr C.4

Most of the publications dealing with neutron scattering of unilamellar vesicles resorted to fitting

the scattering data to a simple one-strip model where the scattering length density is an average of

the tail region and the headgroups. However, this approach neglects the internal structure of the lipid

membrane and therefore might overlook changes upon interaction with the polymer. Therefore,

we are currently trying to implement a three-stripes model, where the bilayer structure is divided

into one hydrophobic and two hydrophilic regions. We hope that full analysis of SANS data will

complement our existing data and help to fully evaluate the impact of the polymer on the membrane

structure.
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Influence of a pH-sensitive polymer on the
structure of monoolein cubosomes
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Cubosomes consist in submicron size particles of lipid bicontinuous cubic phases stabilized by

surfactant polymers. They provide an appealing road towards the practical use of lipid cubic phases for

pharmaceutical and cosmetic applications, and efforts are currently being made to control the

encapsulation and release properties of these colloidal objects. We overcome in this work the lack of

sensitivity of monoolein cubosomes to pH conditions by using a pH sensitive polymer designed

to strongly interact with the lipid structure at low pH. Our cryo-transmission electron microscope

(cryo-TEM) and small-angle X-ray scattering (SAXS) results show that in the presence of the polymer the

cubic phase structure is preserved at neutral pH, albeit with a larger cell size. At pH 5.5, in the presence

of the polymer, the nanostructure of the cubosome particles is significantly altered, providing a pathway

to design pH-responsive cubosomes for applications in drug delivery.

1 Introduction

Since the pioneering work of Luzzati1,2 and Larsson3,4 where
the monoolein (MO)/water phase behaviour was studied for the
first time,5 several studies have explored the possible use of
MO-based cubic phases as potential hosting matrices in
pharmaceutical6–10 and food applications.11,12 The lipid cubic
crystals have distinctive structural and chemical advantages,
including highly ordered periodic structures, a large surface
area of the lipid/water interface (400 m2 gÿ1),13 tunable structural
parameters, and provide a biocompatible platform for entrapment
of proteins, peptides, and other biomolecules. A significant
emphasis has been placed on cubic phases due to their polar/
apolar continuous domains, which allow for the encapsulation
of a broad range of hydrophilic/hydrophobic molecules14 and for
controlled release of a cargo, thus maintaining the therapeutic
concentration range over a longer period of time.7

Cubosomes are stable nanoparticle dispersions formulated
from bulk cubic phases (Fig. 1). They have been gathering
increasing attention due to their potential applications in

nanomedicine. However, pure MO systems alone do not
respond to biological or external stimuli such as temperature,
light, pH or ionic strength. Hence, significant efforts are being
made towards more accurately controlled release of target
biomolecules15,16 and on modulating the release properties of
the host–guest lipid cubic phases in response to specific external
conditions.17–21 This approach recently led to the development of
stimuli responsive cubosome-based drug-delivery systems with
the capacity of releasing their content in response to external
triggers. Several authors have reported the effect of pH changes
on mixtures of monoolein-charged lipid bicontinuous cubic
phases.22–25 These systems were shown to reversibly change from
a cubic phase to an inverted hexagonal HII or lamellar La phase in
response to acidic (pH 2) conditions. This strategy was further

Fig. 1 (a) Graphical picture of an inverse cubic phase with primitive type
structure Im3m, (b) cryo-TEM image of a monoolein cubosome stabilized
with 5 wt% pluronic F127. Scale bar, 100 nm.
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exploited by Negrini et al.21 who presented a pH-responsive cubic
phase, where controlled release of cargo is achieved by adapted
host–guest electrostatic interactions.

In this work, we describe a new MO-based pH-sensitive
cubosome system that we have developed, loaded with a
pH-sensitive polymer (see Fig. 2a). This polymer, a poly(L-lysine-
iso-phthalamide) grafted with L-phenylalanine at the degree of
grafting of 50% hereafter referred as PP50, is a promising pseudo-
peptidic polymer whose hydrophilic/hydrophobic balance depends
on external pH.26–30 It is by design capable of mimicking the
activity of membrane-penetrating peptides. The presence of
carboxylic acid side groups causes reversible conformational
changes in an aqueous environment from extended charged
polyelectrolyte chains at neutral pH, to a globular state at acidic
pH, resulting in a higher binding affinity for the lipid membrane,
causing its subsequent disruption. Thus, PP50 is an appealing
example of a stimulus-responsive material, potentially able to
minimise drug losses at neutral pH while conversely triggering
rapid intracellular drug release from the cubic phase in an
acidic environment.

In this work, we describe how the pseudopeptide PP50 can
be associated with standard MO cubosomes prepared by sonication
and stabilization with the nonionic Pluronic F127 surfactant.31 We
have studied the structure of MO cubosomes incorporating a small
amount (10 wt%) of PP50 at two distinct pH values: pH 7.5 and
pH 5.5. The crystallographic structure and the cubic cell size were
determined by SAXS, whilst the morphology and topology of the
MO-cubosomes were characterised by cryo-TEM.

It was found that under neutral pH conditions, the presence
of polymer preserves the original Im3m cubosome structure, while a
significant amount of structural disruption, with a partial disappear-
ance of the cubic phase, is observed under acidic conditions. This
suggests that our novel system has a strong potential for developing
pH-responsive encapsulation vectors based on cubosomes.

2 Experimental
Materials

Monoolein powder (1-oleoyl-rac-glycerol, C18:1c9,Mw = 356.54 Da),
Pluronic F127 (PEO99–PPO67–PEO99, Mw = 12600 Da) and buffer
components (HEPES, Citrate buffer) were supplied by

Sigma-Aldrich, Co. (Saint-Quentin, France). All chemicals had
purities of 498% and were used without further purification.

Polymer synthesis and characterisation

The polymer PP50 was synthesised as described previously.32

Briefly, the parent polymer PLP (poly(L-lysine-iso-phthalamide))
was synthesized by polycondensation of L-lysine methyl ester
dihydrochloride and iso-phthaloyl chloride followed by ester
hydrolysis. After purification, PLP was conjugated with L-phenyl-
alanine methyl ester hydrochloride by a DCC-coupling reaction
followed by ester hydrolysis. The final PP50 was obtained after
dialysis using a Visking membrane tubing (molecular weight
cut-off, 12 000–14 000 Da). PP50 is a linear copolymer, composed
of a sequence of 50% unsubstituted and 50% phenylalanine
substituted L-lysine iso-phthalamide monomers (see Fig. 2b).
The polymers used in the present study had a number averaged
molecular weightMn = 23.0 kDa, and a mass averaged molecular
weight Mw = 45.8 kDa, as determined using an aqueous gel
permeation chromatography (GPC) system (Viscotek, UK). The
polymer is a weak acid polyelectrolyte, with an estimated
ionization constant pKa B 6.5.

Sample preparation

Colloidal dispersions of cubosomes were prepared as described
by Landh.33 Briefly, for each sample, 50 mg of pure lipid was
dispersed in chloroform, and the organic solvent removed under
a nitrogen stream followed by overnight vacuum pumping.

a. SAXS samples

The lipid deposit was hydrated with 94 wt% buffer solution
(0.707 mL), and then subjected to 10 freeze–thaw cycles. The
resulting lipid dispersion was a cubic phase in excess water
(Pn3m, characterisation not shown). Following the freeze–thaw
cycles, a Pluronic F127 aqueous solution was added (2.68 mg
surfactant in 0.30 mL buffer) for the polymer free reference
samples, while Pluronic F127 (2.68 mg) dispersed with PP50
(4.84 mg) in 0.294 mL of buffer solution, was added for polymer
loaded samples, corresponding to a total volume of 1 mL of
buffer.

b. Cryo-TEM samples

The preparation followed similar steps to the preparation of the
X-ray samples, but using larger volumes of buffer. The lipid
deposit was first hydrated with a buffer solution (1.288 mL),
followed by 10 freeze–thaw cycles, and 2.68 mg of Pluronic F127
and 4.84 mg of PP50 polymer dispersed in 1.288 mL of buffer
(2.576 mL total volume of a buffer) were added.

Samples were probe-sonicated (Bioblock VibraCell 72412) at
30% amplitude for 5 min total time at 1 s on/off cycle period to
prevent overheating. The two hydration solutions used in the
study were set to pH 7.5 with HEPES buffer (20 mM) and to
pH 5.5 with citrate buffer (100 mM) prior to mixing with lipids.
Hydration, sonication and stabilisation with the surfactants trans-
formed the bicontinuous cubic phase into cubosome dispersions.
Samples were then characterised by SAXS or cryo-TEM. Cryo-TEM
imaging was performed with fresh samples (a couple of hours)

Fig. 2 The chemical structures of (a) monoolein (MO) and (b) poly(L-lysine-
iso-phthalamide) chain grafted with phenylalanine (PP50).
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while SAXS samples were prepared a day before being placed in the
Synchrotron beam.

Cryo-TEM

A laboratory-built humidity-controlled vitrification system was
used to prepare the samples for cryo-TEM. Humidity was kept
close to 80% for all experiments and the temperature was set at
22 1C. 5 mL of the sample were placed onto a grid covered by the
lacey carbon film (Ted Pella), which was rendered hydrophilic
via glow discharge (Elmo, Cordouan Technologies). Excess
sample was removed by blotting with filter paper and the
sample grid was vitrified by rapid plunging into liquid ethane
(ÿ180 1C). The grids were kept in liquid nitrogen before being
transferred into a Gatan 626 cryo-holder. Cryo-TEM imaging
was performed on a FEI Tecnai G2 TEM (200 kV) under low
dose conditions with an Eagle slow scan CCD camera.

Cryo-TEM image analysis

Fast Fourier transform and sizing of the nanoparticles were
performed using ImageJ software (NIH, USA). The error in the
determination of the lattice parameter from cryo-TEM images
analysis was estimated at � 5%.

SAXS

The cubosome structures were determined by small-angle X-ray
scattering using beamline I22 at Diamond Light Source (DLS)
with X-ray wavelengths of 0.73 Å. The 2-D powder diffraction
pattern was recorded on an image-intensified Pilatus 2M
detector. Silver behenate (a = 58.38 Å) was used to calibrate
the small angle X-ray diffraction data for all measurements.
SAXS data were analysed using the IDL-based AXcess software
package, developed at Imperial College London. Details of the
use of AXcess for data analysis can be found in ref. 34.

Dynamic light scattering (DLS)

The size and z-potential of the lipid nanoparticles were measured
with a ZetaSizer Nano ZS (Malvern Instruments, UK) at 25 1C.
Triplicate measurements with a minimum of 10 runs were
performed for each sample.

3 Results and discussion
Effect of the addition of polymer on the nanoparticle size

Prior to structural analysis, cubosomes with and without polymer
and the polymer solution (3 mg mLÿ1) were characterised in

terms of particle size and z-potential (Table 1). As previously
reported, the polymer-free cubosome particles formed stable,
milky dispersions with particle sizes ranging from 170 to
220 nm under both pH conditions studied. Incorporation
of 10 wt% PP50 into the cubic phase at physiological pH
moderately increased the size of the nanoparticles, whilst at
pH 5.5 the change was more significant (283 nm). The poly-
dispersity index (PDI) was estimated to be in the approximate
range of 0.2–0.3, for all systems studied, indicating moderately
heterogeneous systems. Moreover, particle dispersions stored
at room temperature over a week showed no significant
changes in the size and PDI, indicating physically stable
systems.

The z-potentials of unloaded cubosomes were ÿ1.2 and
1.1 mV for pH 7.5 and 5.5 respectively, and only a slight decrease
of these values was observed upon polymer incorporation. This
points to a marginal surface coverage of the particles by the
negatively charged polymers.

SAXS measurements

The liquid-crystalline structure of MO cubosomes incorporated
with the polymer was investigated using SAXS. Reference
samples without polymer, at pH 7.5 and 5.5 (Fig. 3a and b),
showed a sequence of three well-defined diffraction peaks with

relative positions at ratios of
ffiffiffi

2
p

,
ffiffiffi

4
p

and
ffiffiffi

6
p

respectively, which
corresponds to a primitive Im3m cubic structure. For the
sample without polymer at pH 7.5, the next peaks of this space

group symmetry (
ffiffiffiffiffi

10
p

and
ffiffiffiffiffi

12
p

) were also visible. The corresponding
lattice parameters, a = 143.0 � 0.1 Å and a = 137.3 � 0.4 Å for
cubosomes at pH 7.5 and pH 5.5 respectively, were in agreement
with previously published data.35 The SAXS profile of the
cubosomes prepared with 10 wt% of polymer at pH 7.5 (Fig. 3c)
displayed the same sequence of peaks, showing that the Im3m
structure was preserved. The positions of the peaks indicated a
lattice parameter of a = 163.2 � 0.1 Å larger than the reference
case, while the peak intensities relative to the diffuse background
appeared slightly reduced (Fig. 3 and Table 2).

At lower pH (Fig. 3d), the SAXS data of the cubosome
solution incubated with PP50 polymers looked significantly
more diffuse. A sequence of well visible but smaller peaks with

relative positions at
ffiffiffi

2
p

,
ffiffiffi

4
p

and
ffiffiffi

6
p

respectively was observed, still
consistent with a P-type Im3m structure with a = 167.2 � 0.1 Å.
In addition, a new peak at 50 Å (indicated by *) appeared, which
was not related to the previous family of diffraction peaks.

Table 1 Hydrodynamic diameter and z-potential of cubosomes w/wo polymer and the pure PP50 solution under different pH conditions. Values are
shown as averages over 3 samples with 10 runs each, and the standard deviation is used as an error estimate. As anticipated, the polymer was well
dispersed at pH 7.5 and aggregated at pH 5.5 (DLS sizing data column)

Sample

Size (nm) z-Potential (mV)

pH 7.5 pH 5.5 pH 7.5 pH 5.5

Cubosomes 178.1 � 5.2 220.9 � 4.2 ÿ1.2 � 0.8 1.1 � 0.4
Cubosomes with PP50 212.7 � 4.7 283.3 � 3.6 ÿ2.1 � 1.0 0.11 � 0.7
PP50 N/Aa 50.7 � 4.2 ÿ13.1 � 2.1 ÿ28.4 � 1.0

a Not enough scattering from the linear dispersed polymer chains.
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Cryo-TEM observations

We used cryo-TEM to visualize the nanostructure of the cubo-
some particles in both physiological pH 7.5 and acid pH 5.5
environments. Cryo-TEM images (Fig. 4a and b), combined
with fast Fourier transform (FFT) analysis, revealed that at both
pHs, the reference samples formed stable bicontinuous cubic
phases with an Im3m symmetry and a measured lattice para-
meter of the order of 140 Å as commonly observed in previous
preparations.36,37 This indicates that pH alone does not influence
the stability of MO cubosome particles. Moreover, the bilayer
thickness, as determined by image analysis, was about 36 Å
(Table 2) which was in excellent agreement with values reported
elsewhere.36

The structural symmetry of the primitive Im3m cubic phase
was clearly preserved upon incorporation of the polymer at
physiological pH (Fig. 4c and d). More important, a corresponding
analysis of the structural parameters showed that the presence of
the polymer expanded the unit cell size a. This increase in lattice
parameter was similar to what was observed in SAXS (Fig. 3c and
Table 2). From the FFT analysis of a number of selected particles, a
mean lattice parameter of 160 Å was obtained.

Remarkably, in the low pH regime (5.5), where PP50 is
expected to interact strongly with the lipids, some clear disruption
of the underlying cubic phase structure was observed (Fig. 4e
and 5). A number of changes varied from particle to particle,
and within a given particle. There was in some regions a significant
collapse of the structure, with disappearance of the lattice structure.
FFT analysis confirmed the absence of periodicity. In other regions,
the cubic regions were preserved as in the reference sample.

Finally, one could find regions in particles displaying some
apparent lamellar ordering, with an anisotropic orientation
confirmed by FFT analysis.Whether the cubic structure disappeared
totally or only partially, our cryo-TEM images demonstrated the pH
dependent disruptive action of the polymer on the MO-bilayer
within the cubic phase.

Measurements of cubic lipid phases, pure or with additives,
are commonly carried out in buffer solutions of various chemical
compositions, ionic strengths, etc. It has been reported that such
parameters, like the presence of salts of different chemical
natures, the exact pH, temperature and pressure values, might
all influence the phase behaviour of these lyotropic liquid
crystals. In the present study, the addition of 10 wt% polymer
(with respect to the lipid mass) was accompanied by a 12%
increase in the value of the unit cell size (from 143 to 163 Å) in
HEPES buffer (pH 7.5).

Although the polymer cannot be unambiguously located
within the sample, the cryo-TEM images and the sharp appearance
of the SAXS peaks indicate that the particles were spatially homo-
geneous and that, if present inside, the polymer was evenly
distributed. From the geometry of the primitive cubic structure,
one could estimate the amount of water present in the particles
compared to the bulk aqueous solution. Ignoring the Pluronic
F127 and PP50, it is possible to relate the volume fraction of lipid
Fl to the cell size a, and lipid length l in the parallel surface
approximation:

Fl ¼ 2A0

l

a

� �

þ
4pw

3

l

a

� �3

(1)

where A0 and w are respectively the ratio of the area of the minimal
surface in the unit cell to the quantity (unit cell volume)2/3, and the
Euler–Poincare characteristic, which depends on the symmetry of
the cubic phase.38,39 In the case of the Im3m structure, the values
are A0 = 2.3451, and w =ÿ4. Using the standard monoolein value
l = 18 Å in the absence of PP50 at pH 7.5 (consistent with the
bilayer thickness of 36 Å seen in cryo-TEM), one gets Fl = 0.555.
According to this value, 50 mg of monoolein were hydrated by
about 40 mg of water. The free water (1 g or more) was present in
much larger amount, showing that the cubosome structures

Fig. 3 1-D diffraction plots of intensity vs. scattering parameter S = q/2p
for MO-cubosomes doped with 10 wt% PP50 polymer. (a) Cubosomes at
pH 7.5 (lattice parameter a = 143.0 � 0.1 Å, peak positions: 100.8 Å, 71.4 Å,
58.2 Å); (b) cubosomes at pH 5.5 (lattice parameter a = 137.3 � 0.4 Å, peak
positions: 96.6 Å, 68.5 Å, 55.8 Å); (c) cubosomes with polymer at pH 7.5
(lattice parameter a = 163.2 � 0.1 Å, peak positions: 114.9 Å, 81.6 Å, 66.8 Å);
(d) cubosomes with polymer at pH 5.5 (lattice parameter a = 167.2 � 0.1 Å,
peak positions: 116.7 Å, 84.2 Å, 68.5 Å, 50 Å). The peak indicated by
* corresponds to a spacing of 50 Å.

Table 2 Lattice parameters (a), calculated water volume fraction (fw) and water channel radius (rw) of MO cubosomes w/wo polymer as a function of pH

Sample

aa (Å) ab (Å) fw (%) rw (Å)

pH 7.5 pH 5.5 pH 7.5 pH 5.5 pH 7.5 pH 5.5 pH 7.5 pH 5.5

Cubosomes 143.0 � 0.1 137.3 � 0.4 140.2 � 0.2 139.0 � 0.4 44.5 � 0.1 42.5 � 0.1 25.8 � 0.1 24.0 � 0.1
Cubosomes with PP50 163.2 � 0.1 167.2 � 0.1 163.0 � 0.5 156.0 � 0.9 50.4 � 0.1 50.4 � 0.1 31.8 � 0.1 33.0 � 0.1

a Measured by SAXS. b Obtained from Cryo-TEM images analysis of 7 cubosome nanoparticles.
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were in equilibrium with excess water. If PP50 did not penetrate
the nanoparticles and was thus present only in the excess free
aqueous solution, it could still act on the cubic phase indirectly,
in a solvent-mediated way. An obvious mechanism would be
depletion, with PP50 lowering the water chemical potential in
the excess solvent region. One would expect to see in this
situation a dehydration of the lipid phase, and some decrease
in the lattice size, which was contrary to our present observations.
With the PP50 being deprotonated at pH 7.5, its adsorption
onto the cubosome particles’ outer surface should confer them
with a negative surface charge, with a correspondingly negative
zeta potential. Table 1 indeed reveals that the zeta potential of

cubosomes decreased by 0.9 mV in the presence of PP50. The
change has the expected sign but was small in magnitude.
We, therefore, doubt that PP50 covered the particle surface
extensively. The most likely scenario was that PP50 penetrated
into the cubic phase water channels. The PP50 sample used in
the present study has a number average mass of Mn = 23.0 kDa,
while the segment represented in Fig. 2b has a molar mass
of 700 Da, with an estimated length of 30 Å for a diameter of
14 Å (using a molecular model). Taking b = 30 Å as the Kuhn
segment length of the repeat units, the polymer consisting of

33 segments has a gyration radius Rg ¼
ffiffiffiffiffi

33
p � ffiffiffi

6
p

b ¼ 70 Å.
On the other hand, the water channel radius, rw, can be

Fig. 4 Representative Cryo-TEM images of cubosome dispersions used in this study, with the corresponding fast Fourier transform (FFT) of red box
areas (insets). Unloaded cubosome: (a) pH 7.5; (b) pH 5.5; (c and d) cubosome/PP50 at pH 7.5. (e and f) Cubosomes/PP50 at pH 5.5. FFT was used for
determination of the structure of the liquid crystalline particles, independently from SAXS. Scale bar, 100 nm.
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estimated using the relation between rw and the lattice para-
meter a:40

rw = 0.305a ÿ l (2)

with a = 163 Å and l = 18 Å one finds rw = 32 Å. Mobility and
penetration of PP50 chains in the cubic nanostructure therefore
seems a reasonable assumption.41 The magnitude of the cell
size variation, the uniformity of the structures, the lack of
sensitivity to particle dilution and the relative size of the
polymer and the cubic cell make of the penetration of PP50
into the cubosome particles the most likely possibility.

We discuss now the possible mechanisms for the cell size
increase in the presence of the polymer. We observed first that pH
reduction only marginally decreased the measured unit cell size of
the reference samples by 6 Å. By comparison, the addition of PP50
at pH 7.5 increased this value by 20 Å. The change of electric charge
on the polymer backbone when decreasing pH from 7.5 to 5.5 did
not seem to be a prominent factor. The measured lattice parameter
at pH 5.5 in the absence and presence of PP50 were 137 and 167 Å
respectively. This suggests that electrostatic repulsion is not a likely
candidate for explaining the observed swelling. Moreover, all experi-
ments were done under buffered conditions, in which electrostatic
interactions were strongly screened. At pH 7.5 it is unlikely that the
polymer inserts deeply into the bilayer. Modifications are therefore
probably induced by the interaction between the water-soluble
polymer and the monoolein interface. For instance, changes in
the structure and a decrease in the parameter size of cubic phases
exposed to polysaccharides were reported by Mezzenga et al.42

Whether the polymer is depleted or adsorbed by the membrane,
its presence between the bicontinuous channels changes the free-
energy at two levels. First, it induces direct interactions between
different parts of the bilayer over the range of the polymer size.
Secondly, the polymer–membrane interaction changes the curvature
elastic constants of the bilayer, the bending rigidity k and the
Gaussian rigidity �k. For depletion and equilibrium adsorption this
is expected to decrease k and increase �k, while for inserted
polymers, an increase in k and a decrease in �k are expected.43

The observed swelling of the cubosomes at pH 7.5 suggests
that the presence of PP50 promoted a reduction in the magni-
tude of the spontaneous monolayer curvature. Hence, the
spontaneous curvature of the lipid bilayer towards the water
region decreased, resulting in a higher water uptake capacity.

Table 2 lists the variation of the lattice parameter a, measured
by SAXS, the size of water pores rw and the water volume fractions
Fw. As can be observed, the water channel size increased while
some polymer was incorporated into the cubic phase. At physio-
logical pH, this suggests that the polymer behaved like a
hydration-modulating agent i.e. favoured the hydration of the
Im3m phase without changing the structure (Fig. 3c and d). Similar
swelling behaviour of cubic phases upon addition of additives was
reported previously by Angelov44 and Negrini et al.20

Polymer-induced structural changes under acidic pH conditions

The well-resolved diffraction peaks obtained in SAXS (Fig. 3a–c)
at pH 7.5 or pH 5.5 without PP50 indicate well-ordered cubic
phases. The cryo-TEM images of a selection of particles show

cubic ordering established across the whole particles. FFT
image analysis displays characteristic fourfold symmetric patterns
depending on the orientation of the particles with respect to the
electron beam (Fig. 4a–d). We conclude that the reference sample
and the polymer loaded sample at pH 7.5 are composed of
crystalline pieces of the Im3m bicontinuous cubic phase.

Fig. 4e, f and 5 show a selection of nanoparticles with PP50
at pH 5.5. We could see large disordered regions, with no visible
periodic ordering, confirmed by the absence of peaks in the FFT
image analysis. Disordered and cubic ordered regions coexisted,
sometimes within the same particle. Fig. 5 shows a single particle in
the same field of view: the upper part of the particle was mostly
disordered, while the bottom of the particle still presented a cubic
ordering. The particle in Fig. 4f displayed some apparent lamellar
order, associated with two spots in its FFT pattern. Therefore,
cubosomes with polymer in acidic conditions can be seen as a
collection of totally or partially disordered particles coexisting with
cubic and lamellar ordered particles. The image analysis performed
on the lamellar regions leads to a repeat distance comprised
between 65 and 75 Å. The TEM observations account well for the
observed SAXS patterns. Indeed, with only a small fraction of the
particles retaining their cubic order, the Im3m diffraction peaks are
faint in Fig. 4d. The observed peak at q* is consistent with a lamellar
phase with a repeat distance d = 50 Å rather different from the
lamellar periodicity estimated by Cryo-TEM. This discrepancy might
be due to a slow time evolution of the cubosome structure
interacting with the hydrophobic polymer. The SAXS and the
Cryo-TEM measured values could correspond to different ageing
stages of the samples. We discussed here the effect of 10 wt%
PP50, a compromise between the efficiency of the action and the
required amount of polymer, preliminary results from smaller or
larger concentrations show as expected corresponding trends.

4 Conclusions

We prepared pH-sensitive cubosomes from monoolein. Besides
themonoglyceride, cubosomes contained Pluronic F127, a standard

Fig. 5 Cryo-TEM images of a single cubosome at pH 5.5 with incorporated
polymer. The red boxes represent the areas used for FFT calculations. Scale
bar, 100 nm. (a = 156.0 Å). (1) Upper part of particle; (2) lower part of particle.
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non-ionic surfactant and PP50, a pH-sensitive pseudo-peptide. As
expected, F127 swelled the liquid crystal, introducing a primitive
cubic phase while stabilizing the monoolein cubic phase particles.
Cubosomes without PP50 were not prone to disruption under acidic
conditions at pH 5.5. Lipid particles with added PP50 were
successfully disrupted when exposed to acidic conditions,
paving the way for applications in drug delivery.
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Résumé

Le développement de nanotransporteurs basés sur des lipides, des polymères et des nanoparticules 
avec des propriétés «sur mesure» pour augmenter l’efficacité de médicaments, fait l’objet de 
recherches intensives. Toutefois, la physico-chimie subtile des intéractions polymères-lipides and 
nanoparticules-lipides présente encore de larges domaines mal compris et de nombreuses 
questions sans réponse. Ce projet de recherche doctoral utilise des techniques de visualisation  
(Cryo-MET, LSCM), et de caractérisation (ITC, DSC, SAXS, SANS, QCM-D) avancées pour obtenir 
des informations nouvelles sur les mécanismes d’interaction entre des Cyclodextrines-α d’autre part, 
des polymères sensibles au pH d’autre part, et des bicouches modèle de DOPC. La forte influence 
de ces deux composés sur ces systèmes modèle élucide certains aspects relatifs à la toxicité vis-à-
vis des membranes biologiques et suggère de nouvelles approches pour des applications 
pharmaceutiques. 

Résumé en anglais

The primary goal of nanomedicine is to improve clinical outcomes. To this end, the development of 
nanocarriers based on lipids, polymers  and nanoparticles with tailor-made properties that enhance 
the in vivo potency of drugs is a subject of intense research. However, the subtle physical-chemistry 
of the polymer-lipid and nanoparticle-lipid interactions still present many poorly understood fields of 
investigation as well as unanswered questions. This doctoral research project utilizes state-of-the-art 
visualization (Cryo-TEM, SLCM) and characterization (ITC, DSC, SAXS, SANS, QCM-D) techniques 
to gain novel insights into the interaction between α-Cyclodextrins in the first hand, a pH-responsive 
polymer in the other hand, and model DOPC bilayers. The strong influence of both compounds on 
these model systems elucidate some aspects regarding biological membrane toxicity and suggests 
novel strategies for pharmaceutical applications.


