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A. ABSTRACT AND ZUSAMMENFASSUNG

Abstract

The present work deals with the formation and transformation of vesicles

composed of either fatty acid/soap molecules, dialkyl phosphates, or

phospholipids (POPC-l-paimitoyl-2-oleoyl-.vw-glycero-3-phosphocholine).

The first part Is devoted to the development of a new autocatalytic vesicular

system, similar to the oleic anhydride/oleic acid system described before. In

the latter system, a hydrophobic precursor, oleic anhydride, is hydrolyzed

and generates amphiphiiic molecules, oleic acid and oleate, which self-

assemble to form vesicles under the chosen conditions (pH 8.5). The

vesicles formed during the hydrolysis -or added as preformed vesicles at the

beginning of the reaction- accelerate the oleic anhydride hydrolysis and

thereby the production of vesicles.

The phosphotriester didecyl p-nitrophenyl phosphate was chosen as a

potential candidate for the formation of another vesicle self-reproduction

system as if appeared to fulfill the requirements: (a) didecyl p-nitrophenyl

phosphate is a water-insoluble compound which, (b) upon hydrolysis,

generates didecyl phosphate molecules, which possess b il ayer forming

properties. Vesicles were indeed obtained upon hydrolysis of didecyl p-

nitrophenyl phosphate under basic conditions. Didecyl phosphate vesicles

were, however, endowed with catalytic properties only if the hydrophobic

precursor was incorporated mechanically in the vesicle bilayer or if the

hydrolysis reaction was carried out in 3~(cyc!ohexylamino)-l~

propanesuifonic acid (CAPS) buffer. It turned out that these dialkyl

phosphate vesicles, although possessing very interesting properties, were

not suitable for alternative self-reproduction s>stems. In order to better

understand the vesicle self-reproduction process, the classical oleic

anhydride/oleic acid system was therefore studied in the rest of the present

work.
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In the second part of this work, possible mechanisms of formation and/or

transformation of vesicles upon addition of new surfactants were studied.

Two systems were examined: (a) the formation and/or transformation of

oleic acid vesicles upon oleic anhydride hydrolysis in the presence of

preformed oleic acid vesicles (self-reproduction of oleic acid vesicles) and

(b) the formation of mixed POPC/oleic acid/oleate vesicles upon addition of

sodium oleate to preformed POPC liposomes. In (a) the new amphiphiles

were generated by the hydrolysis of oleic anhydride whereas in (b) they

were added as an aqueous miccllar solution.

The addition of amphiphiles to preformed vesicles can theoretically give

rise to three events: (i) the preformed vesicles grow by uptake of new

surfactants, (ii) new vesicles are formed independently of the preformed

ones (de novo formation), and (iii) the preformed vesicles incorporate new

surfactants in their biiayer and then eventually split.

A new methodology was developed to follow the changes occurring in the

vesicle suspensions caused by the addition of new amphiphiles. Ferritin, an

iron storage protein containing a dense iron core, was chosen as marker and

entrapped in vesicles. These ferritin-containing vesicles were used as the

preformed vesicles in the different experiments (a & b).

The suspensions were fro/en (vitrified) as thin aqueous layers and examined

at low temperature in a transmission electron microscope (cryo-TEM).

Cryo-TEM permits the determination of the true size and of the number of

lamellae of a \esicle as well as the direct visualization of certain large

macromoleculcs, such as ferritin.

A large number of cryo- FEM micrographs were analyzed and various

vesicle size distributions and ferritin distributions among the vesicles were

determined. Evidence regarding the formation of new vesicles and the

transformation of preformed vesicles was gathered by studying the

differences observed between the initial state (before amphiphile addition)

and the final state (after amphiphile addition) of the vesicular suspension.
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In the case of the oleic acid vesicle self-reproduction (process a), it was

found that the two main mechanisms operating during this reaction were the

growth of some preformed oleic acid vesicles and the de novo formation of

large vesicles. The growth mechanism was evidenced by the shift of the

ferritin-containing vesicles towards vesicles of larger diameters whereas the

observation of large oleic acid vesicles that did not contain any ferritin

molecules indicated a de novo vesicle formation. Some experimental

observations suggested that some vesicles may also have been formed by a

splitting process.

In the case of the formation of mixed POPC/oleic acid/oleate vesicles

(process b), it was found that, upon sodium oleate addition and under the

chosen conditions, some POPC1 liposomes incorporated oleate molecules in

their bilayer to generate mixed POPC/oleic acid/oleate vesicles as

evidenced by the clear shift of the ferritin-containing vesicles towards

vesicles of larger diameters, and that small vesicles, smaller than the

preformed POPC liposomes, were formed as well. These small vesicles,

which mainly did not contain am ferritin molecules, could result either

from the self-assembly of the oleic acid/oleate molecules to form vesicles

(de novo vesicle formation) or from the fission of a small vesicle from a

larger one.

Cryo-TEM does not yield any quantitative information about the number of

vesicles present in a suspension. Therefore, a new cryo-procedure for EM

specimen preparation (block-face method) was considered as a possible tool

to characterize suspension. Although some technical problems are still not

solved, it appeared that this method can give quantitative as well as

qualitative information about suspensions that cannot be obtained using

other methods.
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Zusammenfassung

Die vorliegende Arbeit behandelt die Bildung und Transformation von

Vcsikeln verschiedener Zusammensetzung: Fettsäuren/Seifen,

Dialkylphosphat oder Phospholipide (POPC -~ l-Palmitoyl-2-oieoyl-.w-3-

phosphatidylcholin).

Der erste Teil ist der Entwicklung eines neuen autokatalytisehen Systems

zur Vesikelbildung gewidmet, das ähnlich funktionieren sollte wie das

bereits beschriebene Oelsäureanhydrid/Oelsäure/Oleat System. Bei diesem

System wird Oelsäureanhydrid, der hydrophobe Vorläufer, hydrolysiert.

Dabei entstehen die Amphiphilen Oeisäure und Oleat, beides Amphiphile,

welche sich unter den gegebenen Bedingungen (pH 8.5) zu Vesikelii

selbstorganisieren. Die Vesikel, die sich während der Reaktion bilden,

beschleunigen die Hydrolysereaktion. Eine ähnliche Beschleunigung wird

beobachtet wenn zu Beginn der Reaktion gebildete Vesikel vorgelegt

werden.

Der Phosphotriester Didec\l-p-nitrophenyl-phosphat wurde als möglicher

Kandidat für die Entwicklung eines sich selbst-reproduzierenden

Vesikelsystem s ausgewählt, da er folgende Anforderungen erfüllt: (a)

Didecyl-p-nitrophenyl-phosphat ist eine wasserunlösliche Verbindung,

welche (b) durch Hydrolyse Didecylphosphat-Moleküle bildet, die sich zu

Bilayerstrukturen organisieren können. Enter basischen Bedingungen

konnten in der Tat Vesikel erzeugt werden. Didecylphosphat-Vesikel wiesen

jedoch nur katalytische Eigenschaften auf, wenn entweder die hydrophoben

Phosphotriester vorgängig mechanisch in die Bilayerslruktur der

Didecylphosphat-Vesikel integriert wurden oder wenn die Hydrolyse in 3-

(Cyeylohcx\lanuno)-propansulfonsäure (CAPS) ausgeführt wurde. Obwohl

Dialkylphosphat-Vesikel sehr interessante Eigenschaften aufwiesen,

eigneten sie sich nicht als alternathes, sich selbst-reproduzierendes System.

Um den Selbsf-Reproduktionsprozess zu untersuchen, wurde deshalb im

yveiteren Verlauf dieser Arbeit das klassische Oelsäureanhydride/Oelsäure/

Oleat System eingesetzt.
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Im zweiten Teil werden mögliche Mechanismen der Bildung und/oder

Transformation der Vesikel nach Zugabe von zusätzlichen Tensiden

untersucht. Zwei Systeme standen im Vordergrund: Einerseits (System a)

wurde die Bildung und/oder Transformation von Oelsäure-Vesikeln nach

der Oelsäureanhydrid-Hydrolyse in Anwesenheit vorgelegter Oelsäure-

Vesikel untersucht (Selbst-Reproduktion von Oelsäure-Vesikel);

andererseits (System b) wurden gemischte POPC/Oelsäure/Oleat-Vesikel

untersucht, die sich durch Zugabe von Natrium-Oleat zu vorgelegten

POPC-Eiposomen bildeten.In (a) wurden neue Amphiphile durch die

Hydrolyse von Oelsäureanhydrid generiert während in (b) die Amphiphile

als wässerige micellare Lösung zugefügt wurden.

Die Zugabe von Amphiphilen zu vorgebildeten Vesikelii kann theoretisch

folgcndens bewirken: (i) die vorgebildeten Vesikel wachsen durch

Aufnahme neuer Tenside. (ii) neue Vesikel können unabhängig von den

vorgebildeten Vesikelii entstehen (de novo Bildung), und (üi) die

vorgelegten Vesikel können sich nach Inkorporation neuer Tenside in ihren

Bilayer eventuell teilen/abschnüren ("splitting/budding process").

Eine neue Methode wurde ausgearbeitet, um die, durch die Zugabe von

Amphiphilen erzeugten Veränderungen in der Vesikelsuspension zu

verfolgen. Als Marker diente dabei Ferritin, ein Eisenspeicherprotein mit

einem dichten Eisenkern, das in die Vesikel cinceschlossen wurde. Diese

Eerritin-cnthaltenden Vesikel wurden als vorgelegte Vesikel in den beiden

Experimenten (a & b) benutzt.

Die Suspensionen wurden als dünne Schichten eingefroren (vitrifiziert) und

bei tiefen Temperaturen im Iransmissionselektronenraikroskop analysiert

(Cryo-TEM). Cryo-TEM erlaubt die Bestimmung der wahren Grösse der

Vesikel sowie der Anzahl Eamellen, und ermöglicht die direkte Abbildung

grosser Makromoleküle, wie Ferritin.

Durch Analysieren einer grossen Anzahl von Aufnahmen wurden die

verschiedenen GrössenverteiJungen der Vesikel und die Verteilung der
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Ferritinmoleküle pro Vesikel bestimmt. Durch Vergleich des

Ausgangszustandes (vor Tensidzugabe) und Endzustandes (nach

Tensidzugabe) wurde nach Hinweisen für die Neubildung von Vesikeln und/

oder die Transformation der \orgebildeten Vesikel gesucht.

Bei dem Selbst-Reproduktionsystem der Oelsäure-Vesikel (System a)

schienen zwei Hauptmechanismen beteiligt zu sein. Einerseits wurde eine

Zunahme der Durchmesser von Ferritin-enthaltenden Vesikeln gemessen

(Wachstumsprozess). Andererseits fand eine de novo Bildung von Vesikeln

statt, da die Anzahl von grossen Vesikeln die kein Ferritin enthielten

zunahm. Einige experimentelle Beobachtungen könnten auch auf einen

Teilungsprozess (splitting/budding) hindeuten.

Im Falle der Zugabe von Oleat zu POPC-Vesikel (System b) konnte eine

Zunahme der Durchmesser von Ferritin-enthaltenden Vesikeln gemessen

werden was auf die Aufnahme von Oleatmolckülen in die Bilayer der

vorgelegten POPC-Liposomen und demzufolge auf die Bildung von

gemischten POPC/Oelsäure/Oleat-Vesikel hindeutet. Zudem wurden viele

kleine Vesikel (kleiner als die vorgelegten POPC-Liposomen) gefunden.

Diese kleinen Vesikel enthielten praktisch keine Ferritinmoleküle und

könnten entweder aufgrund eines Selbstorganisationsprozesses der

Ocisäure/Oleat-Moleküle (de novo Vesikel-Bildung) oder durch die

Abschnürung aus einem grossen Vesikel entstanden sein.

Die verwendete cryo-TEM Methode hat den Nachteil, dass sie keine

quantitative Aussage über die Anzahl der vorhandenen Vesikel in der

Suspension geben kann. Es wurde deshalb ein neues cryo-Verfahren

O'block-face method"), als mögliches Werkzeug zur Charakterisierung von

Vesikelsuspensionen getestet, lrotz noch /u lösenden technischen

Schwierigkeiten scheint klar, dass dieses Verfahren quantitative und

qualitative Informationen über Suspensionen geben kann, die mit keiner

anderen Methode erzielt werden können.
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B. INTRODUCTION

1. Aim of the present work

Life, as we know7 it, is cellular: a physical boundary separates the living

organism from the outside world. There are good reasons why a spherical,

semipermeable boundary is important: it may maintain the necessary local

concentration of reagent as well as pFI, it may permit the traffic of selected

nutrient molecules, and it may provide a micro environment in which a

reaction may occur that does not necessarily occur in bulk water. One could

ask if the existence of an organized supramolecular complex was the

necessary requirement for the onset of the chemistry of life (RuLsi, 1996).

The autocatalytic formation of oleic acid vesicles is an interesting process as

it binds chemistry with reproduction, which is one of the most basic cell

processes. Moreover, the oleic acid self-reproduction system is very simple

as vesicles, which are of great relevance due to the importance of

compartments in life, are simply formed by the hydrolysis of an

hydrophobic precursor, in this case oleic anhydride. The simplicity of this

system makes it also attractive in the field of the origin of life.

Up to now, self-reproduction of vesicles was only obtained upon the

hydrolysis of various fatty anhydrides in an alkaline medium. The

development of other vesicle self-reproduction systems, in which vesicles

are endowed with similar catalytic properties, would be useful to better

understand the prerequisites for such processes and to generalize this

phenomenon to other chemical compounds. One aim of this work is then to

find potential candidates, of possible prebiotic relevance, that are able to

form a self-reproduction system.
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On the other hand a deeper insight into the mechanistic aspects of the self-

reproduction of oleic acid vesicles is also necessary to better understand this

process. Kinetic studies have shown that the presence of vesicles accelerates

oleic anhydride hydrolysis, but one does not really know what is the role of

the vesicles that are already present in the suspension. What happens to

these vesicles when new oleic acid/oleate molecules are released? Do the

newly generated surfactants form new vesicles or are they incorporated in

the vesicle bilayers that are already present in the suspension? To answer

these questions a method is needed that permits the detection of the changes

occurring in the vesicle suspension as a result of the release of new

surfactants.

Cryo-transmission electron microscopy (cryo-TEM) permits the direct

visualization of vesicles and of eventually entrapped macromolecules. I'hus

cryo-TEM appeared suitable to investigate the effect of new surfactants on

vesicles. The idea was then to introduce a marker inside the vesicles to mark

the vesicles and to follow the formation of new vesicles and the

transformation of the marked vesicles by electron microscopy.

The present work is divided into two main parts:

- the investigation of potential new vesicle self-reproduction systems based

on phosphate-containing amphiphiles.

- the development of a new methodology using cryo-TEM to obtain

information on the formation and/or transformation of vesicles upon the

addition of new surfactants. Fwo systems were studied: the self-

reproduction of oleic acid vesicles in the presence of preformed oleic acid

vesicles and the addition of oleate molecules to POPC" liposomes.
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2. Amphiphiiic molecules and their aggregation

forms

2.1 The biological membrane

All living cells are compartmented by membranes. Biological membranes

are involved in almost all cellular processes, ranging from mechanical

functions, such as transport, to specific biochemical processes, such as

signalling and photosynthesis.

In 1972, Singer and Nicolson proposed a "fluid mosaic model" for the

organization of the proteins and lipids of biological membranes (Singer &

Nicolson, 1972). The essence of their model is that membranes are two-

dimensional solutions of oriented globular proteins and lipids of about 5 to

10 nm in thickness. The lipids are arranged in a bilayer and serve as a matrix

for the membrane proteins (Fig. 2.1). Membrane proteins are responsible for

the distinctive functions of membranes. Biological membranes are dynamic

structures where the lipids are free to diffuse laterally in the lipid matrix and

rotate around their axis; however, they do not flip easily from one side of a

membrane to the other. They are asymmetric: the composition and therefore

the properties of the inner and outer leaflet of the membrane differ (Stryer,

1988)

Fig. 2.1 I hud mosaic model as pioposecl b\ Sirmet and VicoKoa (adapted horn Wmtci,
1990)
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'The lipid matrix is mainly composed of a variety of phospholipids and its

principal function is to act as permeability barriers to the free diffusion of

solutes.

Phospholipids belong to a special class of compounds called amphiphiiic

molecules. Fig. 2.2 shows the chemical structure of l-palmitoyl-2-oleoyl-

y/7-glyeero~3-phosphoeholine (POPC), a phospholipid commonly found in

biological membranes of eucaryotic cells.

\-~cr
,N;

Fig. 2.2 Chemical structure of

(POPO.

-palmitoyl-2-oleoyl-vn-glycero-3-p1iosphocholine

2.2 General structure of amphiphiiic molecules

Amphiphiiic molecules are made of an hydrophobic (water-insoluble) and

an hvdrophilic (water-soluble) moiety (Fig. 2.3). These molecules are

surface-active and are also called surfactants.

Hydrophobic chain

B

Fig, 2.3 Schematic representation of amphiphiiic molecules containing (À) one and (B)
(wo hydrophobic chains and an tndrophilic head group.
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The hydrophilic part, commonly called the polar head group (or head), can

be neutral or charged. Amphiphiles can be catiomc, anionic, zwitterionic or

non-ionic depending on the nature of their head group. 'The hydrophobic

part, also named apolar tail, is usually made of one, two, or three

hydrocarbon chains.

2.3 Aggregation structures

Below a certain concentration, called the critical aggregation concentration

(CAC), there is -in a first approximation- no interaction between

amphiphiles dispersed in an aqueous solution and they are found as

monomers. Above the CAC, monomers self-assemble to form a variety of

aggregates. The driving force for this behavior is known as the hydrophobic

effect ( i an ford, 1980), which is of entropie nature (Fsraeiaehvili, 1991:

Israelachvili et al., 1976). Amphiphiles in water show a dual behavior: the

hydrophilic head groups want to achieve maximal hydration while the

hydrophobic carbon chains tend to avoid contact with water by

spontaneously building aggregates.

The forces that hold amphiphiles together in aggregates are van der Waals,

hydrophobic, hydrogen-bonding, and screened electrostatic interactions.

The structures are influenced by the surfactant concentration (lyotropic

polymorphism ), insaturation of the hydrocarbon chains, pH, ionic strength,

and temperature (thermotropic polymorphism). The most common

structures formed by amphiphiles are micelle, hexagonal phase, cubic

phase, bilayer, iincited hexagonal phase.

1 The lyotropic phase behavior of some biological amphiphiles has been

doseii bed bv Scddon (1996)
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Amphiphiiic molecules can be approximated by simple geometrical shapes

that are characterized by their effective head group area a0, volume V, and

critical chain length L Israelachvili ct al. (1976) have introduced the

dimensionlcss "critical packing parameter''' P which is defined as V/a0lc- P is

frequently used to predict packing properties and aggregate shape (Table

2.1). The relative size of the head group and lipid chain are partially

determined by the charge state of the head group and the degree of disorder

of the chains.
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Shape
Critical packing

parameter
Type of

surfactants

Structures

formed

Y

P< 1/3

1/3 < P <1/2

1/2 < P<1

P~ 1

P>1

single-chained lipids
with large head groups

single-chained lipids
with small

head groups

double-chained lipids
with large head groups

double-chained lipids
with small head groups

double-chained lipids
with small head groups

spherical
micelles

cylindrical
micelles

flexible bilayers
vesicles

planar
bilayers

reverse

micelles

Table 2.1 Molecular shape, packing parameter, and preferred aggregation structure of

surfactants (fsraclaclivili. 1991 ),
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3. Vesicles

Vesicles arc closed bilayers, which have in most cases a spherical shape

(Fig. i.l). The term liposome" is also used for vesicles formed by lipids.

Vesicles share many common characteristics with membranes and have

therefore been widely used as model of the lipid matrix of the biological

membranes. One has to keep in mind, however, that liposomes are very

simple structures compared to complex biological membranes.

Hg. 3.1 Schematic iepiescalation ot a sectioned vesicle with R0 the outct radius, R, the

internal ladius, d the bilayci thickness, V the chain \olume, a0 the head group area and F

the ciitieal chain length

Due to their ability to enclose aqueous compartments, vesicles are also used

as microreaclors (Walde & Marzetta, 1998), and carriers for drugs and DNA

(Gregoriadis, 1988; Miller, 1999).

2 In this wotk. vesicles formed b\ natural phospholipids ywII also be called

liposomes
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Some physical characteristics of vesicles will be described in more detail in

the particular case of dialkyl phosphates and fatty acids in Chapter 4.

(page 23) and in Chapter 5. (page 34), respectively. Oleic acid, a fatty acid,

and didecyl phosphate, a dialkyl phosphate, were used in this thesis. Both

compounds possess amphiphiiic properties and are able to self-assemble to

form vesicles.

3.1 Types of vesicles

Vesicles can be classified according to their size and morphology. They can

be composed of one, two, or even more bilayers and can enclose other

vesicles (Fig, 3.2). 'Fhe vesicle diameter can greatly vary, from a few tens of

nm to more than hundred jam.

Multilamellar vesicles (MLVs), as shown in Fig. 3.2, consist of a sequence

of concentric bilavers separated by an aqueous phase. Large unilamellar

vesicles (LUVs) and small unilamellar vesicles (SUVs), as their name

indicates, consist of a single bilayer surrounding a central aqueous volume.

'Fhe minimal radius of a SL'V is determined by the maximal packing that the

amphiphile head groups will tolerate in the highly curved inner leaflet of the

vesicle. iVIultivesicular vesicles (MVVs) are the common name for vesicles

entrapping other non-concentric vesicles.

Giant unilamellar vesicles (GUVs) are vesicles of a diameter of 10 uam to

100 urn and can be formed, for example, by the so-called electroformation

method introduced bv Angelova and Dîmitrov ( 1986).



16

MFV \tVV Lt"V SFV

> 1000 mil
- 1000 mn 50-250 ran - 20 - 50 inn

Fig. 3.2 Schematic and simplified drawing of \arious types of vesicles with their typical
diameter: multilamellar \esicle (MTV). muhi\esicular vesicle {MVV), large unilamellar

vesicles (IdJV) and small unilamellar \esicle (SW). In this scheme the bilayer is

represented as a single line and an aqueous phase is present between the bilayers. 1 he

vesicles are not drawn to scale.

3.2 Manufacturing of vesicles

Vesicles are prepared according to various methods depending on the

amphiphiles used, on the type of \esicles desired and on the future

application of the vesicles. The chemical nature of the macromolecules to be

encapsulated also plays a role in the choice of the method. Vesicles can

basically be prepared by three methods (Perkins et al., 1993; Szoka &

Papahadjopoulos. 1980: New, 1990): physical dispersion, two-phase

dispersion and detergent solubilization. The methods used in the present

work are described in this paragraph.
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3.2.1 Film dispersion

MLVs were the first vesicles produced (Bangham & Home, 1964). They

were obtained by the mechanical dispersion of a lipid film in an aqueous

solution. This technique consists of depositing a thin lipid film on the walls

of a flask by evaporation of an organic solution containing the amphiphiles.

After drying of the film under high vacuum to completely remove the

organic solvent, the desired aqueous solution is added and the lipid film is

hydrated at a temperature above 1\. The thus produced suspension is very

polydisperse and contains mostly large MLVs, Hydrophobic compounds to

be incorporated in the bilayer are usually added to the organic solution that

contains the lipids. Hydrophilic substrates to be entrapped in the vesicle

interior are added to the aqueous solution. The major drawback of using

MLVs is their relatively low internal aqueous volume and fhe low physical

stability (aggregation).

Subsequent treatment such as sonication (see 3.2.3), or extrusion (see 3.2.4)

eventually preceded by freeze and thaw treatment (see 3.2.5), are necessary

to yield a more homogeneous suspension of considerably smaller vesicles.

3.2.2 Reverse phase evaporation (REV)

Large unilamellar vesicles can be obtained through the transient formation

of a watcr-in-oil emulsion. I he reverse phase evaporation method was first

described by Szoka and Papahadjopoulos (Szoka & Papahadjopoulos, 1978;

Szoka ct al., 1980) in the late 70"s. An aqueous phase and fhe compounds to

be encapsulated are added to an organic solution that contains the

amphiphiles. The two-phase system is sonicated to yield a fine emulsion and

fhe organic solvent is then removed w ith rotary evaporation. 4t some point a

viscous gel-like intermediate phase is obtained which spontaneously

transforms into a liposome dispersion. Fhe residual traces of organic solvent

arc then removed under reduced pressure (Fig. 3.3).
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Upid-m-solvent
solution

Solvent removal

Two-phase system

B

—! "~ ""?""

Organic phase j

X

,
l

~

WMmmmmm

Aqueous phase
—Drug

Gel formation

K

Water-in-oil emulsion

REV liposomes

Fig. 3.3 Schematic dtawing showing the ke> steps m liposome foimation by the RFV

technique as pioposed bv Papahadjopoulos and co-woikcis (S/oka & Papahad]opoulos,
1078; S/oka et al

,
1980) ( V) Bilayei totming amphiphiles aie dissolved in a walej-

immiscible organic solvent to loi m a lipid solution (B) fhe aqueous phase containing

the compounds to be enttapped is added to lorm a two phase-system that is subsequently
emulsihed (C) by brief sonication to loi m a watci-m-oil emulsion (D) As the oigamc

solvent is icmo\ed, the piepatation becomes viscous and (1 ) usually forms an

inteimediate gel (f ) As the oigamc solvent is fiuthei icmoved, the gel dispcises into a

suspension ot single layeted vesicles (horn T a.sic. 1 993)

'Fhe ratio lipid to water determines the type of vesicles formed. MLVs are

produced when amphiphiles are in excess while 1 UVs arc mainly obtained

for a low amphiphile to water ratio (New, 1990). I his method yields in any

cases I ITVs or MLVs (Pidgeon ef ah, 1986) with a high aqueous space-to-

lipid ratio and the thus obtained suspension is relatively homogeneous.

1 he principle of using the transient formation of a water-in-oil emulsion can

also be slightly modified to produce other types of vesicles, for example

multivesicular \esicles (Kim et ah, 1983) and cell-size vesicles (Kim &

Martin, 1981). lhe principal disadvantage of this method is the use of

organic solvents and of sonication which can denature the different

compounds. Moreover, traces of organic solvents in fhe resulting suspension
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cannot be excluded, and gel chromatography or dialysis may be necessary

to remove solvent traces.

This method is also suitable for the reconstruction of proteins in bilayers

(see e.g. Rigaud el al., 1983).

3.2.3 Sonication

Ultrasonic treatment (sonication) is one of the most widely used method to

produce small unilamellar vesicles. Ml Vs are disrupted by the high energy

input caused by sonication and SUVs with a typical diameter of 20-50 um

are obtained (Huang, 1969). fhe two main apparatus used for sonication are

either a probe tip or a bath sonicator. Probe tip sonîcators deliver high

energy input to the lipid suspension that can be overheated and there is

considerable risk of chemical degradation of the compounds. Jn addition,

fhe sonication tip tends to release metal particles into the suspension which

must be removed by centrifugation. Bath sonication is a milder but less

efficient method.

3.2.4 Extrusion

The size and the number of lamellae of vesicles can also be reduced by

extrusion (Olson et al., 1979; Szoka et ah, 1980). This technique consists of

forcing the suspension through polycarbonate filters with a defined pore

size. Several extrusions are required to bring the average vesicle size to the

approximate filter pore size. I he size reduction is more efficient using

double stacked membranes. Fhe procedure has to be performed at a

temperature above the gel-to-liquid crvstalline transition temperature of the

amphiphile (Nayar el al., 1989).

The mechanism of extrusion is however not completely understood yet and

different models are proposed (Clerc & Thompson, 1994; blunter & Frisken,

1998).
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Fig. 3.4 shows a large vesicle that is deformed on entering a pore of a

polycarbonate filter. The vesicle must be deformed at some energy cost to fit

into the smaller pore, and it must undergo a decrease in volume, either by

diffusion of water through the membrane or through rupture, to enter the

pore (Hunter & Frisken, 1998). Hunter and Frisken (1998) proposed that a

minimum pressure that corresponds to the lysis tension required to rupture

the bilayer membrane is necessary to extrude vesicles. They found that the

size and polydispersity of the extruded vesicles were a function of extrusion

pressure, lipid composition and temperature.

0.1 urn

Fig. 3.4 Schematic diawing of a vesicle ol ladius R(1 cnteting a poic of tadius R., of a

100 inn poie si/e polvcat Donate mcmbianc the applied pi essuie is Pj and the pressure

inside the \esiclc is P2 (accoiding to lluiitei & Fiisken. 1998)

Clerc and Ihompson (1994) propounded that fhe liposome bilayers form

cylinders in the filter pores, which then break up in smaller cylindrical

structures that are unstable and seal themselves to form vesicles of indented

spherical shape (also observed experimental 1} by Mm ef ah, 1993).

FHxtrusion is often combined with freeze and thaw treatment (paragraph

3.2.5).
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3.2.5 Freeze and thaw (FAT)

MLV suspensions are often treated by several freeze and thaw (FAT) cycles

(Hope et al., 1985; Mayer et al., 1985; Mayer et al., 1986; MacDonald et al.,

1994) prior to extrusion. FAT was found to promote solute equilibration

across the various bilayers of MLVs (Mayer et al., 1985; Mayer et ai., 1986;

Chapman et ah, 1990). This is important as it was argued that the solute

distribution was not homogeneous within fhe MLVs obtained upon

dispersion of a lipid film in an aqueous buffer (Grüner et al., 1985). FAT was

also found to be associated with morphological changes. Before FAT,

samples exhibited the tightly packed "'onion-like*' arrangements of

concentric bilayers. After FAF, new structures were formed in which the

interlamellar spaces were much increased, and MVVs were formed as well

(Mayer et ah, 1985). This method thus enhanced entrapping efficiency and

the suspensions obtained after extrusion were more homogeneous than in

the absence of FAT treatment.

Vesicles wrere in some cases sonicated prior to FAT treatment (Pick, 1981;

Oku et ai. 1982; Oku & MacDonald, 1983). FAF induced the fusion of the

small unilamellar vesicles to yield very large unilamellar vesicles that could

even be detected by LM.

FAT mechanism is not completely understood. If is not clear, whether the

bilayer ruptures during freezing or during thawing due to osmotic stress, or

whether ice crystals are responsible for the disruption of the membrane.

3.3 Thermodynamics and kinetic aspects

The fact that preparation methods (see examples in paragraph 3.2) are

necessary to yield vesicles of defined size and lamellarity indicate that

vesicles are in general not thermodynamically stable states and that they do

not form spontaneously (I asic, 1999). Fmergy input is required (e.g.

sonication, extrusion). This is the case for most conventional phospholipids.
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M ice lie-forming surfactants, in contrast to phospholipids, spontaneously

self-assemble when dissolved in aqueous solutions to form micelles of

defined size under the chosen experimental conditions. Micelles are

thermodynan 1 i cal ly stab le.

Concerning fhe kinetic and dynamic aspects of vesicles, single-chained

surfactant mixtures, e.g. cctyi trimethylammonium fosylate/sodium

dodccylbenzcne sulfonate, are a special class of vesicles and show a

different behavior than traditional phospholipid systems (Kaier et ah, 1989).

It has been shown that, under certain conditions, vesiculation can occur

spontaneously with formation of equilibrium systems. Fatty acid vesicles

are also mixed surfactant systems (fatty acid/soap), and they can also form

spontaneously in the sense that, for example, simple addition of a micellar

solution to an intermediate pH buffer leads to the formation of vesicles

without any input of energy (Blöchligcr ct al., 1998). The thus obtained

vesicles form, however, a polydisperse suspension with respect to size and

lamellarity, and they can be extruded, fhereafter they display a narrower

size distribution and under constant conditions are stable: they are

kinetically trapped.

In all surfactant -phospholipid as well as fatty acid/soap- systems, there is

an exchange between associated surfactants and monomelic (non-

associated) surfactants in the bulk suspension. Flits exchange is very slow

for conventional phospholipid liposomes (Israelachvili et al., 1977) and is

expected to be considerably faster in systems formed by single-chained

surfactants. In this respect, vesicles formed by single-chained surfactants

are more similar to the highly dynamic micellar systems, for example,

composed of sodium dodecyl sulfate (SDS).
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4. Fatty acids

4.1 introduction

Fatty acids (FAs) and their corresponding soaps are capable of self-

assembling to form aggregates such as, for example, micelles or vesicles.

Recently it has been found that vesicles formed by oleic acid and oleate

molecules can also be obtained upon the hydrolysis of oleic anhydride and

that these vesicles catalyze the anhydride hydrolysis (Walde et al, 1994).

This system was described as a vesicle self-reproduction system. One part

of this thesis is devoted to the study of this system (Chapter 10.) and to the

effects of sodium oleate addition to POPC liposomes (Chapter 11.).

Information about (i) the aggregation behavior of fatty acids, (ii) the oleic

acid water system, (iii) the formation of oleic acid vesicles upon the

hydrolysis of oleic anhydride, and (h) the interaction of fatty acids with

membranes are given in this chapter.

4.2 Fatty acid aggregates

The physical properties of fully protonated ratty acids and their

corresponding soaps (ionized fatty acids) are quite different. For example,

the solubility of long-chain protonated fatty acids in water is quite low in

contrast to the very high solubility of corresponding potassium soaps above

their melting-chain transition temperature. The physical behavior of fatty

acids dispersed in aqueous solutions is rather complex. In water, fully

ionized fatty acids may form micelles, liquid crystals (hexagonal type T), or

crystals whereas fully protonated fatty acids separate as oil droplets or

crystals, depending on the temperature. Gebicki and Ricks (1973 & 1976)

3. For simplification, fatty acid, when used tromnov on without further precision,
refers to ihe general class of compounds without specification of the ionization

state of the carhoxy lie group
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and later 1 largreaves and Deamer (1978a) showed that fatty acids could also

form closed bilayers in the pH range 7 to 9. Fatty acid vesicles, in contrast to

most conventional phospholipid liposomes, are made of two components,

the protonated fatty acid and its soap, and are more sensitive to pFI and ionic

strength (Gebicki & Hicks, 1976). Thus fatty acids dispersed in water are

able to form a variety of aggregates depending on fatty acid concentration,

temperature (frozen or melted chain), cation (type and concentration), state

of ionization (pFÏ), and chain length (Small, 1986).

Fig. 4.1 summarizes the physical state of long-chain fatty acids at different

ionization state below and above Tc. Tc depends on the chain length,

saturation, branching, and substitution of the fatty acids (Small, 1968).

T > Tn

T<T

unionized

fatty acids

low pF

partially ionized

fatty acids

ionized

fatty acids

X XV»

Oil

lölliöll

lamellar bilayer micelle

////////
////////

////////

fatty acid crystal

illillll
ÎÏÏÎÏÏÎÏ

ôiôAièo*

TTTTTTTÎ
1 " 1 acid-soap crystal

////////
mwéimdmm

////////

soap crystal

high pFI
-*

Fig. 4.1 Simplified summary of the aggregation states formed by long-chain fatty acids

as a function of pll and temperature (adapted from Small. 1986).
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At first, the stability of the lamellar phase was explained primarily through

the formation of hydrogen bridges between protonated and deprotonated

head groups, through the formation of acid-anion dimers (Gebicki & Hicks,

1976; Haines, 1983; I i & 1 laines, 1986). Cistoia ef al. ( 1986 & 1988) found,

however, that bilayer aggregates of fatty acid remained stable at molar fatty

acid/soap ratios that deviated significantly from 1:1. For example, oleic acid

vesicles were stable up to an oleic acid/oleate ratio of 1:3. Quite generally,

one can vdew fatty acid aggregates as extended structures stabilized by a

balance of hydrocarbon chain interactions and of electrostatic interactions in

the area of the head groups. Above pit 10, every surfactant bears a negative

charge giving rise to a relative!} large head group and strong electrostatic

repulsion between the polar groups. Micelles (or hexagonal phase 1) are, in

that case, the most favored form of aggregation, as they can accommodate

larger head groups. At pHs where fatty acids are partially ionized, the

electrostatic repulsion between the polar groups is less and the mean surface

area occupied by the head groups is smaller than in the case of the soap. In

that case, a lamellar phase (or inverted hexagonal phase TÏ) is built

preferentially.

4.3 The oleic acid water system

Oleic acid (from olive oil) is the trhial name for c/,v-9-octadccenoic acid.

Oleic acid is fhe most abundant cis-unsaturated fatty acid. Its chemical

structure is shown in Fia. 4.2.

ü

Fig. 4.2 Chemical structure of oleic acid (c/s-9-octadeeenoic acid)
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A titration curve of an aqueous solution of sodium oleate is shown in Fig.

4.3. Micelles, vesicles, and a separated oil phase are present in the ranges of

A-C (pH ^ 9.7), B-E (9.7 ^> pH ^ 7.8), and D-F (pFI v. 7.8), respectively. The

two pH plateaux observed (B-C and D-E) correspond to the ranges where

two aggregate forms are coexisting (Morigaki, 1998).

X
a,

7

-0. 0.1 0.2 0,3 0.4 0.5 0.8 0.7

HCl (equivalent)

Fig. 4.3 Fquilibrium titration cun e of sodium oleate. Various amounts of 1 VIT ICI were

added to samples that contained 80 m\f oleic acid and 88 ni\T VaOIF and the pFI was
measured at 25°C after equilibration (typically more than > days). The horizontal arrows

indicate the region where micelles, vesicles (lamellar bilayers). anchor oil emulsions are

present (Morigaki. D98).

The apparent pKa (> 8.0) of oleic acid molecules in the vesicles is much

higher than the pKv1 of monomeric carboxylic acids in water (pKa 4.8). Fatty

acid vesicles have a high negative surface charge density and protons are

sequestered at the bilayer surface (formation of an electrical double layer).

This results in an increase of proton activ ity (decrease in apparent local pH)

at fhe bilayer surface compared to the bulk solution at a given ionization

state. 'Fhe apparent surface pi I may be as much as 3.0 units below that of the

bulk pi I (Haines. 1983).
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fhe physical characteristics of oleic acid vesicles are summarized in Fable

4.1. 'Fhe CAC is difficult to measure and seems to depend on external

parameters such as buffer used, tonic strength, and pFI (Meyer, 1999). Fhis

CAC value thus slightly differs from one study4 to another. In any case the

CAC of oleic acid is orders of magnitude higher than the CAC of

conventional phospholipids (the CAC of DPPC is in the range of KL10 M,

Smith & Ian ford. 1972).

PK, I CAC TC(°C)
head&ronP

area

bilayer
thickness

oleic acid i
, , , „

8 0-8 s 21 u\t 16'( l
-p \

vesicle
I

40 \

Table 4.1 Some pin sico-chemical characteristics of oleic acid vesicles pKa (Cistola et

al
,
1088), C\C of oleic acid (piepaied m BTC1\F butfer 200 niM, pT[ 8 8) (Meyci,

1999). chain melting tempeiatme ît (t tstola et al, 1988), head group area (Tain, 1988).

and bilayci thickness (Small, 1986)

Colo et al. (in press) have recently proposed a new model for the diluted

oleic acid wafer system at intermediate pH (10.4 ^ pi I < 7.0). I hex found

experimental evidence suggesting that oleic acid vesicles always coexist

with oleate micelles and propounded that the formation of giant oleic acid

vesicles obtained upon extensive dilution of a oleic acid/oleate suspension

(Wick ef ah, 1995) may involve a mechanism in which micellar aggregates

and possibly non-aggregated monomers play a crucial role (Goto et ah, in

press). Further investigation of these basic aspects of fatty acid aggregates is

eertainh necessary.

4 1 he C \C of oleic acid at pll 7 4 is ol the oidet ot 10-20 u\[ (1 dwatds ct al

190S)
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4.4 Formation of oleic acid vesicles upon hydrolysis of oleic

anhydride

Fatty acid vesicles cannot be obtained only by hydration of a fatty acid film

in buffered water or by titration of an alkaline micellar solution of the

corresponding salt, but they can also form upon hydrolysis of the

corresponding anhydride (Walde et ah, 1994; Wick, 1996; Morigaki ct ah,

1997).

The hydrolysis of oleic anhydride was studied in detail in our group. The

reaction was carried out by overlaying a drop of the water-insoluble

precursor (anhydride) on top of an aqueous phase of pi 1 8-9. The hydrolysis

of an anhydride entity yielded oleic acid and oleate, which, if present in a

sufficient amount, self-assembled to form vesicles. I he released oleic acid/

oleate was measured by F FIR spectroscopy and the presence of vesicles was

proved by LM and FM. 1 he initial rate of anhydride hydrolysis was slow

(lag phase), but after a few hours the reaction rate increased considerably

(Fig. 4.4). Moreover, as depicted in F ig. 4.4, if preformed oleic acid vesicles

were initially present, then there was no lag phase and the conversion of the

anhydride molecules was faster. 1 he vesicles had a catalytic effect, and if

was found that the higher the \esicle concentration, the greater the effect.

FM and LM investigations also suggested that the number as well as the

size of the vesicles increased during the reaction (Walde el ah, 1994; Wick et

ah, 1905; Wick, 1996).
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Time (h)

Fig, 4.4 Fîydrolysis of oleic anhydride eatah/ed by spontaneously formed oleic acid

vcxsicles at 40°C A vesicle suspension (10 ml in 0.2 M RICFnF buffer (pFT 8.5)) was

overlaid with 0.25 mmol of oleic anhydride and 0 025 mmol of oleic acid, fhe increase

in concentration of oleic acid oleate is plotted as a function of reaction time. Initial

concentration of oleic acicFoleate: 0 mM (•). 20 niM (). For an initial oleic aeidVleatc

concentration of 20 mM, the concentration of oleic anhydride ( A) present in the vesicles

during the reaction is also plotted (B) (from Walde et al., 1994).

The whole process was described as autocatalytic: the vesicles catalyzed the

hydrolysis of anhydride and thereby their own production. In other words,

the vesicles were able to self-reproduce (Fig. 4.5).
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Fig. 4.5 Reaction scheme representing the hv droh sis of fatty anhydride leading to the

release of lattv acids which then build vesicles that m turn catalyze the hydrolysis
reaction, thus generating an uutoeatahuc svstem

Since the anhydride molecules are water-insoluble, the hydrolysis reaction

takes place either at the interlace of the anhydride phase or at the surface of

fhe vesicles. The catalytic effect of fhe vesicles was supposed to be due

either to an increase in the nucleophilicity of Oil in the bilayer or to an

augmentation of the surface area as a result of the presence/formation of

aggregates in wafer (Vlavelli & 1 uisi, 1996; Walde ef ah, 1994). Hie latter

was considered the most important effect, because fhe surface o[ the

vesicles is negatively charged due to fhe presence of carboxylates in the

bilayer and thus a negative catalysis would be expected, as in the case of

anionic micelles (Bunion, 1991; Bunion & Robinson, I960).

The hydrolysis mechanism may, however, be somewhat more complex and

also involve fhe transient formation of a (micro-) emulsion. It was also

proposed that the acceleration behavior is connected to a pTI drop, which

has its origin in the product formed and the pK, change due to aggregate

formation, such as vesicles and emulsion droplets (Blocher, 1997).
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The vesicle self-reproduction system is analogous to the self-reproduction

of reverse and aqueous micelles which were previously investigated in our

group (Bachmann et ah, 1990, 1991 a & b, 1992). Vesicles are, however, of

greater biological relevance due to their bilayer structure.

4.5 Fatty acid and biological membrane (Hamilton, 1998)

The majority of the unesterified FAs (free FAs) found in blood plasma is

associated with albumin or lipoproteins or bound to specific FA binding

proteins. Due to their importance in various biological processes, FAs are in

constant flux and need to enter and leave cells rapidly (Hamilton, 1998).

Fhe interactions of FAs with membranes have received much interest and

many studies in which phospholipid liposomes were chosen as a model of

the lipid matrix of cell membranes were carried out. Central questions are,

for example, how FAs move across cell membranes and whether protein

carriers are necessary.

Intracellular FA transport can be divided info three essential steps:

1. adsorption to one side of the membrane,

2. transmembrane movement (flip-flop), and

3. desorption from the other side of the membrane.

When FAs arc in the presence of liposomes they bind rapidly and

quantitatively to the bilayers. Partition coefficients (KT) for long-chain FAs

added to a suspension of I IAA O -100 tun) in wafer are of the order of I04-

106 in favor of the vesicles, fhe partition of FAs into lipid vesicles shows

relatively little dependence on bilayer composition and structure, but it is

dependent on the FA structure. Partition coefficient increases with

increasing chain length and saturation. It seems that FA water solubility

plays a key role in determining l\v: less soluble saturated FAs have greater

Kp than, for example, more soluble cis-unsafurated FAs. fhe cellular uptake



M

of FA is believed to occur without the help of proteins (Anel et ah, 1993;

Noy et ah, 1989).

Although the studies reported in the literature and summarized in this

paragraph were carried out at physiological pll (pFI 7.4), about 50% of the

FAs present in the phospholipid bilayer are In fhe protonated form. It has

been proposed that the energy of activation for flip-flop must be the energy

needed to create a void volume that extends across the leaflet to which VA

diffuses. This energy is a property of the bilayer and should be independent

of fhe FA chain length (Kamp et ah, 1995). Flip-flop is, however, ionization

dependent: protonated FAs move across the bilayer more rapidly than

ionized ones (Kamp & Ham ill on, 1992). Fhe rate of transmembrane

movement was found to be fast for SUV (O -25 nm) and LUV (0- 100 uni),

11/2 < 10 msec and t]o *> As msec, respectively (Hamilton, 1998). it indicates

that FAs arc capable of spontaneous (Tipdlop, raising the possibility that

rapid Iransport through the lipid phase obviates the need for a transport

protein (Hamilton, 1998; Kamp et ah, 1995). However, studies with larger

vesicles (O > 200 nm), which theoretically more resemble the membrane

cell due to their larger radius, showed that flip-flop in these larger vesicles

was slow compared to that in SIA's or I UVs. Moreover, it was discussed

that the rapid partition of FAs into the bilayer results in a transient

asymmetry between the outer and inner heniileafiet areas, and fhis may

compromise the integrity of vesicles. In that case flip-flop might be too slow

to accommodate the dux of l'A needed to support metabolic activity

(Kleinfeld et al., 1997).

The rate of hydration also depends on the FA involved: the desorption rate

increases with decreasing chain length and increasing unsaturafion. This

dependence on chain length reflects a hydrophobic effect, i.e., partitioning

of FA between membrane and w ater. ft was proposed that the transfer of FA

from bilayer to albumin involves a slow, rate-determining solvation of FA

bound to vesicles followed by a rapid diffusion and uptake of FA by

albumin (Daniels et ah, 1985). 1 he dissociation rate was found to be



33

sufficiently rapid (tu? < 1 sec for FAs containing less than 20 carbon atoms)

to suggest that complex mechanisms (e.g. protein-mediated) may not be

required for their desorption from biological membranes (Daniels et ah,

1985; Zhang et ah, 1996; Hamilton, 1998).

From all these studies, the main trend is that passive diffusion through the

lipid bilayer is the central mechanism. Hamilton (1998) summarized the

transport of FAs as follows: "LA bind very rapidly to a phospholipid bilayer

to establish a high concentration relative to the aqueous phase and reach an

ionization equilibrium characterized by a pKa of -7.5. They move

spontaneously to the leaflet with the lower concentration of FA and desorb

from the membrane at a rate that is highly dependent on the FA structure....

lite physical processes of adsorption to the lipid membrane, flip-flop, and

desorption are mechanisms that are completely reversible and effective in

ridding the cell of excessive LA, provided acceptors as albumin are

available".

The role of pH as well as the membrane perturbation caused by the uptake

of FA were also investigated in the past, pi I gradients were found to

influence the distribution of oleic acid between albumin and phospholipid

vesicles (Hope & Cullis. 1987) as well as to influence the transmembrane

distribution of oleic acid in LLVs (Hamilton & Cistola, 1986). The

partitioning of oleic acid to vesicles increased markedly with a small

decrease in pH below 7.4, and almost all of the FA was bound to

phospholipid liposomes at pH 5.5. Fhe pH could be an important factor in

regulating FA uptake and slightlv acidic pFI gradients could provide a

driving force for removal of 1 A from albumin and for their uptake into a

phospholipid membrane (Hamilton & Cistola. 1986). Fhe incorporation of

cis-unsaturated FAs such as oleic acid in membranes was found to induce a

perturbation m fhe lipid acy I chain order in the bilayer. It is likely that this

perturbation altered the interaction between membrane lipids and specific

proteins which in turn altered the function of these proteins (Anel et ah,

1993L
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5. Dialkyl phosphate (DAP)

5.1 Introduction

In the previous chapter (paragraph 4.4, page 28), the oleic acid vesicle self-

reproduction system was described. Up to now, only fatty acid vesicles were

found to be endowed with such catalytic properties. One part of the present

work deals with die development of another se If-reproduction system. 'I'he

phosphotriester/dialkyl phosphate system was chosen as a potential

candidate (Chapter 9.). In this chapter some interesting properties of dialkyl

phosphate vesicles are described.

5.2 Some properties of dialkyl phosphate ¥esicies

It has been known since the late 70"s that dialkyl phosphate (Fig. 5.1 ) is able

to form vesicles (Kunitake & Okahala. 1978; Mortara et ah, 1978). Vesicles

formed by dialkyl phosphates and other synthetic surfactants have also been

widely used as a model of the lipid matrix of biological membrane.

H|0, /O
p n y

\ // H1
-

AAv-ii t

FLO O" fL - CmFbpll |

W

Fig. 5.1 General structure of diallwl phosphates: iwm, identical-chain dialkyl
phosphate; n ^ m, mixed-chain dialky 1 phosphate.

One important characteristic of vesicles is the transition temperature, Tc,

associated with a gel to liquid crystalline transition. This T, can be

determined by ^P-NMR, differential scanning calorimefry (DSC) or

fluorescence depolarization, and it is characteristic of the amphiphiles
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forming the \esic!e and of both the concentration and nature of added

solutes.

A scries of vesicles formed from synthetic identical- and mixed-chain di-n-

alkyl phosphate were examined. The Tc was found to decrease with

decreasing chain lengths, with decreasing asymmetry of the alkyl chain

(Wagcnaar et ah, 1989 & 1992; Streefland et ah, 1992; Blandamer et ah,

1994), and with increasing flexibility of the hydrocarbon chain (introduction

of a double bond for example) (Smits ct ah, 1996). Fhe Tc reflects the

efficiency of alkyl chain packing in the bilayer. As electrostatic interactions

between the phosphate head groups and the counterions affect the

hydrocarbon chain interactions in the core of the bilayer, Tc was postulated

to be also dependent on the counterion. Indeed, Fc decreased according to

the following scries: Ca2 ^"v Na ^ K "v Mep\ , except for short chain

amphiphiles (R, Rw C!0FI2i or G TLA ( fable 5.1). If was suggested that

the counterions bind to the phosphate head groups with decreasing

effectiveness in the order Ca: "" \a ^ Iv" ^ Me4N~ ; stronger cation binding

reduces head group repulsion and allows tighter alkyl chain interactions,

leading to a higher lc (Wagenaar et al., 1992). I he dramatic change going

from Ma' to Me}KlJ was attributed to the modest hydrophobic character of

Mea\ cations which might penetrate into the surface of the vesicular

aggregate and act as a spacer between the head groups. Compared to Na
,

if

causes the alkyl chains of the amphiphiles to be more disordered (Fonteipi

ef ah, 1902a; Blandamer et ah, 1994). For \esicles formed from short chain

amphiphiles. the head groups are further apart, more strongly hydrated, and

less apt to bind to counterions, and so no effect was observed by

fluorescence depolarization (Wagenaar et ah, 1992), It was noticed that the

stability of fhe vesicles increased in the same order, Me JxLDAP vesicles

being more stable than Na DAP ones (Fonteijn et ah, 1992a).
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Table 5.1 Phase transition temperaïutcs (1J of vesicles formed from some symmetric
dialkvl phosphates (R Rp 1A. see } ig SI) (adapted trom Wagenaar el al, 1092).

The effect of the plT on the formation and stability of dialkyl phosphate

vesicles was also investigated, mostly using dihexadecyl phosphate (DHP)

as the model compound. I he apparent plva of the phosphate in small

vesicles was found to be around 5.5-6 (Carmona-Ribiero, 1990). fhe

apparent pKa was thus about 4 pKa units higher than that of low molecular

weight counterparts of DAP, as a result of the negative surface charge of the

vesicles. At pH values corresponding to the pKa, the number of H-bond

interactions between the head groups was maximal and the bilayer was in a

highly ordered state, thus resulting in a higher fc (Rupert et al., 1988;

Carmona-Ribiero & Hix, 1991 ).

Humphry-Baker et ah (1991 ) pointed out that cationic or zwitterionic amine

buffers, such as FRIS or imidazole, influenced the L of dihexadecvl

phosphate, fhe DSC spectrum indicated a strong buffer cations interaction

with the anionic phosphate head groups of the vesicles. No such effect was

observed for anionic buffers or at higher pH for zwitterionic ammonium

sulphonate buffers such as CAPS. Fhis might be ascribed to increased

repulsive interactions between the vesicle interlace and the buffer

sulphonate group.
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Studies on didodecyl phosphate (DDP) showed, that, above Tr, Ca2"1

induced the fusion of DDP vesicles and these large fused vesicles then

transformed into tubular structures (Rupert et ah. 1987 a & b). Similar Oa21"-

induced alterations were observed writh naturally occurring amphiphiiic

molecules such as phosphatide acid (Miner & Prestegard, 1984). Moreover,

dialkyl phosphate vesicles are also able to engage fusion with virus

membranes (Ponteijn et ah, 1992b), with PS and PC liposomes as wrell as

with erythrocyte membranes (Ponteijn et ah, 1991 & 1990). Fhis is of

relevance for potential applications of DAP vesicles as drug carriers and

shows once more the similarity in behavior of synthetic amphiphiles with

natural lipids.

Recently if was found that cyclic double-chained phosphate amphiphiles

can self-assemble to form vesicles (Buwalda et ah, 1997). Single-tail

phosphate containing branched (Ravoo & Fngberts, 1994) or linear (Walde

et ah, 1997) alkyl chains are also able to form bilayers depending on the pH.
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6. Ferritin

lb study the mechanism of vesicle formation and transformation, such as

the self-reproduction of oleic acid vesicles (Chapter 10.) and fhe formation

of mixed vesicles (Chapter 11.), ferritin-containing vesicles were used.

Some general information about the protein ferritin and its use as a vesicle

marker is therefore summarized in the present chapter.

6.1 Ferritin, an iron-storage protein

The role of iron in living systems is very important. Its participation in

electron transfer processes, in enzymatic reactions, and in carrying oxygen

makes it essential for most organisms. Nevertheless, Us presence provides a

potential hazard: iron overload can cause extensive tissue damage. Tn

aqueous solution at neutral pFI. Pe(ll) has the pronounced tendency to

oxidize to Fe(IlI). Fe(ITl) then hydroly/es and polymerizes to form

essentially insoluble and potentially biologically inaccessible ferric

hydroxides and hydrous ferric oxides such as, for example, FeAT, #/?FLO.

Therefore, nature has created two types of proteins with high affinity and

high capacity for iron to handle this problem: the transferrins and the

ferritins (Crichton & Charloteaux-Wauters, 1987; Crichton, 1981; Flarrison

et ah, 1990),

'Fhe most important role of transferrins is the transport of iron among sites

of absorption, storage, utilization, and excretion. Transferrin (Mr-80'000

Da) is a true carrier molecule which is conserved for many cycles of iron

transport in its interaction with target tissues. Ferririih on the other side, is

an iron-storage protein. Ferritin is synthesized in response to iron and

sequesters iron in a soluble, bioavailable, and non-toxic form. Ferritin is

found in most cell types of humans and other vertebrates and in higher

plants, fungi, and bacteria (Theik 1987).
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6.2 Ferritin structure and characteristics

Ferritin consists of a protein shell, called apoferritin, and a chemically rather

inert inorganic ferric "iron core" (see Fig. 6.1 II for a schematic

representation).

Fig- 6-1 00 Ribbon diagram of the a-carbon backbone of an apoferritin snbnnit. I he

main body of the snbnnit is a bundle of four long helices A, B. C and D, with a short

helix, E, lying at an acute angle to the bundle avis. 1 he loop L joins helices B and C. Fhe

N-tcrmimis, N. lies at the other end of the snbnnit to F. (II) Sehcmatic representation of

the ferritin molecule viewed down a molecular four-fold axis. Each subunît is

represented by a sausage-shaped building brick with ends labelled N and R. Fhe N-

terminal region of the polypeptide chain lies close to the end labelled N and the R-hclix

close to that labelled h (adapted from 1 ord et al., 1984).

Apoferritin from horse spleen contains 24 polypeptide chains forming a

hollow, roughly spherical protein shell with an average external diameter of

12 nm and infernal diameter of 7.8 nm. Fhe subunit consists of a bundle of

four long a-helices and a fifth, shorter helix (Fig. 6.1 1). hi the intact

apoferritin, there are two types of channels, one hydrophilic and one

hydrophobic, through which small molecules, ions and Fe(Il) can access or

leave the central cavity of the protein (Flarrison et ah, 1990). The large

cavity inside the molecule can store up to 4500 Fe'"1" atoms, packed in a
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microcrysfalline inorganic component of approximate composition

(FcOOH)8 (FeO:OPOTL) (Crichton, 1981). 'Fhe crystalline regions of the

ferritin iron core have much in common with the natural mineral ferrihydrite

(5Fe20^9LLO) (Ford et ah, 1984). The iron core of ferritin represents

approximately half of the molecular weight of the full protein.

In this work, ferritin from horse spleen was used. Horse spleen apoferritin

has a molecular weight of about 440'000 Da and its isoelectric point (pi) is

between 4.2 and 4.6 (Urushizaki ef ah. 1971). 'Fhe entire ferritin molecule

has a molecular weight of about OOO'OOO Da. Ferritin can be described as a

water-soluble protein containing a dense iron core. Moreover ferritin does

not exhibit any type of specific affinity with lipids (Velev, 1997).

6.3 Ferritin as a marker

Ferritin is not only interesting because of its role in living systems,

particularly in iron metabolism. Due to the \ery dense iron core, ferritin and

conjugates of ferritin have been widely employed as markers for the

localization of tissue and cell components using electron microscopy. The

presence of the iron core in ferritin gives rise to scattering contrast

(paragraph 7.2.2.1, page 4()) which enables its visualization even in

unstained electron microscopy preparations (lug. 6.2). Ferritin is therefore

well suited for its use in the bare-grid technique (paragraph 7.2.6.1, page 58)

in which it appears as a black spot of about 7 nm (Massover, 1993).
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Fig. 6.2 Simplified representation of the ferritin molecule and of the scattering events

occurring at the iron core, fhe ferritin molecule can be schemaiicallv represented by a

hollow spherical protein shell of a diameter of ca. 12 nm (the apoferritin) which contains

in its center an iron core of a diameter of ca. 7.8 nm. 1 he iron core scatters the beam

electrons into large angles thus giving rise to scattering contrast.

Ferritin was also used in the past in sev eral studies involving vesicles. PIere

are some examples from the literature;

I. As a model for protein: Velev (1997) studied the formation of ferritin

shells over liposome surfaces as a model for the potential fabrication of

functional ised protein and liposome/protcîn assemblies. These

assemblies were obtained by non-specific and specific interactions:

• ferritin arrays were formed on liposomes by electrostatic interactions

• ferritin was attached to liposomes by specific binding, such as, for

example, avidin-biotin type

The obtained liposome/ferritin structures were then investigated by EM.

In this case, the negative staining procedure (paragraph 7.2.4, page 53)

was chosen.
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2. As ferritin is a water-soluble protein, its use as a marker within

liposomes is ideal. Ferritin was employed before to find out if liposomes

were indeed effective vehicles for the introduction of macromolecules

into cells and to follow where exactly the entrapped molecules were

transferred. This is of particular interest as liposomes are already used as

drug and DNA carriers (see e.g. Miller, 1999). Other questions such as

phagocytosis were also investigated using the system lipid/ferritin. In

these studies, liposomes that contained ferritin in their aqueous interior

were first prepared. The non-entrapped ferritin molecules were then

removed from the suspension either by centri (ligation or by gel

permeation chromatography. In a second step the ferritin-enriched

liposomes were incubated with cells or injected into tissues. Finally the

migration of the liposomes or the uptake of the entrapped ferritin

molecules was deduced by examining thin-sections of fhe biological

samples with electron microscopy (see e.g. Bcrnon et ah, 1983;

Hernandez-Yago et ah. 1980; Petty et ah, 1981; (Add ef ah, 1984; Lelkes

ef aL 1984).

An interesting review of liposome markers used in light and electron

microscopy is given by Foldvari (Foldvari et ah, 1992).
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7. Transmission electron microscopy: a tool to

characterize vesicles

7.1 Introduction

Light microscopes and electron microscopes are instruments that allow us to

get information about the microscopic world, invisible to the naked eye. For

particles greater than a few micrometers in diameter, light microscopy (LM)

is adequate. For smaller objects, however. LM fails because the wavelength

of visible light is large compared to the object to be investigated and

electron microscopy (BM) is used instead (Fig. 7.1).

sand corn

hair (50 to 100pm)

giant vesicle

red eel! (7 urn)

large vesicle

small vesicle

ferritin (12 nm)

protein

atoms (1 to 4 A)

1 cm

1mm

0 1 mm

0 01mm

1 pm

0 1 pm

0 01 pm

1 nm

0.1 nm - 1 A

eye

light microscopy

(LM)

Electron microscopy
(EM)

Fig. 7.1 Scale of si/cs: from the macroscopic world to the atomic one.
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1 he eye and the different microscopes are characterized by their resolving

power. Resolution is the ability to visualize two objects as distinct. The

minimum distance that can be resolved can be approximated by d (Abbe

Formula) (eq. 1);

0 61 a
-,

el - eq f

n sin a

where X is the wavelength, n is the index of refraction, a is the half-

aperture angle, and //mihi is the numerical aperture NA (see also Fig.

7.3).

The naked eye can resolve objects that are at least 0.1 mm apart.

7.1.1 light microscopy (1 At)

LM is commonly used to examine v esicles larger than 1 pm (giant vesicles).

The interaction of the photons with the membranes is responsible for the

detection of the \ esicles. I he bilayer has a higher refractive index than the

aqueous medium, so the light wave is slowed down while going through the

bilayer. Light that has crossed a vesicle bilayer has therelore a different

phase than light that did not encounter any objects. LM can take advantage

of fhis phase difference (e.g. by using phase contrast mode or differential

interference contrast mode) and bilayers arc then rendered visible.

Another possibility is to combine 1 M with fluorescence techniques.

Fluorescence microscopy offers the opportunity, for example, to follow

reactions occurring inside a vesicle or taking place specifically at the bilayer

surface by using adequate markers (Bucher et ah, 1998; Fischer ct ah,

submitted).
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7.1.2 Electron microscopy (EM)

Llectrons have a dual nature: on one hand they arc particles with a mass m

(m =• 9.1 x 10 ''AO and on the other hand they arc waves as first proposed by

Louis de Broglie. The wavelength 7 of an electron is inversely proportional

to its mass m and velocity \ :

X =
±

eq. I
mv

where h is the Planck's constant (/> - o o26 x I0~1 ./A).

If an electron is accelerated in an electric field of potential U, its kinetic

energy is given by 17

P »}
-,
A cq. i

where e is the charge of an electron (e - I (> x 10 (A.

For an accelerating potential of 120 kV, the electrons have a wavelength X

of about 3.5 pm (A(,iecn ll(,ht
- 545 nm). The resolving power of a

transmission electron microscope is typically in the range of 0.2 nm.

An important difference between a light microscope and an electron

microscope is that the glass lenses of a light microscope are replaced by

electromagnetic lenses that are capable of deflecting electrons. In contrast to

a light microscope, fhe spherical aberration of the electromagnetic lenses

cannot be corrected. Spherical aberration means that the focal length for

rays close to fhe optical axis of the lens is different (larger) than that for

those farther away from the center. Very small numerical apertures (1(A

rad) are used in transmission electron microscope to minimize spherical

aberration. This explains why, despite the short wavelength of the electrons

(in the pm range), the resoh ing power of a flAl is of "only" -2 Ä.
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The most important constraint imposed by the use of an electron beam is the

need of a high vacuum to avoid collisions of the beam electrons with gas

molecules. Aqueous samples cannot be examined in their native state since

water would immediately evaporate in the evacuated column of a

microscope and therefore have to be stabilized (paragraph 7.2.3, page 52)

prior to electron microscopy observations.

For the visualization of vesicles, three techniques arc commonly used: fhe

freeze-fractiiring replica technique (paragraph 7.2.5, page 54), the bare-grid

method (paragraph 7.2.6, page 58), and the negative staining procedure

(paragraph 7.2.4, page 53). Negative staining will be only briefly described

as this technique has the disadvantage of inducing artifacts m surfactant

svstems.

7,2 Transmission electron microscopy (TEW)

7.2.1 Electron interactions with matter

When dn electron encounters solid material, it can pass through it without

any interactions or undergo elastic scattering or inelastic scattering. Fig. 7.2

summarizes the most important interactions of electrons with solid matter.

If the specimen is thin, a large number of the electrons are unscattered due

to the loose structure of matter. Unscattered (or undiffracted) electrons do

not lose any energy and their paths remain unchanged. Fhe probability of

scattering increases with increasing atomic number and specimen thickness.

Unscattered and elasticallv scattered electrons arc used to image thin

samples in TFAL Inelastic scattering events create a number of signals that

provide information about the chemical composition ol the sample

(characteristic X-rays, Auger-electrons, transmitted electrons with specific

energy loss) or allow for the description of the surface topography of the

specimen (secondary electrons, backscattered electrons).
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Fig. 7.2 Beam election-specimen interactions

7.2. L! Elastic scattering

When electrons in the beam impinge, or pass very close to, an atomic

nucleus, they are dcilected through relatively large angles, approximately

0.1 rack without any loss of energy. 1 his process is called elastic scattering.

fhe scattering angle depends on the atomic mass (the higher the atomic

mass, the larger the scattering angle) and on how close to the nucleus if

passes (the closer the electron passes to the nucleus, the larger the scattering

angle), blectrons scattered through a v cry large angle can be removed by the

objective lens aperture (Fig. 7.3 & paragraph 7.2.2.1, page 49).
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a /
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Fig. 7.3 Flcctrons originating from a point object and focused by a lens. The aperture
restricts the illumination to those ra\ s passing closer to the center of the lens (from Hand,
j 0,95 p

7,2,1,2 Inelastic scattering

Inelastic scattering results from the collision of a beam electron with one of

the orbital electrons. In this case, the electrons arc deflected through very

small angles, typically 0-1 mrad, and lose some energy. The number of

inelastically scattered electrons increases with increasing specimen

thickness. Inelastically scattered electrons deteriorate both the scattering

absorption contrast (paragraph 7.2.2.1. page 49) and the phase contrast

(paragraph 7.2.2.2, page 50) conditions. In addition, inelastically scattered

electrons are polyenergetic (polychromatic) and the chromatic aberration of

the objective lens becomes a problem. Chromatic aberration means that

electrons of different energies (wavelength) do not have fhe same focal

length.

Inelastically scattered electrons carry, however, information about the

elementary composition of the specimen.
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7.2.2 Contrast

7,2.2. / Scattering absorption contrast

Scattering absorption represents the principal mechanism of contrast

formation down to a resolution of approximately 1.5 nm. Electrons are

elasticallv scattered according to the mass thickness variations (frequently

produced e.g. by staining with metal salts or shadowing with heavy metals)

in the sample. As illustrated in Fig. 7,4, electrons that are scattered into large

angles are stopped by the objective lens aperture and do not reach the

corresponding point in the image plane. A smaller objective lens aperture

provides higher contrast but reduces resolution (eq. I page 45).

/ \j ^— objective lens

\
""

"~*~~~~*~p~r_--- scattered electron

r^r^rr^^^ crzzrrrrzzzza objective aperture

—--—«»»^^ image plane
image

Fig. 7.4 Illustration of the scattering absorption contrast. The electrons are elasticallv

scattered through a large angle and then absoibed bv the objective lens aperture.
therefore they do not contribute to the image and a kind ot shadow image of the object is

produced (from Kopp. 1081)

For example, the dense iron core of ferritin gives rise to scattering

absorption contrast and is visualized as a black dot whereas the apoferritin

remains invisible. I he apoferritin can be visualized either directly by phase

contrast (Massover. 1993) (paragraph 7.2.2.2, page 50) or indirectly by
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negativ e contrast in which technique the molecules are embedded in a heavy

metal layer (paragraph 7.2.4, page 53).

7.2,2,2 Phase contrast

For higher resolution (1.5 0.3 nm), the objective lens aperture needs to be

very large so that all scattered and diffracted electrons can pass and no

scattering absorption contrast is produced. I he same is true for samples,

which consist of low molecular weight components (typically the

preponderant elements in biological material), e.g. lipid vesicles embedded

in vitreous ice. Such samples do no longer scatter significant numbers of

electrons through large angles and the structures are rendered visible mainly

by phase contrast.

1 he incoming electron wave, while traversing the specimen, is retarded

according to the variation of the internal potential (corresponding to the

refractive index in LM). 1 his results in a small phase shift of the diffracted

beam with respect to the undiffracted beam. In order to transform this small

phase difference into a visible contrast, the phase of the diffracted beam has

to be shifted by approximately nil so that it is 'in phase" with the

undiffracted beam. Fhe waves can then constructively interfere to produce

phase contrast.

In light microscopes (with spherical aberration corrected lenses), this it/2

phase shift can be obtained with a phase plate that shifts the phase of the

undiffracted beam. In electron microscopes, however, spherical aberration

of the electromagnetic lenses at present cannot be corrected. For each

diffracted beam a different de focus value is therefore required to match the

phase of the undiffracted beam to produce optimal contrast. At a given

dcfocus some components (composition, object periodicity) of the specimen

provide maximum contrast while others remain inv isiblc.

Lipid vesicles or proteins embedded in vitreous ice are generally imaged at

2-3 urn in the underfocus (Dubochet et al., 1988) where adequate phase

contrast is produced.
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7,2.2.3 Omega energyßlter

The energy filter is placed after the objective lens. In the energy filter of the

Zeiss LM 912 OMEGA, all the electrons arc spatially separated according

to their energy by four magnetic prisms which arc arranged so that the

electron beam path forms a 12-shapc. I he electrons that have lost energy in

the specimen are more strongly deflected by the spectrometer and do not

return on the electron-optical axis. I hus elastically (or specifically

inelastically) scattered electrons can be selected for imaging and electrons

with unwanted energy are trapped by the slit aperture (Fig. 7.5).

specimen

objective lens

aperture

spectrometei
entrance apertuie

Omega
spectrometer

slit aperture

final image

Fig. 7.5 Omega electron enetg\ loss speedometer

In the elastic imaging mode, also called the zero-loss mode, only elastically

scattered and unscattered electrons, i.e. the monoenergefic electrons with an

energy loss of - 0 eV, pass through the slit. By cutting off the inelastically

scattered electrons, the contrast is clearly enhanced (see e.g. Fig. 8.6). Zero-

loss imaging is advantageous for the analysis of frozemhydrated samples,

since images can be recorded closer to focus (belter resolution) and with

fewer electrons (Grimm et ah. lc">98).

L0 E0 \L
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7.2.3 Fixation

Fixation consists of stabilizing the structures so that they are suitable for

further investigation with FM. The specimen needs to sustain the high

vacuum of the electron microscope column and must be stable towards the

electron beam. Therefore, the aqueous solution that constitutes the natural

medium of biological samples has to be removed or transformed into

another stable state. In surfactant systems, fixation is the first and most

critical step in the preparation of an FM specimen as if conditions all the

subsequent processes and determines how accurately the objects are

reflected by the FM micrographs.

Aqueous surfactant samples are usually physically fixed by freezing

(cryoimmobilized). 1 he freezing process must be very fast to prevent the

formation (uncication) and growth of ice crystals which would destroy the

sample. Moreover, last freezing (in the ps to ins range) increases the

potential of trapping native structures and dynamic events.

At ambient pressure, layers of a few pm can be adequately cryoimmobilized

(in a microcrystalline state without the presence of large ice crystals). If

freezing occurs fast enough, the formation of ice crystals can even be

completely impeded and water can be transformed info an amorphous,

vitreous state. In this case, the liquid is cooled so rapidly that the water

molecules become immobilized before thev have time to crystallize

(Dubochet et ah. 1982a). Thin films up to a thickness of 1 pm can be

vitrified at ambient pressure (Dubochet & McDowalh 1981). Thicker films

are frozen in a (micro-) crystalline phase.

Samples up to a thickness of ca 200 urn can, however, be adequately frozen

by using high-pressure (about 2100 bar) (Moor, 19877 The pressure

counteracts the tendency of water to expand thereby increasing its viscosity7.

The freezing point is then lowered and the rate of nuclealion and of crystal

growth are reduced (Bachmann & Mayer, 1987; Müller & Moor, 1983).
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Liquid ethane and liquid propane are the two commonly used cryogcns.

Both arc excellent cryogens because they can be warmed by nearly i()0°C

and thus absorb heat before significant evaporation takes place. The process

of calelaction ("'Leidenfrost Effekt*"), in which a layer of gas is formed that

prevents good thermal contact between the sample and the eryogen, is

therefore avoided. In contrast, calelaction hinders efficient cooling with

liquid nitrogen. Fhe difference between the two cryogens is that propane (bp
---

- 42°C) sublimates more slowly than ethane (bp -
- 89°C) and therefore

remains longer on the sample (Dubochet et ah, 1988).

Alternatively biological samples can be chemically fixed. In that case,

proteins and lipids arc first stabilized by chemical reactions so that they can

sustain water removal.

7.2,4 Negative staining technique

Lipid-bilayers were first observed by electron microscopy using the

negative staining method (Rangham & Home, 1964) (Fig. 7.6). In this

technique, vesicles arc adsorbed to a carbon coated LM grid and

subsequently embedded in a heavv metal sah solution that is then dried.

Membranes appear as white lines on a dark background. The most

frequently used staining agents are solutions of uranyi acetate,

phosphotungstic acid, and ammonium molybdatc.

Staining with a solution of heavy metals can induce artifacts as it alters the

vesicular system in two ways: first its composition changes through the

addition of stain, and secondly the drying causes large changes in fhe total

concentration of amphiphile plus stain. For example, fhe addition of stain

can give rise to "bilayercd structures" even in systems that are molecular or

micellar solutions in their original state ( lalmon, 198 A.
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Fig. 7.6 Flection îmctogiaph of egg lecithin tieated with 2°o potassium

phospholungstatc (Bangham & f loi ne. ] 964)

7.2.5 Freeze fracture electron microscopy (ffEM)

Freeze-fracturing replication is a very important and widely used method to

characterize cells, vesicular suspensions, and other lipid wafer systems. Fhis

method is relatively free of artifacts (cryofixation without chemical

pretreatmenf) and can give a faithful representation of the surfactant system.

The sample is cryoimmobilized and fractured, and a replica of the fractured

face is then produced by removing the organic material. Fhe replica is

observ ed in a ITM at room temperature.

7.2.5.1 Methodology

As already mentioned, fixation, in this case freezing, is the crucial step.

Freezing of the suspension should occur quickly to prevent the formation of

large crystals which can lead to reorganization of the aggregates in the

suspension, deformation, and even destruction of the bilayers.
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One way to satisfactorily freeze a relatively small volume of bulk

suspension is to use a propane jet device (Müller et ah, 1980). The

suspension is sandwiched between two copper platelets and subsequently

frozen by the projection of an opposed pair of high velocity jets of cold

liquid propane (T < 93fC). The frozen bulk is then processed as described in

Fig. 7.7 to produce cither a coated sample that can be examined by cryo-

SLM or a replica for TEM investigations.

The fracture plane passes through the hydrophobic interior of the bilayer for

energetic reasons and results in the formation of holes and caps. Whether

the fracture plane goes through the frozen bulk or near the copper platelets

cannot be controlled. This uncertainty is a disadvantage of this method since

the copper platelets might induce surface effects which lead to redistribution

and alteration of the objects in the suspension.

Suspensions can also be frozen by other techniques summarized in Sitte ef

al. (1987). Frequently used are the spray-freezing method (Bachmann &

Schmitt, 1971) and slam or impact freezing (van Flarreveld & Crowell,

1964).
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O oO O

Pt/C

The vesicular suspension is frozen

and then...

fractured under vacuum at

p
- 10 Aouandl - -150'-C,

Fracturing occurs through the

hydrophobic domains of the

vesicles and thus results in the

formation of caps and holes.

Two complementary surfaces

are obtained.

1 he fractured surface is shadowed

with Pt/C from an angle of 45°,
before being strengthened by a

layer ot G at 90
°

—> Ciyo-SEM

^
or to yield a replica of the exposed
face -—>TEM

Fig. 7.7 fhe different steps in\ oh cd m the fabi tcation of a replica

7.2.5.2 Examples ofapplication

Hie direct analysis of flEM micrographs docs not give the real size

distribution of the vesicles, as only a few vesicles are broken in their

equatorial plane. Algorithms arc, however, available to transform the size

distribution of more or less homogeneous suspensions as obtained by flEM

in a true number-weighted size distribution (Egelhaaf ef ah, 1996). The

number of lamellae of a vesicle cannot be unambiguously determined.
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Large proteins incorporated in the lipid matrix can be detected, as the

fracture plane goes through the bilayer; whereas macromolecules entrapped

hi the aqueous interior of a vesicle cannot be observed using this technique.

One of the main applications of ffEM in surfactant science is fhe

characterization of the various phases formed by a lipid system. For

example, morphological changes occurring around the prctransition

temperature (ripple phase) and the main transition température (Meyer,

1999; Listemann, 1996; Verkleij, 1989) (sec example depicted m Fig. 7.8),

the fusion process of membranes (Verkleij et ah, 1980; Verkleij et ah, 1985),

the morphology and symmetry of cubic phases (Delacroix, 1998), and

carveolac structures (Meyer et ah, 1998) have been investigated by ffEM.

Fig. 7.8 The transition I corn 1 ß" gel phase, thiough the IV phase, to the I
a liquid-

crystalline phase of DMFC. as detected b\ bee/e-hacturing (bom Verkleij, 1980)

Fhe freeze-frac tu ring method is also widely used for surface analysis by

scanning electron microscope (SbM). In this case fhe replica is not removed

from the specimen and the surface is observed at low temperature (cryo-

SliM)(Iig. 7.7).
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7.2.6 Cryo-transmission electron microscopy (cryo-TEM)

For fhe last 15 years, cryo-FFM has been widely used to investigate

surfactant systems. In this method the specimen is preserved in a frozen-

hydrated state and is directly visualized in a transmission electron

microscope at lowAemperature to avoid devitrification of the specimen. Lhe

bilayer of a vesicle gives rise to enough phase contrast to allow its detection

without fhe addition of any contrasting agents. Some aspects of the use of

cryo-TEM to study vesicle suspensions are given in Chapter 8.

7.2.6.1 The bare-grid method (Dubochet et al,, / 988)

'The specimen are either prepared on a "bare-grid'1 or on a grid covered with

a perforated carbon film (holey carbon film) (Fig. 15.1, page 209) (Fukami

&Adachî, 1965).

A drop of the suspension is first deposited on the grid and the excess liquid

is then removed by blotting with filter papers, so that a thin film spanning

(ideally much thinner then 500 nm) across fhe holes is formed (Fig. 7.9).

'Fhe suspension is then vitrified by quickly plunging (> 3 m/s) the grid into

liquid ethane. A cooling rate of 10(AK/sec is required to achieve vitrification

(Bachmann & Mayer, 1987). fhe frozen-hydrated specimen is examined in

a transmission electron microscope at low temperature (- -170°C).



A
aqueous film

edge of the carbon film

or ot a grid mesh

Fig. 7.9 Schematic drawing of a specimen prepared using the hare-grid method.

The blotting time determines the thickness of the vitrified film. If is a crucial

and difficult parameter to control. On one hand, a film that is too thick

cannot be vdfrifled and electrons arc hardly able to penetrate if. On the other

hand, objects are excluded from a film that is too thin, and an empty

aqueous layer or even no film at all is achieved. 1 he blotting time has to be

adjusted for each system, fhe film thickness should ideally be only slightly

thicker than the investigated objects, so that they are embedded in the

amorphous ice layer without deformation. Fhey arc also best examined

under these conditions (optimal contrast).

Theoretically, a water layer up to I urn should be frozen in an amorphous

state using this technique (Dubochet & McDowall, 1981). Vitrification is,

however, not always successfully achieved. Fhe state of the frozen aqueous

layer can be controlled by electron diffraction. The diffraction pattern of

amorphous ice is characterized by two diffuse rings at 0.224 nm and 0.370

nm and can be easily differentiated from crystalline ice.

'lb prevent artifacts induced by temperature changes or evaporation

processes occurring during specimen preparation, the preparation has to be

carried out in a controlled environment (Egelhaaf, 1996; Vinson ef ah, 1991;

Bellare et ah, 1988; paragraph S.2, page 62).
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7.2.6.2 Examples of application ofthe bare-grid technique

TEM of a frozen-hydrated sample provides a projection image of the object.

The true vesicle size and the lamellarity of the vesicles can be directly

obtained. Certain large molecules entrapped in the vesicle interior can also

be visualized.

Suspensions of small biological objects such as viruses were first studied by

this technique (Lepault et ah, 1983; Adrian et ah, 1984; for a short rev tew

see Stewart & Vigers, 1986). Lepault et al. (1985) imaged for the first time

unstained vitrified DMPC liposomes. Since then cryo-TEM has found many

applications in structural biological (Amos et ah, 1982) and surfactant

science (Vinson et ah. 1991; 1 almoin 1996; Almgren et ah, 1996).

The transition of vesicles to micelles by the addition of detergents (such as,

for example, octyl glucoside or Triton X-100) can be followed by cryo-

FEM (sec e.g. Vinson et ah, 1989; Vinson et ah, 1991; Walter et ah, 1991;

Edwards et ah, 1989; Edwards et ah, 1993; Sihander et ah, 1996; Seras et

ah, 1996). Lamellar phase (Ponsinct & falmon, 1997), superstructures of

lipid membrane (Klösgen & Helfrieh. 1997), lipid polymorphism (Frederik

et ah, 1991), and intermediary structures occurring during membrane fusion

(Frederik et ah, 1989a) were directly visualized by cryo- IT VI

Fhe interaction between cationic liposomes and DNA (Unebner et ah, 1999;

Baltersby et ah, 1998; lemplefon et ah, 1997; Gustafsson et ah. 1995;) was

also studied by cryo-1FA1.

It seems that this technique is not only restricted to aqueous suspensions:

Oostergel et al. (1995) studied the phase behavior of synthetic polymers

svstems in toluene.
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Time-resolved cryo-FFM opens new7 dimensions as it permits the study of

transient changes in microstructure occurring during chemical or physical

transformation. These dynamic processes can be induced on the grid by a

temperature change or by a change in pH, salt, or reactant concentration by

rapid mixing with appropriate solutions. Such procedures are called on-the-

grid processes (Falmon et ah, 1990). for example, Groll et al. (1996)

studied the temperature dependent intermediate structures during the main

phase transition of DMPC. Siegel ct al. (1989 & 1994) investigated the

transition of an inverted hexagonal phase FlIr to a 1
a phase, which is

presumably an important step in fhe fusion process ofmembranes. Bernman

& Ffnwin (1994) introduced a new method in which the transient structures

are trapped by layering one reactant on the microscopic grid and spraying

on a second reactant immediately before freezing. Using this technique, the

effect of small molecules on macromolecules or protein-protein interactions

can be studied (White et ah, 1998).
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C. RESULTS AND DISCUSSION

8. Cryo-trarssmission electron microscopy and

vesicles

8.1 Introduction

Cryo-TEM, more precisely the bare-grid method, was chosen as a tool to

study the formation and transformation of vesicles (oleic acid self-

reproduction process, Chapter 10. and the formation of mixed vesicles upon

the addition of Na-oleafc, Chapter IE). As already mentioned, this method

gives information about the size and the number of lamellae of a vesicle and

also permits the direct visualization of certain entrapped macromolecules,

such as ferritin.

This technique, like the other electron microscopy methods, has, however,

its own limitations and problems. In this chapter, some aspects of the use of

cryo- FEM to investigate vesicular suspensions arc discussed.

8.2 Environmental chamber

Due to their physical characteristics, vesicles arc very sensitive structures:

for instance, salt, temperature, pH, and concentration changes can induce

morphologicaI alterations.

Prior to vitrification, thin aqueous films have a very high surface area-to-

volume ratio (see e.g. Fig. 8.4). While this enhances heat transfer, which is

essential for vitrification, it also enhances water evaporation.
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Fig. 8.1 The specimen were prepared in die air (no environmental chamber was used):
(A) 50 nm-extruded POPC vesicles prepared in water; (B) 50 nm-extruded POPC

vesicles prepared in phosphate buffer (50 niM. pFI 6.5). The concentration of POPC was

5 mM. Hie arrows show some stomatocytes.
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Fig. 8.1 shows two micrographs of frozen hydrated specimen that were

prepared in the ambient atmosphere (neither the temperature nor the

humidity was controlled). In both cases, the suspension contained POPC

liposomes that were extruded through 50 nm pore size polycarbonate filters.

Fig. 8.1 A shows liposomes that were prepared in wafer. They appeared as

round spheres in contrast to the vesicles prepared in 50 mM phosphate

buffer (Fig. 8.1 B) which frequently displayed a bilamellar-like appearance.

It is likely that evaporation of water took place during specimen preparation

and that the structures observed in Fig. 8.1 B resulted from an osmotic

shock (Dubochet et ah, 1988; Bellare et ah, 1988; Vinson et ah, 1989). fhe

internal volume of the vesicles decreased while the surface area of the

vesicles remained identical. A spherical shape is in fhis case energetically

unstable, if the aqueous phase contained salt, the evaporation of water led to

an increase in the bulk salt concentration. Water molecules probably

permeated the bilayer to equilibrate the inner (aqueous interior of the

vesicles) and outer (bulk solution) salt concentration'"1.

Depending on the surface-to-volume ratio of the vesicle, oblate (Fig. 8.2 b)

or stotnatocyte shapes (Fig. 8.2 c) are favored (Seifert et ah, 1991). In the

absence of salt, the evaporation of water did not affect the vesicle shape in

this case6.

5. The \esicle bilayer is much more permeable by water than charged ions (by a

factor otca. 108:Ceve, 1991)

6. If the investigated structures arc sensitive to amphiphile concentration, the

evaporation of water can induce morphological or phase changes, also in the

absence of salt.
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Fig. 8.2 Schematic illustration representing a plausible morphological transformation of

a sphere into a stomatocy te: the volume of the \esicle diminishes while its surface area

remains constant
.
Fach of these shapes represents the lowest energy configuration for

the particular volume-to-area ratio (Seifert et ah, 1991).

Depending on how the stomatocy to is oriented in the vitrified film, its image

resembles that of a bilamellar vesicle (Fig. 8.5)- An invaginated vesicle can

be difficult to differentiate from a "true" bilamellar vesicle.

f ?

projection

Fig. 8.3 Top-view projection of an im actuated \esiek

7. Similar morphological transformations (of a sphere into a stomatocy te) have

been observed by FM with DMPO and POPC giant vesicles. Fhe changes were

induced by a rise in temperature which led to an area different behavior to the

inner leaflet and to the outer leaflet of the bilayer (Käs A Sacknuinn, 1991;

Lipowski, 1991).
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In order to minimize water evaporation, an environmental chamber, in

which temperature and humidity arc controlled, has to be used (Bellare et

ah, 1988; Lgelhaaf, 1995). The chamber sketched In lug. 15.2 (page 211)

was used for specimen preparation in the present work.

To prevent the formation of invaginated vesicles, a relative humidity of at

least 97% had to be reached inside the chamber. It was noticed that, even

under controlled conditions, most of the places were free of artifacts, but

there were also locations on the same grid which showed invaginated

vesicles. Vinson et ah (1989) have already reported a similar behavior. They

proposed that either evaporation is not uniform across the specimen or that

invagination may also arise by other mechanisms. Other consequences of

water evaporation are, for example, changes in surfactant concentration and

pH.

All the lamellar phases investigated in fhis work had a gcl-to-liquid

crystalline transition temperature below RT; no problem was therefore

encountered by preparing the specimen at RF.

Another commonly encountered problem with surface active molecules is

their transfer from the bulk to the air-liquid interface as a consequence of

the increase in fhe surface area-to-volume ratio. Fhis effect can generate

modifications in the composition of the bulk solution and also induce phase

changes. I his effect is potentially problematic in complex systems made of

several surface active compounds in which the formed structures are

susceptible to composition changes ( Falmon, 1996).

'Fhe presence of surfactants can also be advantageous. Tt facilitates the

formation of a thin film by reducing the surface tension at the air-liquid

interface. Surface active compounds have been added to solution prior to

investigation. The tnferfacial layers of surfactants can then be considered as

a slide and a cover-slip (in analogy to TAI preparation) enclosing a thin

aqueous layer (Frederik et ah, 1989b & 1080c).
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8.3 Size sorting and mechanical shape deformation

Due to the biconcave shape of the film, the vesicles were often spatially

arranged in the film according to their si/e (Fig. 8.4 and see e.g. Fig. 8.5) :

large ones were expelled from the center and found at the edge of the hole

where the film was thicker while smaller vesicles could be found Iarthet

towards the center. In extreme cases, all the liposomes were concentrated

near fhe rim of the hole as shown m Fig. 8.5.

Fig. 8.4 Scheme tlhistiating the sottnm of vesicles according to then size

8 This phenomenon was observed iclatwcK often and these aie numerous

examples thioughout this vvoik
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Fig. 8.5 Ciyo-11 Vf msciogtaph ol POPC liposomes piepaied m water (|POPC]-5 mM.
100 nm cxtiuded) the \esicles shown heie aie shghth squeezed and ate only found at

the edge of the hole where they aie at ranged accoiding to then si/e lhe him was

picsumabh too thin in the middle of the hole to accommodate any vesicles A layei of

contamination which lesembles fish scales coveted fhe specimen (patagtaph 8 6. page

74)

Another consequence of the finite thickness of fhe aqueous film is that

vesicles may not find enough space in the aqueous film and are therefore

deformed/flattened (see e.g. I ig. 10 26 B, page 146). r kittened vesicles may

appear largei than they arc. Vesicles can also be distorted and squeezed by

mechanical stress, due to the fiuid flows on the grid when the sample is

blotted. Fhe shear forces of this flow are sufficient to squeeze the vesicles to

the wall of the carbon support and into each other (Vinson et ah, 1989). Fig.

8.5 shows that v esicles have been slightly squeezed against each other at the

rim of fhe hole
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8.4 Energy filter

As the FM 912 Omega is equipped with an energy-filter (paragraph 7.2.2.3,

page 51), the frozen hydrated specimen were examined in the zero-loss

mode. The inelastically scattered electrons vvere therefore cut off and the

contrast was clearly enhanced as shown in Fig. 8.6.

The use of the zero-loss mode had the following advantages (Grimm et ah,

1998):

1. The produced contrast was better and therefore the objects could be

visualized closer to focus.

2. The number of multiple scattered electrons increases with increasing

specimen thickness, therefore thicker specimen could be investigated as

the inelastically scattered electrons were eliminated from the beam

electron.

L Due to the improved contrast, fewer electrons were needed to examine

the sample and to record pictures, films the effects of electron irradiation

could be reduced.
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Fig. 8.6 Micrographs of the same specimen (ferritin-containing POPC/oleic acid/oleate

vesicles) at the same location with identical electron dose (5e7À2) and defocus (A)
without energy filter and (B) with energy filter. Aggregates of small ice crystals are

visible on the specimen surface (see e.g. arrow-' in B).
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8.5 Contrast

Interestingly the vesicles formed exclusively by one of the three

amphiphiles studied in this work (POPC, oleic acid and didecyl phosphate)

gave rise to slightly different contrast. POPC and didecyl phosphate bilayers

appeared thicker and could almost be resolved at high magnification while

the oleic acid bilayers always appeared as a thin line (Fig. 8.7) .
'Fhis small

discrepancy presumably arose from the presence of a phosphorous atom in

POPC and didecyl phosphate in addition to the carbon, oxygen, and

hydrogen atoms present in oleic acid, fhe electron-specimen interaction is

sensitive to the molecular weight of the atoms; therefore, it is reasonable to

suppose that the interaction of the electron with didecyl phosphate and

POPC bilayers was stronger than with pure oleic acid vesicles. Although

this phenomenon could be perceived (at least by the operator), it was very

difficult to quantify it. Fig. 8.7 shows (A) oleic acid, (B) POPC and (C)

didecyl phosphate vesicles. All the cryo- FFM micrographs were recorded at

the same magnification. Unfortunately, the defocus was different in each

micrograph and the bulk solution had a different composition.

9. One could almost differentiate the inner leaflet of the bilayer from the outer

one.

10.The actual bilayer thickness was supposed to be similar m all cases (thickness
of ca. 4 nm).
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big. 8.7 ( tyo-1 f M miciogiaphs show ma ( y) 100 nm cxtiuded lenitm containing oleic

acid \esicles m BKINl huftet (200 mM pli 8 s) (B) 100 nm cxtiuded feintm-

conlauung POPC liposomes m hot ate bullt t (100 mM, pfl 8 S) and (C) didecyl
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vesicles made ol vanous amphiphiles m a suspension



74

8.6 Contamination

The vitrified sample kept at near liquid nitrogen temperature on a specimen

cryoholder acts as a pump for water vapor. (Are has to be taken to avoid the

deposition of water either during specimen manipulations through the air or

inside the microscope. During mounting and transfer of the sample grid,

water is deposited as aggregates of small ice crystals (lug. 8.6, arrow), while

inside the microscope water vapor condenses on the specimen as a

continuous layer, sometimes similar to fish scales (see e.g. Fig. 8.5).

8.7 Radiation damage

Radiation damage is a consequence of the energy transferred to the

specimen by inelastic collisions of the beam electrons. It was noticed that

fully amorphous ice was quite "-stable'" to beam damage in the sense that

vdsiblc alterations were rarely observed at the electron doses used. Thicker

or non-vitrified specimen were more sensitive to the electron beam;

reflections emerged and poor contrast (Dubochet et ah, 1988) was obtained

which further hindered examination of the sample. Radiation damage could

be well discerned on the carbon film, appearing as bubbles (Dubochet et ah.

1982a; Pal mon et ah, 1986) as depicted e.g. in Fig. 10.16 B (page 132).
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9. Hydrolysis of phosphotriesters

9.1 Introduction

Fhe self-reproduction of vesicles is a very interesting system as it binds

chemistry and compartmentalization with one of the most basic cell

processes, namely the self-replication/self-reproduction process. The first

self-reproducing system involving vesicles was studied using the hydrolysis

of fatty anhydride and the corresponding long-chain fatty acid vesicles

(Walde et ah, 1994). Whether long-chain fatty acids arc prebiotically

relevant amphiphiles has been discussed (Allen & Ponnamperuma. 1967;

Miller, 1998). The aim of the present project was to develop another self-

reproducing vesicle system, using simple molecules of possible prebiotic

relevance. Phosphate-based amphiphiles were chosen as potential

candidates.

Indeed, phosphate esters and anhydrides are essential in the living world

(Westhe s mer, 1987). Hie genetic material DNA. and RNA are

phosphodicsters. Alost of the coenzymes are esters of phosphoric or

pyrophosphoric acid. Fhe principal reservoir of biochemical energy (adcnyl

triphosphosphate, creatin phosphate and phosphoenolpyruvate) are

phosphates. Glyeerophospholipids also contain phosphate. Moreover

phosphate has revealed itself of prebiotic relevance. VOf~ was found in

meteorites and interplanetary dust particles (uro et ah, 1990) and may have

arisen from volcanoes in prebiotic times. Recently7, Ourisson and co¬

workers (Plobeck ef ah, 1992; Ourisson & Nakatani, 1994; Pozzi et ah,

1996; Birault et ah, 1996) have postulated that primitive membranes could

have been more readily formed from the simplest possible terpenoids linked

to an appropriate and simple polar head group such as a phosphate anion.

Fhis hypothesis is mainly based on the fact that no terpenoid-free cellular

membrane is known today, and that many terpenoid-based molecular fossils

have been isolated. 1 here fore they proposed as most primitive membrane-
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building block units the polyprenyl phosphates and described the abiotic

synthesis of prenyl units, a possible prebiotic phosphorylation and chain

elongation of polyprenols, which could lead to the formation of primitive

vesicles.

The idea in the present work was to use simple alkyl phosphates as model

compounds for the elaboration of a self-reproducing vesicle system. Ideally

the precursor molecule should not build structured aggregates, wdiile the

product should possess surfactant properties, such as the ability to form

vesicles. One could start from a phospho-tri or -diester and hydrolyze it to

the corresponding di- or mono-ester with the assumption that these

hydrolysis products would be able to build vesicles under the chosen

conditions. Phosphodicsters are known to be more stable than

phosphotriesters and it is has long been known that dialkyl phosphates form

vesicles in alkaline conditions (Kunitake & Okahata, 1978).

Phosphotriesters, which bear at least two alky 1 chains, appeared to fulfill the

requirements: they are vvaterdnsoluble and their hydrolysis product, dialkyl

phosphate, is able to form liposomes (see Chapter 5.). Therefore, they were

chosen as study compounds for the development of a new self-reproduction

system. Their hydrolysis had to be carried out under conditions allowing the

formation of a vesicular system made of the hydrolysis product according to

a scheme similar to the one already described for fatty acids (Pig. 9.1).
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Fîg. 9.1 Schematic illustration of the possible self-reproduction of dialkyl phosphate
vesicles.

Shorter chain dialkyl phosphates form vesicular systems which have a lower

Tc than long chain ones and are thus easier to handle. Moreover, one could

argue that, in primeval times, hydrocarbon chains must have formed by the

gradual accretion of small molecules such as methane and that if is then

probable that short chains initially predominated (Stephen-Sherwood &

Ore, 1973; ïlargreaves & Deamer, 1978b). The shortest dialkyl phosphate

actually known to build vesicles is didecyl phosphate. In Lhe present work

two phosphotriesters containing at least two decyl chains were synthesized

and their hvdrohsks was then investieated.
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9.2 Preparation of phosphotriesters

Two phosphotriesters were synthesized, a symmetric one, tridecyl

phosphate (1), and an asymmetric one, didecyl 4-nitrophenyl phosphate (3)

(Fig. 9.2). Didecyl phosphoric acid (2) was also obtained as by-product in

the synthesis of 1.

O
ii

o
i:

Fig. 9.2 Chemical structure of tridecyl phosphate (1), didecyl phosphoric acid (2) and

didecyl 4-nitrophcny 1 phosphate (3).

Symmetric phosphotriesters are usually prepared by the reaction of the

appropriate alcohol wdth phosphory I chloride in the presence of a base, for

example, triefhylamine or pyridine. Asymmetric ones can be obtained by the

reaction of a phosphorochloridate with sodium derivatives of phenol or

alcohol (Kafyshkina et ah, 1956). In particular, the formation of various

dialkyl p-nitrophenyl phosphates has already been studied in the 19507s.

They were prepared using either p-nitrophenyl pbosphorodichloridate

(Cebrian, 1951) or dialkyl phosphorochloridate (De Roos & Toet, 1958) as

phosphory kiting agent.

The syntheses of 1 and 3 vvere carried out as described in the literature (Fig.

9.3). The reaction progress was followed by ITC using silica gel plates.

Phosphofri-, di- and mono-esters were readily distinguishable by TTC as

their different polarity resulted in differences in fhe migration.
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H pyridine
-P-CI t- 3 ROH »

CI benzene

O pyridine

OoH—£ A—O-P-CI + 2 ROH (3)

CI THF

R=C10H21

Fig. 9.3 Reaction schemes of the syntheses of t and 3

i was synthesized with a rather poor yield (38%) by the reaction of

phosphoryl chloride with decanol in the presence of pyridine (Davey, 1950).

The formation of 1 was accompanied by a relatively large amount (48%) of

didecyl phosphoric acid (2). Hits may result from the presence of some

traces of water, which would hydroly/e decyl phosphorodichloridate and

didecyl phosphorochloridate, both intermediates of the reaction, to yield the

mono- and di-estcr, respectively (I)e Roos & Toet, 1958).

3 was prepared by reacting p-nitrophenyl phosphorodichloridate with

decanol (Qiu et ah, 1994) in a better yield (68%). Since p-nitrophenyl

phosphorodichloridate was commercially available, if was chosen in

preference to didecyl phosphorochloridate which would have had to be

specially synthesized. Moreover phosphorodichloridates have been recently

successfully used as phosphorydating agents, for example, in the synthesis

of phosphotriesters containing nucleotides (harrow et ah, 1990) and of ether

phospholipids via a phosphotriester approach (Qiu et ah, 1994).

fhe purity of the products was checked by VI (A M-l-NMR and ?1P-NMR.

Didecyl phosphoric acid (2) and phosphotriesters i, 3 possessed a different

chemical shift in ''P-NMR. Only one peak was observed for all the final

compounds.
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9.3 Aggregation behavior of didecyl phosphate

In this work, the vesicle formation properties of didecyl phosphate under

selected conditions were investigated: pH and counterions were found to

affect the formation and stability of the vesicles.

A titration curve of didccy I phosphate (Fig. 9.4) was determined between

pll - 1.5 and 12.5 range using HCl and MaOH. Experimentally an apparent

pKa of ca. 7 was obtained for the phosphate polar head group at the vesicle

Interface. This value was slightly higher than the pK, of 5.5-6 determined

for dihexadecyl phosphate in small vesicles (Carmona-Ribeiro, 1990).

Similar to the case of fatty acids, the pKa of the surfactant in the bilayer was

higher than the pKa of lower molecular weight alkyl phosphates, which are

found as monomers in aqueous solutions.

At pH 2, if the sample was heated to 5()°C prior to investigation, oil droplets

were observed as shown by FM (1 ig. 9.5 A). However, if the sample was

allowed to cool down to RF, only crystals were found (Fig. 9.5 B).

In fhe presence of Na as counterion, vesicles were observed from pll 5.2 to

12 (lug. 9.5). Between pll 5 and 6 they were stable for 20 hrs at RT, but

above pH 6 white shiny crystals started to precipitate after a few hours.

Upon reheating of the samples, vesicles formed again. Fonteijn et al.

(1992a) have already observed this behavior. I hey proposed that the

nucleation for crystallization in the vesicle suspensions takes place at fhe

water-air interface and that the stability of the vesicles could be enhanced by

reducing the water-air interface.
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Fig. 9.4 titration curve of didecy I phosphate with HCl and NaOH (]2]
- 7.1 mVt).

Below pFI 2 mostly oil droplets were ohserved. atxnc pH 6 mainly vesicles were

obtained. Fhe dashed line represent-* the approximate boundary hetwecn the regions
where the oil phase and the lamellar phase, respectively, predominated.

A titration curve was also established with KOFI to check the effect of the

chemical nature of the counterion on vesicle formation. In this case, vesicles

formed from pH 4.3 to 13.5. Between pH 7 and 13.2, they were stable at Rf

for at least 14 days. No precipitation was observed.
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Fig. 9.5 LM (A. C, D) and ffEM (B. E) micrographs of samples obtained from a titration

curve of didecyl phosphate with HCl and NaOH. [2] = 7.1 mM: (A) oil droplets, pH 2;

(B) crystal, pH 2; mainly polvdisperse vesicles at (C) pH 10.3, (D) pH 11.5, and (E) pH
6.
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Fig. 9.6 LM pictures of the samples obtained from a titration curve of didecyl phosphate
with KOH ([21 ^ 7 mM). Mainly vesicles that were polydisperse in size and lamellarity
were observed over all the pH range studied: (A) pH 4.3; (B) pH 7. the assembly formed

was very large (0 ~ 30 um); (C) pH 11.1 ; (D) pH 11.7. large MVV (0 ~ 20 pm); (E) pH
12.5, large MYV (0 ~ 24 pm); and (F) pH 13.6. at tills high pPf the content of large
vesicles was remarkably hicli.
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Didecyl phosphate vesicles varied in size and lamellarity: unilamellar as

well as multilamellar and multivesicular vesicles were observed by FM

(Fig. 9.5 & Fig. 9.6). Interestingly, large vesicles (diameter of about 20 pm

and more) were observed from pi I - 4.3 to 13.5 ", particularly in the

presence of K' and at relatively high pH (Fig. 9.6 e.f.h.). Vesicles even

formed in 0.5 M KOT I, but they tended to aggregate. The vesicles were

more stable in the presence of K. than in the presence ofNa1 as counterion.

Tn more acidic conditions, only oil droplets or crystals were observed.

Ultrasonic treatment is commonly used to produce small unilamellar

vesicles (New, 1990). If 2 was sonicated in 0.25 M KOFI, a completely clear

solution was obtained while a turbid suspension was obtained upon

dissolution of 2 in 0.25 M KOI I by hand shaking or maenetic stirring.

Ultrasonic treatment reduces the size of the vesicles. As scattering of the

light is dependent on the concentration as well as on the size of the

aggregates, sonicated suspensions can appear almost completely

transparent. Kunitake and Okahata (1978) also reported the formation of a

clear solution upon sonication of didecyl phosphate, which contained closed

bilayers. Indeed after sonication of 2 in 0.25 M KOll for 10 min, although

the aqueous phase appeared transparent, the presence of small vesicles was

confirmed by cryo-TPM (Fig. 9.7). Mostly small unilamellar vesicles

(diameter between 20 to 50 nm) but also few larger ones and some open

bilayers (Fig. 9.7, arrow) were observed.

11 .It was noticed thai, not only the pll played a role in vesicle formation, but that

the buffer ions also influenced the aggregation behavior of didecyl phosphate.
For example, didecy 1 phosphate did not form vesicles in imidazole buffer (200
mM, pFI 7).
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ptesence of bilayer Iragments due to hydiophobic ath action between fhe

edges ol these hagments, they can gathet togethet and leroim closed

bilaveis
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9.4 Chemically-induced formation of vesicles

9.4.1 First attempts and remarks

Although it is known that trialkyl phosphates are less labile towards

hydrolysis than fatty anhydrides, it was worthwhile to investigate whether

the presence of dialkyl phosphate vesicles would accelerate the hydrolysis

of considerably more chemically stable phosphotriesters .

The first hydrolysis reactions were carried out by using the simple

symmetrical tridecyl phosphate (1) as precursor. 'Fhe reactions were

performed in the absence and in the presence of preformed didecyl

phosphate vesicles under a variety of conditions. Tridecyl phosphate

revealed itself as extremely stable, even under drastic conditions: a

significant amount of 1 was still detectable after being stirred in 0.5 M KOFI

at 68°C for one month! 1 could be hydrolyzed quantitatively only by

performing the reaction in an open flask: after 72 hrs, the water was

evaporated and only a white solid residue was left at the bottom of the flask.

After taking up the residue in some water, TFC revealed the presence of

didecyl phosphate only, and vesicles as well as myelin structures were

observed by FM. However, it would be difficult to follow the kinetics of

such a reaction taking place in an open system.

Therefore, another phosphotriester, didecyl 4-nitrophenyl phosphate (3),

was synthesized and its hydrolysis studied. The p-nitrophenyl group is a

better leaving group then the didecyl one and, in addition, p-nitrophenol

offers the advantage of bearing a chromophore which facilitates the

quantitative monitoring of the hydrolysis reaction.

A.lnvestigations on the hydrolysis of a series of trialkyl phosphates have shown

that these phosphotriesters are very difficult to In droh ze. even in strongly
alkaline solution (Conrad et ah, 1986).
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Preliminary experiments showed that even didecyl 4-nitrophenyl phosphate

(3) wras still a relatively stable molecule in aqueous solution, and extreme

reaction conditions had to be used for its hydrolysis (0.25 M KOFT
,

T=68°C). The effects of preformed vesicles and of sonication on the course

of the hydrolysis were investigated. Some experiments were also carried out

under less drastic conditions, using 0.1 M KOFT (pH 12.9) and using 3-

(cyclohexylamino)-l-propanesulfonic acid (CAPS) buffer (200 mM, pFI

10.5).

'Fhe kinetics of the reactions were monitored using UV spectrophotometry:

the p-nitrophenolate that was released during the hydrolysis was quantified

by measuring its absorbance at 391 nm. In each case, three experiments

were run in parallel and the analysis of the reaction mixtures was also

performed in triplicate.

3.KOH was used instead of NaOH as it was noticed that didecyl phosphate
vesicles were more stable in the presence of K

'

than in the presence of Na"" as

counterion (paragraph 9.3. page 80).
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9.4.2 Hydrolysis of didecyl 4-nitrophenyl phosphate (3) in 0.25 M

KOH

'Fhe preparation of the reaction mixtures as well as the macroscopic

observations made during the hvdrolvsis of 3 in 0.25 M KOFI at 68°C are

summarized in Table 9.1.

b

c!

[2]

0 mM

5mM

30 mM

If) mM

e i 0 mM

10 mM

Preparation of

the reaction

mixtures

no sonication

no sonication

no sonication

onlv 2 sonicated

3 sonicated

Macroscopic observations

s oil drop floated on top of a clear sol.

after 6-8 hrs --> oil drop fell to the bottom of

the flask - ^ disp. of oil droplets
as reaction proceeded, yellow color appeared

before addition of triester -> turbid susp.

add triester --> oil drop fell directly to the

bottom of the flask- ^ disp. of oil droplets

ditto 5 mM, except that before addition of3 the

vesicular susp. was more turbid

after sonication of 2 v

transparent clear sol.

addition of triester -"> oil drop fell directly to

the bottom of the flask- % disp. of oil droplets

just after sonication —^ turbid/ w Idle emulsion

which rapidly became yellow
after few hrs -^ oil droplets gathered together

2 and 3 cosonicated

lust after sonication -> turbid' white susp.

which very rapidly became yellow
until the end of reaction; yellow turbid susp.

Table 9.1 Preparation of the reaction mixtures and macroscopic observations made

during the llydrolvsis of 3 (p3|A(M2 mM). In (a) and (e), there were no didecyl
phosphate vesicles initially present while in (h). (c). (d) and (0 vesicles formed by
didecyl phosphate were present at different concentrations in the initial reaction mixture.

Fhe reactions were carried out in 0.25 M KOH (pH 13.4) at 68°C (total volume - lml).



89

If 3, which is a slightly yellow oil, is laid on top of a ''pure" aqueous phase

(no vesicles present), it floated on top of the solution. However, if didecyl

phosphate vesicles were present in the aqueous phase, 3 dropped

immediately to the bottom of the flask. After that, due to the mechanical

stirring of the solution, the relatively large oil droplet split into smaller ones

and a dispersion of small oil droplets in water (or emulsion) was thus

achieved. In the absence of preformed vesicles, as the hydrolysis proceeded

and therefore, as didecyl phosphate was released in the medium, the oil drop

suddenly fell to the bottom of the flask and a dispersion of oil droplets was

also obtained. A plausible explanation of this phenomenon may be that the

density of the vesicular suspension was smaller than the density of pure

water. To prove this hypothesis, a vesicular suspension was prepared using

deuterated phosphate buffer (KfAPO^ 30 mM, NaCl 20 mM, pD-7.5).

Deuterated water has a higher density than "normal" wafer: at 25°C, the

density of !FO and of D2C) is 0.997 and 1.104 respectively, and at 7()°C,

0.977 and 1.085 respectively (Handbook of Chemistry and Physics, 1976-

1977). The deuterated buffer changed the properties either of the vesicular

suspension or of 3. In that case, 3 remained on top of the vesicular

suspension formed by didecy 1 phosphate at RT and at 68°C for at least one

week. The conclusion seems to be that the density of fhe aqueous phase

decreases due to the presence of didecyl phosphate vesicles.

If 3 was sonicated, a white turbid suspension was also obtained. The

turbidity was caused by the presence of a fine dispersion of oil in water. As

no continuous ultrasonic treatment was applied and due to hydrophobic

interactions, the initially small oil droplets gathered together with time and

could again be distinctly perceived by the naked eye.
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The sigmoidal curve typical of an autocataiytic reaction as obtained for the

hydrolysis of oleic anhydride (Walde et ah, 1994) was not observed for the

hydrolysis of 3 in 0.25 M KOH. The profile of the reaction could almost be

assumed to be a straight line tinder the conditions used (lug. 9.8).
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Fig. 9.8 Reaction profile of the hydrolysis of 3 (|3]-10-12 mM) carried out in 0.25 M

KOH at 68°C lhe percentage of 3 cleaved is plotted vs. time, fhe data shown

correspond to the mean \alue of three measurements and the error bars represent the

standard deviation.

There was, however, no doubt that vesicles were formed upon hydrolysis of

3; some were strikingly large (up to a diameter of 65 pm) and could be

characterized as giant ones (Fig. 9.9).

Fig. 9.9 LM micrographs of the suspensions obtained after the hydrolysis of 3 in 0.25 M

KOFI at 68°C. No preformed \ esicles were present at the beginning of the reaction.
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lhe initial presence of didecyl phosphate vesicles did not significantly

accelerate the hydrolysis of 3 (Fdg. 9.10). The minor differences noted in the

hydrolysis rate (especially in the first 50 hrs) may be explained by the

formation of a dispersion of oil droplets immediately after the addition of

triester 3 if preformed vesicles were initially present (see Table 9.1). At

least, at the beginning of the reaction, the total water/oil interface was

greater in case b, c and d than in case a. The si/e of the vesicles did not

significantly influence the course of fhe hydrolysis of 3 (curve d in Fig.

9.10).
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Fig. 9.10 f fleet of didecy I phosphate v esicles upon hv droh sis of 3 ( |31 -10-12 mM) in

0.25 M KOH at 68 77 ("a) |21 0 mM. (b) |21 s mM. (c) f2]-i0 mM; and (d) the

preformed vesicles wete sonicated. [21-10 mVl 1 he percentage of 3 cleaved is plotted
vs. time The data shown conespond to the mean value ot three measurements and the

etror bars represent the standard deviation

To summarize, didecyl phosphate vesicles were not endowed with great

catalytic activitv towards the hvdrolvsis of 3. Neither the presence nor the

size of the vesicles had a sisnificant Influence on the hvdrolvsis rate.
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As the precursor 3 is hydrophobic, the reaction occurs at the oil/water or

vesiclc/water interface. If 3 is spontaneously incorporated in the bilayers, an

increase in fhe vesicle concentration or a decrease in the vesicle size

should enhance the rate of the hydrolysis. Fhe previous experiments

suggested that the spontaneous uptake of 3 by the vesicles did not occur

efficiently under the chosen conditions and that the reaction occurred

primarily at the surface of the oil drops formed by phosphotriester 3. No

evidence of vesicular catalysis was found.

One way to facilitate the uptake of 3 by didecyl phosphate vesicles is to

sonicate 3 in the presence of dialkyl phosphate. This method is commonly

applied to mechanically incorporate water-insoluble compounds in bilayer

membranes (see e.g. Kunitake & Sakamoto, 1978). In the following

experiments, the effect of ultrasonic treatment on the course of the

hydrolysis was investigated. Sonication was performed immediately after

addition of 3 to the aqueous phase at RT for 10 min.

As a control experiment, solely 3 was sonicated. The reaction profile shows

over the first 30 hrs a steep curve which then flattened out (Fig. 9.11). The

thus observed profile can be explained as follows: upon sonication, the oil

drop formed by 3 was splitted into many droplets, thereby increasing the

surface where the alkaline hydrolysis could take place. Since this treatment

was not pursued and due to evident hydrophobic reasons, the small oil

droplets were brought together to reform larger droplets, thereby reducing

the oil/water interface and thus leading to a decrease in the hydrolysis rate.

14.For an identical surfactant concentration, a decrease in size results in an

increase in the vesicle aqueous medium interface. Tn the present case smaller

vesicles were obtained by sonication.
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Fig. 9.11 Effect of ultrasonic treatment upon the hy droh sis of 3 (|3| -10-12 mM) in 0 2^

M KOfI at 68A- (a) no sonication, [21
- 0 mM: (e) 3 was sonicated, |21 0 mM; and (13

2 and 3 wete cosomcated (|2 A[31 1 0 mM) Fhe percentage of 3 cleaved is plotted vs

time, lhe data shown conespond to the mean \aluc and the error bars represent the

standard deviation

In a second set of experiments, 3 was then cosonicatcd with dialkyl

phosphate. Small oil droplets as well as vesicles were detected by FA1 after

ultrasonic treatment (lug. 9.12). After one day, about 50% of the

phosphotriester 3 was hydrolvzed. However, the rate diminished wdth time

(Fig. 9.11).
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Fig. 9.12 FM miciogiaphs ol the suspension obtained after cosomcation ot 3 ([3] 10

mM) and 2 (|21 10 mM) al Rl tot 10 mm 1 he\ show lhe ptesence of oil dtoplets and ol

vesicles Hie miciogiaphs weie taken ca 10 mm aftet ultmsonic treatment

Upon cosomcation of 3 and 2, two events could happen

1 Phosphotnestei 3 was ineotpoiated m the didecyl phosphate vesicle

bilayei s

2 Fxcess ol 3 (molecules that weie not mtegiated in the btlayeis) loi med

small oil dtoplets as obtained in the case ol sonication ol 3 (case d)

Both phenomena lead to an mciease ot the phosphotnestei Aqueous solution

mtetface, theteloie, a laiget numbei ol piccuisoi 3 molecules was

susceptible to 01Ï attack 1 he triestci molecules mcoipoi ated in the bilayei s

as well as the molecules found at the surface ol the oil droplets probably

hydiolvzed veiy quickly, which could account tot the late enhancement

observ ed pnncipally at the beginning ol the teaction
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lhe hydrophobic precursor 3 was also introduced mechanically in fhe

bilayers using the film method: a film containing both surfactant 2 and

precursor 3 was prepared and then hydrated with 0.25 M KOFI
.
After 20

hrs, more than 50% of 3 was hydrolvzed and the reaction was brought to

completion m ca. 150 hrs (Fig. 9 13), The hydrolysis was somewhat faster

than in the case of cosonicatioii (compare film with fin Fig. 9.13). Fhe most

likely explanation is that the incorporation of 3 in the vesicle bilayers was

more efficient using the film technique.
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Fig. 9.13 f licet ot sonication, ot cosomcation and ot film lotmation upon the hydrolysis
ol 3 (|3| 10-12 mM) m 0 2s M KOH at 68 A (a) no sonication, [21 0 mM, (d) the

piefouned vesicles wete sonicated, |2| 10 mM. (e) 3 was sonicated, [21
~ 0 mM; (f) 2

and 3 were cosonicated ([2| |3) 10 mM) and (film) a hhn containing 2 and 3 was

founcd (|2] [31 10 mM) lhe peicentape ot 3 clea\ed is plotted \s time the data

shown conespond to the mean \alue and the ettoi bais lepiesent the standaid deviation

A I his cxpctiment was pertouned onh once m otdei to conhtm that the cuicial

step was indeed the uptake ot 3 bv the vesicle bilaveis
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These last experiments suggested that

• the crucial step was not the presence of vesicles alone, but the

incorporation of the hydrophobic precursor 3 in the bilayer membranes

of the vesicles;

• under the conditions used, didecyl phosphate vesicles were not able to

uptake the phosphotriester molecules without external input of energy.

In conclusion, only if cosonicatioii of 2 and 3 or if a mixed film formed by 2

and 3 were used, had the vesicles a significant effect on the course of the

hydrolysis as shown, for example, by comparison of curve d wdth curve fin

Fig. 9.13.

The hydrolysis of 3 was, however, carried out under less drastic conditions

to check whether the very high concentration of KOH used had an influence

on the hydrolysis course.



98

9.4.3 Hydrolysis of didecyl 4-nitrophenyl phosphate (3) in 0.1 M KOH

Two sets of experiments were carried out under less drastic conditions,

using 0.1 Al KOI I. The macroscopic observations made during the reactions

are summarized in fable 9.2.

a

12]

0 mM

III mM

pH start

!

12 9

•) N

pH end Macroscopic observations

12

^ oil drop floated on top of a clear sol.

after 27-10 his oil drop fell to the bottom of the |
flask "- yellow tuihid dispersion

befote addition of triestci -> tin bid susp.

add tuestct -> oil diop fell to the bottom of

the tlask - -> disp. ot oil and after 10 hrs vellow

tin bid susp

Table 9.2 Macroscopic obsetv aliens made diu mg the hydrolv sis of 3 (|31 =10 mM) m (a)
the absence and in (h) the ptesence ot didecyl phosphate vesicles Hie reactions were

canted out m 0 l M KOI 1 at 587 (total volume 1 nil)

Both sets of experiments gave a reaction profile that could be approximated

by a straight line (big. 9.14). I he hv drolvsis of 3 was somewhat faster inthe

presence of preformed bilayers. Unfortunately the scattering of the data (see

the standard deviation in Fig. 9.14) made the interpretation of these results

difficult, fhe small enhancement in the hydrolysis rate arose most likely

from the formation of an oil dispersion at the beginning of the reaction if

didecyl phosphate vesicles were initially present (similar to 0.25 M KOH).

In any case, the vesicles did not significantly affect the hydrolysis reaction

rate.
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Fig. 9.14 Hffcct of vesicles formed by 2 upon the hydrolysis of 3 ([31=10 mM) in 0.1 M

KOH at 68A7 (a) 12|-0 mM and (b) [2] 10 mVI. The percentage of 3 cleaved is plotted
vs. time. I he data shown correspond to the mean \alue and the error bars represent the

standard deviation.

Compared to die reactions performed in 0.25 M KOH (Fig. 9.10), it has to

be pointed out that the decrease in pi I of the bulk solution did not slow

down the hydrolysis: after 150 hrs, in both cases about 50% of 3 were

cleaved and, afterwards, the reaction was even slightly faster in 0.1 M KOI I.



100

9.4.4 Hydrolysis of didecyl 4-nitrophenyl phosphate (3) in 3-

(cyclohexylamino)-l-propanesulfonic acid (CAPS) buffer

As current investigations on the hydrolysis of fatty anhydrides have shown

that buffer ions may play an important role in the course of the reaction

(Wick, 1996), the hydrolysis of 3 in CAPS (200 mM, pH 10.5) (Fig. 9.15)

was also examined.

S03H

Fig. 9.15 Chemical structure of )-(cy clohcvy lamino)- 1-propanesulfonic acid (CAPS).

Hie macroscopic observations made during the hydrolysis carried out in

CAPS are summarized in fable 9.3.

b

[21 P'Fitart PHCiul

10 111M

OmM 107 10.1

10.5 10.1

Macroscopic observations

-> oil drop floated on top of a clear sol.

after 20-25 hrs oil drop fell to bottom of the

flash to y ield. after a few hrs. a light yellow/
white turbid susp. which became yellower as the

reaction proceeded.

before addition of triester "> turbid susp.

add triester oil drop fell to bottom of the flask

~-% disp. of oil and then yellow/white turbid

susp. after 12 days clear yellow susp.

Table 9.3 Macroscopic obsen aiions made during the hydroly sis of 3 (f3]M 0 mM) in (a)
the absence and in (b) the presence of didecyl phosphate \ esicles. The reactions were

carried oui in CAPS (200 mM, pH 10.5) at 68A (total \ olume 1 ml).
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In case b (Table 9.3), the mixtures always had the same aspect during the

reaction progress: a yellow white/turbid suspension that became yellower

with time. After 12 days, the turbidity disappeared to give rise to clear

yellow solutions. However, LAI and EM investigations confirmed the

presence of small vesicles (difficult to see by LM due to their small size)

and of a few small oil droplets (Fig. 9.16).

IlitiARAfAAAA'
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Fig. 9.16 LM and ITEM' micrographs obtained during the hydrolysis of 3 in CAPS (200
mM, pH 10.5). (A) (B) (C) LM micrographs after 6 days: big oily structure as well as

MLV formation and vesicles; (D) ffEM micrographs alter 12 days: small vesicles.
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In this case the presence of preformed didecyl phosphate vesicles affected

the hydrolysis rate. However, no sigmoidal behavior was observed if no

vesicles were initially present (Fig. 9.17).
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Fig. 9.17 Effect of didecyl phosphate \ esicles upon the hydrolysis of 3 (|3) 10 mM) in

CAPS (200 mM. pi 1 10.5) at 68 77 (a) \2] -- 0 mM and (b) [2]
- 10 mM. 1 he percentage

of 3 cleaved is plotted vs. time. The data shown correspond to the mean value and the

error bars represent the standard deviation.

At pFI 10.5 instead of pFI 13.6, the pll of the bulk was reduced, but the

phosphate head group at the surface of fhe vesicles were, like in 0.25 Al

KOH, in an ionized state (pKa ca. 7). If preformed vesicles accelerated the

hydrolysis of 3 in CAPS, the reaction was overall slower than in 0.25 M

KOH. A possible explanation may be dial CAPS itself played an

important role in the mechanism of the phosphotriester hydrolysis. The fact

that the reaction could not be brought to completion also remained

unexplained. CAPS may interact with phosphotriester 3 or didecyl

phosphate and somehow inhibit the reaction after a certain time.

I6.lt was checked that CAPS ions did not build micelles by using fhe dye
pinacvanol chloride (Muhence & Mysels. 1055).

I \
6



103

As one could argue that in 0.25 M KOH, the electrostatic repulsions

between the negatively charged vesicle surface and the hydroxyl ions

hindered the triester attack by "OH, a last experiment was attempted using

BICTNL buffer (200 mM, pH 8.3). At this pll, the surface of the bilayers

should bear fewer negative charges. However, the presence of preformed

vesicles had no influence on the rate of cleavage of the p-nitrophenyl group

of 3. Moreover, the hydrolysis was extremely slow, only about 50% of 3

was hydrolyzed after 500 hrs! The decrease in charge of the vesicle surface

did not favor the hydroxyl attack. A minimum concentration of hydroxide

ions seemed to be necessary in order to hydrolyze 3.

3.5 Conclusions

One goal was reached, namely the spontaneous formation of vesicles upon

hydrolysis of a wafer-insoluble precursor in alkaline medium. Moreover,

some of the generated vesicles were remarkably large.

Vesicles showed some catalytic activity if

• the precursor was incorporated in the vesicle bilayers either by input of

external energy, such as that prov ided through ultrasonic treatment, or by

fhe formation of a film containing the hydrophobic precursor as well as

the surfactant;

• CAPS buffer was used.

The bulkiness and stability of phosphotriester 1 and 3, the negatively

charged surface of dtdecy I phosphate vesicles under the chosen conditions,

and a relatively slow monomeric-assoclated surfactant exchange rate

presumably hindered the formation of an autocatalvtic system. Once fhe

phosphotriester was incorporated in the vesicle bilayer, vesicles revealed

themselves as efficient catalysts. Fhe effects of (7APS ions on the hydrolysis

course could not be explained.
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Compared to the fatty acid systems, phosphotriester 3 has three

hydrophobic residues and is thereby bulkier than oleic or caprylic

anhydride. In addition, fatty acid vesicles are made of single-chained

surfactants and have probably a higher monomeric-associafed surfactant

exchange rate than vesicles made of didecyl phosphate, which possess two

alkyl chains as hydrophobic rests.

The properties of the hydrophobic precursor may also play a significant role

in such reactions, which take place in two phase systems. The ability of the

hydrophobic precursor to form an emulsion, its behavior in the presence of

amphiphiles and buffer ions, and the properties of fhe vesicular suspension

(and surfactant itself) may be other determining factors for such reactions.

Fately it was found that the formation of didecyl phosphate vesicles could

also be induced photochemicallv by7 irradiation of an emulsion of 2-

methoxy-5-nitrophenyl didecyl phosphate in 0.2 M KOfI with IW-light

(Veronese et ah, 1998). i his experiment is of general interest as it indicates

that membrane bilayers can indeed be formed by light-Induced processes.

However, phosphotriesters were in general much more stable than fatty

anhydrides and dialkyl phosphate vesicles, although possessing interesting

features, did not show catalytic properties similar to the ones of fatty acid

vesicles. These phosphate-based amphiphiles were not suitable candidates

for alternative self-reproduction vesicle systems. In order to better

understand the mechanism ofvesicle formation and transformation in a

vesicle self-reproduction system, the previously described oleic anhydride/

oleic acid system (paragraph 4.4, page 28) was chosen for further

investigations and studied In more detail with the help of ervo-lFM.
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10. Hydrolysis of oleic anhydride in the presence of

preformed oleic acid vesicles: A cryo-TEM study.

10.1 Introduction

Recent studies on the self-reproduction of oleic acid vesicles have suggested

that, if the oleic anhydride hydrolysis was carried out in the presence of

preformed oleic acid vesicles, these vesicles also exerted a matrix effect on

the formation of "new" oleic acid vesicles (Blöchliger et ah, 1998). It was

found that the size of the preformed vesicles influenced the size distribution

of the vesicles contained in the suspension obtained after the hydrolysis of

oleic anhydride. This effect was also observed for the formation of oleic

acid vesicles upon injection of a surfactant stock solution (oleic acid in

methanol or sodium oleate in water) to a buffer solution that already

contained oleic acid vesicles. It was argued that the most likely general

mechanism is one that is based on the interaction between the preformed

vesicles and the new ly added/generated surfactants.

The aim of the present project was to get a deeper insight into the

mechanism of formation and/or transformation of oleic acid vesicles upon

hydrolysis of oleic anhydride in the presence of preformed oleic acid

vesicles (Fig. 10.1). If one could distinguish fhe preformed vesicles from the

newly generated ones and if one could detect the changes in the vesicular

suspension caused by oleic anhydride hydrolysis (changes between state A

and state B, Fig. 10.1), one could gain information about the pathways of

vesicle formation and/or transformation. For this, a water-soluble marker

was entrapped in the preformed vesicles, and the suspension was examined

using cryo-TEM before and after oleic anhydride hydrolysis. By analyzing a

large number of cryo-TKM micrographs, the size distribution of fhe vesicles

and the marker distribution among the vesicles were determined for state A

and state B (Fig. 10.1).
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water insoluble

oleic anhydride

oleic acid vesicle

\

\

a

o

A

BICINE. buffer

(200 mM, pH 8,5)

RT

magnetic stirrer

before hydrolysis after hydrolysis

Fig. 10.1 Schematic drawing of the hydrolysis of oleic anhydride in the presence of

preformed oleic acid vesicles. Hie hydrolysis reaction was carried out in BICINE hnffer

(200 mM, pll 8.5) at Rl. A: suspension before the hydrolysis reaction took place; B:

suspension after completion of hydrolysis

Ferritin, a water-soluble protein, was chosen as the marker. The ferritin

molecule possesses a very dense iron core which gives rise to scattering

contrast, facilitating its detection by crvo-lFuM. Some general information

about ferritin is summarized in Chapter 6. (page 38).
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10.2 Possible pathways describing the hydrolysis of oleic

anhydride in the presence of ferritin-containing oleic acid

vesicles

The hydrolysis of oleic anhydride in the presence of preformed oleic acid

vesicles releases new oleic acid/oleate molecules in the suspension. What

are the effects resulting from the "addition" of new amphiphiles? Are new

oleic acid vesicles formed? Do the preformed oleic acid vesicles transform?

One can theoretically imagine three distinct processes resulting from the

release of new oleic acid/oleate molecules:

1. fhe preformed oleic acid vesicles grow by uptake of the newly generated

oleic acid/oleate molecules in their bilayer.

2. New oleic acid vesicles are formed independently of the preformed oleic

acid vesicles (de novo vesicle formation).

3. The preformed oleic vesicles incorporate the newly generated surfactants

in their bilayer and then eventually split.

The characteristics of each pathway is described theoretically in the

subsequent sections.
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10.2.1 The preformed vesicles grow (swelling of the vesicles)

oleic anhydnde

Fig. 10.2 Preformed vesicles grow.

From a theoretical point of view, If the vesicles are simply growing during

the reaction (Fig. 10.2), the subsequent statements would be verified:

1. The number of vesicles would remain constant.

2. The average diameter of the vesicles would increase with the amount of

oleic anhydride hydrolyzed during the reaction.

3. The vesicle size distribution would be shifted towards larger diameters:

the population of large vesicles would increase and the population of

small vesicles would decrease after completion of hydrolysis.

4. The ferritin distribution among the vesicles would remain Identical: the

number of ferritin molecules per vesicle would be the same since the

number of vesicles would not vary (point 1).
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10.2.2 New vesicles are formed independently of the preformed ones

(de novo formation)

Bicine 200 mM. pH 8.5

©—p—
oleic anhydride

Fig. J 0.3 New vesicles are termed independently of the preformed ones (de novo

formation).

If the preformed vesicles are inert and do not interfere with new incoming

surfactants (Fig. 10.3), the following features would be observed:

1. Hie number of vesicles would increase.

2. The number of vesicles containing no ferritin molecules would increase

drastically: all the newly formed vesicles should be empty.

3. The mean number of ferritin molecules per vesicle would decrease, as

the number of vesicles increases (point 1).

4. The ferritin distribution among the ferritin-containing vesicles would

remain Identical.

5. The vesicle size distribution would probably broaden as It is expected

that the newly generated surfactants would self-assemble in an

unpredictable way.

0(
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10.2.3 The preformed vesicles grow and then eventually split

Bicine 200 niM.plI 8.5 / \

Ä) .A. ' )

oleic anhvdride A. A

Fig. 10.4 'fhe preformed vesicles grow and eventually split.

Vesicles incorporate newly generated surfactants In their bilayer and then

split, for example, into two vesicles (Fig. 10.4). This mechanism would

possess the subsequent features:

1. The number of vesicles would increase.

2. The mean number of ferritin molecules per vesicle would decrease as the

number of vesicles increases (point I).

3. The ferritin distribution among the vesicles would probably change, the

ferritin molecules would possibly be distributed statistically among the

vesicles.

4. The vesicle size distribution is not predictable, however, large vesicles

would not be present in too high a concentration.

However, if only a few ferritin molecules are entrapped in the preformed

vesicles, the probability of obtaining a vesicle that does not encapsulate any

ferritin molecules by this process is relatively high. For example, if a vesicle

that entraps two ferritin molecules divides into two vesicles, there is

theoretically a 50% chance that one of the vesicles generated by splitting

does not contain any ferritin molecules. Similarly, if a large vesicle divides

into two vesicles, a large one and a small one, the probability that the larger

one contains ferritin is higher than the smaller one (see path b in Fig. 10.4).
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10.3 Stability of oleic acid vesicles

Before investigating the hydrolysis of oleic anhydride, the stability of 100

nm-oleic acid vesicles was checked using ffFM over a period of four days.

These vesicles did not contain any ferritin molecules and were prepared in

BICINE buffer (200 mM, pH 8.5). The suspension was treated with five

freeze and thaw cycles prior to extrusion.

The first sample was frozen ca. 5 hrs after the last extrusion through 100 nm

pore size polycarbonate filters. Other samples were frozen one, two, three,

and four days after extrusion. Fig. 10.5 shows typical ffEM micrographs of

the vesicle dispersion frozen at different times.

The micrographs vvere analyzed and a number-weighted size distribution

was established for each day (Fig. 10.6). No major trend was found between

freshly prepared vesicles and vesicles that were stirred at RT for up to four

days, except maybe for the presence of somewhat more large vesicles. The

size distributions of the suspension obtained on day 0, 1, 2, 3 and 4 are all

shown to be within experimental error (lug. 10.7). Hie vesicles had mean

diameter of ca. 70 nm. It was smaller than the pore size of the polycarbonate

filters (100 nm) used for the last extrusion cycle.

finder these experimental conditions (concentration, pH, buffer used, RT)

and over this period of time, 100 nm-oleic acid vesicles were considered as

forming a stable system, stable enough to study the hydrolysis of oleic

anhydride in the presence of preformed oleic acid vesicles without taking

into account any hind of ageing process.

The stability of ferritin-containing oleic acid vesicles in BICINE buffer (200

mM, pH 8.5) was also checked in parallel to an hydrolyvsis experiment

(paragraph 10.5.3, page 145). These vesicles were also stable under the

chosen conditions.
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Fig. 10.5 Typical ITEM micrographs of the replicas obtained from the oleic acid vesicle

suspension. The oleic acid vesicles were prepared by dissolving Na-oleate in BICINE

buffer (200 mM, pH 8.5). The thus obtained suspension was stirred overnight and then

treated by freeze and thaw cycles (5 times). The vesicles were sized down by extrusion,
the last extrusion being performed using 100 nm pore size polycarbonate filters. The

specimen were frozen (A) on the same day as extrusion, (B) one, (C) three, and (D) four

days after extrusion through 100 nm pore size filters. The oleic acid concentration was

7.25 mM.
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Fig. 10.6 Number-weighted si/e distribution of oleic acid vesicles in BICfNK buffer

(200 mM, pFI 8.5) as obtained by ffBM: the specimen were frozen the same day (day 0),
one (day 1 ), two (day 2). three (day 3), and four day s (day 4) after extrusion through 100

nm pore size filters. The oleic acid concentration was 7.25 mM. The numbers in brackets

in the legend indicate the number of vesicles counted, lhe last bars correspond to all the

vesicles larger than 200 nm.
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Fig. 10.7 Average of the live number-weighted size distributions shown in Fig. 10.6.

The error bars represent the standard deviation, fhe last bar corresponds to all the

vesicles larger than 200 nm.
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10.4 Preparation of oleic acid vesicles containing ferritin

10.4.1 Methods of preparation

The next step of this project consisted of preparing an homogeneous

population of ferritin-containing oleic acid vesicles. Three slightly different

methods were investigated:

T Na-oleate was dissolved in the buffer containing ferritin and the

suspension was stirred overnight at RT.

IT. Na-oleate was dissolved inthe buffer containing ferritin. The suspension

was stirred overnight at TAT and then treated by successive freeze and

thaw (FAT) cycles ( 10 times).

111. A lipid film was first formed and then dissolved In the buffer containing

ferritin. The dispersion was subsequently treated by FAT cycles (10

times).

All these entrapment and vesicle formation procedures led to rather

heterogeneous vesicle suspensions containing very large, multilamellar, as

well as small vesicles. This was not ideal for the present electron

microscopy study which required a more homogeneous population of not

too large vesicles
.
Therefore, the vesicles were sized down by extrusion;

the last extrusion was performed using 100 nm pore size polycarbonate

filters. Finally the suspension was loaded on a Sepharose 4B column to

remove the non-entrapped ferritin molecules. Fractions were collected and

analyzed by IIV-Ais and FT1R spectroscopy to quantify ferritin and oleic

acid. A chromatogram was determined for each preparation (see e.g. Fig.

10.8), In this particular experiment (method TT), fraction 18 to 22 contained

ferritin as well as oleic acid, i.e., these fractions contained vesicles that

encapsulated ferritin molecules.

17.1 he finite thickness of the fro/en hydrated specimen limits the si/e of the

objects that can be examined h> cryo-Tl \1 without deformation
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Fig. 10.8 Separation of non-entrapped ferritin molecules from ferritin-containing oleic

acid vesicles using a Sepharose 4B column (length 50 cm, O 1.2 cm). The oleic acid

vesicles were prepared in BICINE buffer (200 mM, pfl 8.5) containing ferritin (25 mg/
nil) using method IT. The vesicles were sized down to 100 nm by extrusion. 0.4 ml of the

vesicular suspension was applied on the column and fractions of I ml were collected.

FA! was performed during protein entrapment, although some disruption of

the protein shell of ferritin may occur as a result of freezing (Massovcr,

1977). In the present work. It was not crucial to have a still biologically

active protein, but it was important

• to entrap as many ferritin molecules as possible in the vesicles (high

entrapment efficiency), and

• to obtain an homogeneous population of unilamellar vesicles, ideally not

larger than ca. 100 nm.

As mentioned in fhe Introduction, FAT treatment Is known to increase the

trapped volume of the vesicles, to promote solute equilibration as well as to

diminish the number of lamellae, and therefore should lead to an increase in

the homogeneity of the vesicle population (Mayer et ah, 1985; Mayer et ah,

1986).
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10.4.2 Comparison of the preparation methods using cryo-TEM

In each preparation, the fraction (collected after gel permeation) that

contained the highest oleic acid concentration was examined by cryo-

TKM (Fig. 10.9). The mean vesicle diameter and the vesicle size

distribution, the average number of ferritin molecules per vesicle, the

ferritin distribution among the vesicles, and fhe mean number of lamellae

per vesicle were determined by analyzing the cryo-lTdVf micrographs.

/ 0.4.2.1 Cryo-TEM micrographs

A ferritin molecule is visible as a black dot on a cryo-TEM micrograph.

This is due to the strong electron scattering at the iron core (Massover,

j Q93). The bilayer of the oleic acid vesicles appeared as a thin dark line that

could not be resolved under the used conditions. lug. 10.9 A shows three

unilamellar vesicles and a bilamellar vesicle that all contain ferritin

molecules. The large dark particles (see e.g. arrows in Fig. 10.9 A) are ice

crystals resulting from frost deposition occurring during specimen

preparation or subsequent transfer into the electron microscope (paragraph

8.6, page 74). On Fig. 10.9 B, MTV and MVV vesicles are seen next to

unilamellar ones. In lug. 10.9 (7 some unusual 'Aggregates of vesicles" were

observed. Some vesicles look faceted and almost touch each other, but no

hemitusion was observed. The structure looked similar to a honeycomb. It

was not further investigated whether these structures resulted from

specimen preparation or if they were indeed present inthe suspension. Jf is,

however, likely that they arose from the mechanical stress caused by fluid

flow on fhe grid when the excess liquid is removed to form the very thin

aqueous film (Vinson et ah, 1989; paragraph 8.3, page 67). At pll 8.5, which

corresponds to the pKa of oleic acid in bilayers (Cistola et ah, 1988), about

half of the oleic acid molecules arc ionized and the surface of the vesicles is

18.lt was assumed that this fraction also contains the largest number of oleic acid

vesicles.
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then negatively charged. Due to the inter-vesicular electrostatic repulsion,

fusion of the vesicles was not expected and could not be detected.

Although a gel permeation separation was performed, some ferritin

molecules were observed outside the vesicles (see e.g. Fig. 10.9, circles).

This was unexpected as by examining the chromatograms (see e.g. Fig.

10.8), the removal of non-entrapped ferritin molecules seemed complete. At

least three explanations may account for this observation;

# as oleic acid vesicles have a relatively high CAC (- 20 pdVT at pTI 8.5 - 9;

Meyer, 1999), the dilution of the suspension occurring during gel

permeation could lead to a transient partial disruption of the bilayer

which in turn could lead to the release of some ferritin molecules. If this

process took place near the bottom end of the column, if would then be

very difficult to separate non-entrapped ferritin molecules from the

vesicles.

# vesicles pulled some ferritin molecules with them, possibly sandwiched

between fhe vesicles.

# oleic acid vesicles vvere not so stable and leaked during or after passage

through the column.



118

<9î8§

Fig. 10.9 Cryo-TEM micrographs of oleic acid vesicles prepared in the presence of

25mg/ml ferritin in BICINE buffer (200 mM, pit 8.5) according to method I (A& B), to

method II (C) and to method III (D). The vesicles were extruded through 100 nm pore

size polycarbonate filters and non-entrapped ferritin molecules were removed by gel
permeation chromatography. Notice the contamination with large ice crystals (A:
arrows) and free ferritin molecules (B, D; circle), See text for more details,
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One has to keep in mind that a ferritin molecule is a very large

macromolccule in comparison with the water-soluble markers commonly

employed in liposome technology. For example, low molecular weight,

water-soluble dye molecules are often used to determine the internal

aqueous volume of vesicles. As the size difference between a dye molecule

and a 100 nm vesicle is greater than between a ferritin molecule and a 100

nm vesicle, dye molecules are more easily separated by gel permeation

chromatography than ferritin molecules. In addition, indirect methods, for

example, UV spectroscopy, are then used to deduce the captured volume.

On the contrary, ferritin offers the unique possibility to directly check by

cryo-TEM if the separation was indeed successful. Tt would be interesting to

entrap other directly detectable macromolecules (another protein) or

colloidal gold, to use different lipid systems and then to carry out similar

experiments to probe whether the presence of ferritin molecules outside the

vesicles is specific to the ferritin/oleic acid system studied here or if it is a

general problem which has been underestimated so far. Ferritin was also

encapsulated in POPC liposomes (Chapter 11.). Some ferritin molecules

could also be detected in the bulk solution after gel permeation

chromatography; however, this phenomenon was observed to a lesser extent

than in the case of ferritin-containing oleic acid vesicles.
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10.4.2.2 Characteristics ofthe ferritin-containing oleic acid vesicles

In fable 10.1 the mean vesicle diameter, the mean number of lamellae per

vesicle, and the mean number of ferritin molecules per vesicle determined

experimentally and by making various assumptions are listed.

Method

(see

10.4.1)

1

II

III

mean

diameter

(± S. D.)

(nm)a

86 i 40 018)

76 4 A107))

81 t 2Ab)l)

number of

lamellae

per

vesicle"1

1 OS f.ib)

1 30(1073)

number of ferritin molecules

per vesicle

experiment
ai

calculated

vb
or

1 9 (290)

I^äJ

6 8

I 8 (AAA) 6 8

(101) I 9 (191) 6 8

(3)d I (4)c

44

î s

2 3

a I he mean \esicle diameter and the mean ntimbct of lamellae pet vesicle aie b ised on the analysis

ofthe civo-TCyi miciogiaphs the hgutes m biaekets inditate fhe numbei ol vesicles counted

b The numbei o( fcnitm molecules pei vesicle was determined cluectiv bv countin? the numbei of

leuitin molecules entiapped m each \esicle anaK/mg the irvo-TEM miciom iphs the figures m

biaekets indicate the numbei ot vesicles counted

c 1 he numbei of feu ltin molecules pel \csicle was calculated usina; the follow me, assumptions (i)
the total oleic acid concentiation was SO m\l (coiKcntiation ot oleic acid duung \esicle

loimation), (n) the concentiation ot tuutin (2s ma ml) inside and outside the vesicles was

identical (equilibrium state) dutine. vesicle loimation (in) the vesicle population was

monodispersc and all the \esieles had an external diameter ot 100 nm (diameter of thepote si/e

ol the polycaibonate filters used tor the last extrusion) and (i\) the \ esicles were stable dm ma

then passage on the column and did not leak out

d the numbei of leintm molecules pei vesicle wis calculated using (i) the oleic acid and fhe

feinlm concentrations determined expeiimentalh b\ spectroscopic means and (ir) assuming that

all (he vesicles had a diametei ot 100 nm

e lhe numbei of feinlm molecules was calculated using (i) the cxpeimientalK determined oleic

acid and teiiitm concentrations (bx spectroscopic means) and (n) the mean vesicle diametei

obtained b\ civo-11 VI analvsis I heietoie this estimation took into account the fact that not all

the vesicles had a diametei ot 100 nm but that on average thc\ weie smallci

fable 10.1 lhe mean vesicle diametei. the aveiage numbei of lamellae pet vesicle, and

fhe numbet of leuilm molecules pei \esicle were determined loi the vesiculai

suspension obtained using the preparation method I, 11 and fit by analyzing ciyoAEM
nuctogiaphs and making vanous assumptions Onl\ the ft action containing lhe highest
oleic acid concentiation was considcted
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fhe mean vesicle diameter, the average number of lamellae per vesicle, and

the number of ferritin molecules per vesicle obtained experimentally were

similar for the three methods used (Table 10.1). The vesicle diameter

fluctuated between 76 and 86 nm, and the standard deviation was minimal

when the vesicles were prepared using method TIT. Tn all preparations the

vesicles entrapped on average two ferritin molecules. The mean number of

lamellae per vesicle was always around 1.3, which statistically means that

about one third of the vesicles were bilamellar while the remaining ones

possessed a single bilayer. The reality was somewhat more complex: e.g.

using method IT, 75% of the vesicles were unilamellar wdiile 2.6%) of the

vesicles consisted of more than two bilavcrs.

The number of ferritin molecules per vesicle was also determined by

making various assumptions. It was found that not all the assumptions

commonly made to determine the trapped volume of the vesicles are valid.

Only the estimation calculated b\ using the vesicle diameter directly

determined by eryo-TEM ( fable 10.1 e) was in reasonably good agreement

with the experimentally determined number of ferritin molecules per vesicle

(Table 10.1 b). By applying methods that allow a direct visualization of the

system, it was observed, for example, that not all the vesicles were

unilamellar or had a diameter equal to 100 nm as assumed in a first

approximation. Strictly speaking, the population should not be considered

as monodisperse.

In all preparations, about 4%o of the ferritin present during vesicle formation

was encapsulated .
fhis percentage was calculated using the ferritin and

oleic acid concentrations determined experimental!} by spectroscopic

means and is independent of an) size considerations.

19. lhe percentage of entrapped ferritin is expected to be dependent on the

surfactant concentration. The higher the surfactant concentration, the higher
the percentage of molecules entsapped
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As mean values (Table 10.1) do not give much information about the

homogeneity or polvdispersity of the vesicle population, the vesicle size

distribution and the ferritin distribution among the vesicles were

determined.

The three size distributions showed a main peak between 70 and 90 nm.

Vesicles larger than 150 nm were observed with a somewhat higher

frequency in the absence of FAT treatment (method 1) (Fig. 10.10).

20

1

Method!

D Method II

Method II

40 60 80 100 120 140 160 180 200

vesicle diameter (nm)

Fig. 10.10 TAimber-vveighted si/e distribution of the vesicles prepared using method h 11

and III (see 10.4) as obtained by ervo-FFM. 1 he last bars correspond to all the vesicles

larger than 200 nm.

However, considering the experimental error inherent in the method

(statistics based on cryo- fHM micrographs), the three size distributions

were in good agreement with each other (Fig. 10. II)20, indicating that the

most important factor in determining the vesicle size was probably the pore

diameter of the polycarbonate filters used in the final extrusion step (100

nm). The preparation III yielded the most homogeneous vesicle population

20.In fig. 10.11 the three data sets presented in fig. 10.10 are combined.
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as shown by the standard deviation of the mean vesicle diameter (Table

10.1) and Fig. 10.10. However, the homogeneity of the vesicle population

was judged to be satisfactory for all preparations. Nevertheless these

suspensions should not be described as monodisperse. In general extrusion

of vesicular suspension through 100 nm pore size polycarbonate filters is

not efficient enough to yield a true monodisperse population of vesicles. For

example, a non-negligible percentage of the vesicles are still bilamellar.

Extrusion through 50 nm filters yields more monodisperse vesicles, and

most of them are unilamellar (results not shown).
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30 50 70 90 110 130 150 170 190 > 200

vesicle diameter (nm)

Fig. 10.11 Average of the three number-weighted si/e distributions shown in fig. 10.10.

The error bars leprcsent the standard deviation, lhe last bar corresponds to all the

vesicles larger than 200 nm.

fhe micrographs and the counted ferritin distribution among the vesicles

(Fig. 10.12) clearly show that the ferritin molecules were not

homogeneously distributed among the vesicles. If is e\ ident from Fig. 10.12

that not all the vesicles contained two ferritin molecules like determined as

mean \alue in Table 10.1; some did not entrap any macromolecules while

others contained more than ten ferritin molecules, fhe percentage of
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vesicles containing no ferritin molecules" at all fluctuated between 34 and

31%. Using method I and II the percentage of ferritin-containing vesicles

diminished logically according to the number of ferritin molecules they

entrapped: more vesicles contained one ferritin molecule than two ferritin

molecules and so on (lug. 10.12). But with method 111 the percentage of

vesicles containing one, two, and three ferritin molecules was almost

identical (Fig. 10.12). The percentage of vesicles containing four ferritin

molecules was again lower. Tt has to be noticed that only 191 vesicles were

counted in this experiment (method 111). Apart from these differences, the

single ferritin distributions were in good agreement with each other (Fig.

10.13).

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 > 15

ferritin molecules per vesicle

Fig. 10.12 Mumbcr-vseighted ferritin distribution among the vesicles as obtained by
cryo-TEM for preparation 1. 11 and HI (see J 0.4).

21.For simplification, vesicles that do not contain am ferritin molecules will be

referred to as ernph vesicles.
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 >15

ferritin molecules per vesicle

Fig. 10.13 Average of the three number-weighted ferritin distributions among the

vesicles shown in Fig. 10.12. The error bars represent the standard deviation.

In conclusion, ferritin-containing oleic acid vesicles could easily be

prepared, whereby the procedure used for the preparation did not greatly

influence the size and entrapment characteristics. This was somehow

surprising as FAT, known to improve entrapment efficiency, did not increase

the encapsulation efficiency or enhance the homogeneity of the ferritin

distribution, lhe assumption often made that the solute to encapsulate has

the same concentration in the bulk water as In the vesicle water pool (Mayer

et ab, 1985; Mayer et al., 1986; Perkins et al.. 1993) was not corroborated,

at least in our system, fhe pre\ ious studies were, however, performed using

phospholipids and not fatty acids.

The homogeneity of the vesicle population could be increased by further

extruding the vesicles through 50 nm pore size filters, fhis would, however,

result in a decrease of the number of ferritin molecules per vesicle.
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10.5 Hydrolysis of oleic anhydride in the presence of ferritin-

containing oleic acid vesicles

As ferritin-containing oleic acid vesicles could easily be prepared, the

hydrolysis of oleic anhydride in the presence of these ferritin-enriched

vesicles was investigated, lhe aim of this work was to find out whether -and

to what extent- the vesicles already present influenced the vesicle formation

process. Ferritin was assumed to have no influence on the hydrolysis rate

nor on the vesicle formation.

10.5.1 Experimental set-up

The hydrolysis was performed at Rf in the presence of oleic acid vesicles as

in previous studies (Walde et al., 1994; Rlöchliger et al., 1998): oleic

anhydride was added as a supernatant to BICINE buffer (200 mM, pH 8.5)

which contained the ferritin-enriched vesicles. Due to its low density, oleic

anhydride formed an oily phase (oil droplet) which floated on top of the

vesicular suspension. As the h> droh sis proceeded, the oil droplet

disappeared and the aqueous phase became gradually more turbid. The

formation of a white gel-like mass was noticed during the reaction (already

described by Wick, 1996)"" which disappeared upon quicker stirring. A

schematic drawing of the hydrolysis experiment is shown in Fig. 10.14. For

the sake of simplicitv, state A will often be referred to as "before

hydrolysis" and state B as "after hydrolysis".

22.A white gel-like mass was also observed b\ Cistola el al. (1088) while

studying the oleic acid'water s\ stem.
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water insoluble

oleic anhydride

ferritin-containing
oleic acid vesicle

\
BICINE: buffer

(200 mM, pH 8 5)

RT,4 days

magnetic stirrer

B

Fig. 10,14 Schematic drawing of the oleic anhydride hydrolysis in BFCTNF buffer

(200mM, pH 8.5) in the presence of preformed fcrritin-eoutaming oleic acid vesicles. A:

at the beginning of the hydrolysis (before hydrolvsis); R; at the end of the hydrolysis
(after hydrolysis).

The hydrolysis experiment was performed twice, 'fhe first hydrolysis

carried out will be referred to as hydrolysis I and the second one as

hydrolysis Tl. 'fhe ferritin-containing vesicles used in hydrolysis I and in

hydrolysis TT were prepared in fhe presence of 25 mg/inl ferritin and 50 mg/

ml ferritin, respectively, during vesicle formation. In both cases, non-

entrapped ferritin molecules were removed by gel permeation

chromatography. The fractions that contained the highest concentration of

oleic acid were examined by cryo-FEM and used as preformed vesicles In

the following hydrolysis. Tn the hvdrolvsis experiment I the oleic acid

vesicles used as the preformed vesicles contained on average two ferritin

molecules whereas in the hydrolysis experiment II thev entrapped on

average four ferritin molecules, fhe experimental data are summarized In

fable 10.2.

The pTI was checked before hydrolysis and after hydrolysis completion and

was found to remain constant (pFA8.5).
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hydrolysis 1

[oleic acid] inltia, (mM)

mean number of ferritin molecules

per preformed vesicle

s S

hydrolysis II

8.6

- 4

[oleic anhydridej (mM)

[oleic acid] final (mM)

12

28

reaction volume (ml)

9

26.7

0.8

Tabic 10.2 fvperimental data of the oleic anhydride hydrolysis experiments.
Concentration of oleic acid before the hy drolv sis took place (initial) and after completion
of hydrolysis (final), of oleic anhydride, mean number of ferritin molecules per

preformed vesicle, and reaction volume, the oleic acid concentrations were determined

by FUR spectroscopy, lhe mean number of ferritin molecules per preformed vesicle

was obtained by cryo-If Vf analysis. The first hydrolysis experiment carried out is

referred to as "hy drolv sis F and the second one as "hy drolvsis IP.

Oleic acid vesicles may not be stable upon dilution as suggested recently

(Wick ct al., 1995; Meyer. 1999; Goto ct al„ in press), fherefore, the

prepared vesicular suspensions were never diluted, fhe initial oleic acid

concentration (fable 10.2) was given b\ the concentration of the ferritin-

containing vesicle fractions obtained after gel permeation chromatography.

The amount of oleic anhydride was chosen so that the final oleic acid

concentration -after complete anhydride hydrolysis- was still suitable for the

bare-grid method without prior dilution ((oleic acid[hnal -^ 30 mM).

The results of both hydrolysis experiments will be presented separately

(paragraph 10.5.2 & 10.5.3), but they will be discussed together (paragraph

10.5.4, page 159),
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10.5.2 Using preformed oleic acid vesicles containing on average two

ferritin molecules (hydrolysis I)

The ferritin-containing vesicles obtained by procedure TTT (paragraph 10.4,

page 114) vvere used as preformed vesicles in this first hydrolysis

experiment. The oleic acid concentration was fivefold larger after hydrolysis

completion than before hydrolysis (see Table 10.2).

/ ft 5.2.1 Cryo-TEM micrograph v

T he vesicular suspension was analyzed by cryo-TEM before the hydrolysis

took place (Fig. 10.9) and after h\drolvsis completion (big. 10,15 & Fig.

10.16).

Simply by examining the pictures qualitatively it was noticed that the

vesicles obtained after hydrolysis were much more polydisperse in size and

shape than the initial ones (compare fig. 10.9 with Fig. 10.15 & Fig. 10.16).

More large vesicles, MLV and MVA were observed. Fig. 10.15 shows two

typical micrographs of the dispersion obtained after hydrolysis completion:

MVV and MLV are found next to unilamellar \esicles. Fig. 10.16 shows the

presence of very large unilamellar vesicles, MVV and MLV ft was not

always clear if some were really MT V or represented inverted hexagonal

phases that were wrapped in a bilayer (Fig. 10.16, arrows). Similar

structures were already observed in the oleic acid system (Fdwards et al,

199S) and in a dioleoy Iphosphatidylefhanolamine/

cetyltrimethylammoniumchlorlde system (Gustafsson et al., 1995). Beam

damage can be observ ed on the carbon film (see e.g. fig. 10.16 B).



Fig. 10.15 Apical cryo-TEM micrographs of the vesicular suspension obtained after

complete hydrolysis of oleic anhydride in the presence of preformed oleic acid vesicles.

The vesicles formed a polydisperse population. Notice the sorting of the vesicles

according to their size (for details and experimental conditions, see text and Fig. 10.14 &

Table 10.2).
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Fig. 10.1.6 Cryo-TEM micrographs of the suspension obtained after completion of

hydrolysis; they show large unilamellar vesicles, MLV or inverted hexagonal phase
(arrows) as well as MVV. Beam damage (bubbling) is visible on the carbon film,

especially in B (empty arrow).A layer of contamination which resembles fish scales

covers both specimen (for details and experimental conditions, see text and Fie, 1.0.14 &

Table 1.0.2).
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Some very large structures, as shown in Fig. 10.17, were also observed aftei

hydrolysis completion. They were not taken Into account in the further

established statistics as they could not be classified. Since they were not

observed before hydrolysis, the}- were assumed to result from oleic

anhydride hydrolysis They could also represent aggregates of non-reacted

oleic anhydride. Indeed it was not clear whether these aggregates were

composed solely of oleic acid/oleate or also contained oleic anhydride. An

oil droplet, or an oil droplet surrounded by a monolayer or a multilayer of

surfactants as found m a micro-emulsion, would have the appearance of a

dense (filled) black structure on a cryo- fEM micrograph. Similar structures

were already observed at previous stages of the hydrolysis of oleic

anhydride (Blocher, 1997). these aggregates should not be completely

neglected as they consumed a large amount of oleic anhydride/oleic acid.

Fig. 10.17 Ciyo-11 M mieiogtaph showing \en laige and not death defined süuctuie-.

that weie obtained aftei tout da\ s ot reaction time
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A last but important point to mention is that, due to its own limitation, cryo-

TEM does not give information about the absolute number of vesicles

present in the suspensions (vesicle concentration). Only by counting a large

number of vesicles and by establishing statistics on the vesicles counted,

one can draw Asei^-quantitative1" conclusions from the analysis of cryo-

TEM micrographs, Tf a marker is entrapped in the vesicles and if one

assumes that the vesicles are stable, it should, however, be possible to

estimate the increase in the number of vesicles in the suspension which

results from the release of new surfactants.

10.5,2.2 Characteristics of thejerritin-contain'mg oleic acid vesicles

As predicted from the qualitative examination of the cryo-TFM

micrographs, the vesicles had a larger mean diameter, contained on average

less ferritin molecules and possessed on average a greater number of

lamellae after hydrolysis in comparison with the situation before hydrolysis.

The standard deviations suggested that the suspension obtained after

hydrolysis was more polydisperse in si/e (Table 10.3).

mean vesicle diameter (nm)

(± S. D.)

mean number of ferritin

molecules per vesicle

mean number of lamellae

per vesicle

before hydrolysis after hydrolysis

8L21 (191)

19 (186)

1 ) (191)

DO LOI (1094)

1 5 (999)

1 ï (1087)

Table 10.3 The mean vesicle diametei, the mean numbet ol Ictiitin molecules pei
vesicle and the mean numbei ol lamellae pet vesicle weie detcimined expeiimentally toi

the suspension obtained betoie hydiohsts and altei completion of oleic anhydiide
hvdtoh sis All the values aie based on the analy sis ol the ci\o-1 f M micrographs I lie

figuies m biaekets indicate the numbei of vesicles counted
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Before hydrolysis the majority of the vesicles had a diameter between 50

and 100 nm with a main peak between 80-90 nm. The size distribution

obtained after hydrolysis was broader and was shifted towards vesicles of

larger diameters: most of the vesicles had a diameter between 90 and 120

nm. About 28% of the vesicles had a diameter larger than 150 nm after

hydrolysis, while almost no vesicles were larger than 150 nm before

hydrolysis (Fig. 10.18).

50 100 150 200 250 300 350 400 450 500

vesicle diameter (nm)

Fig. 10.18 Number-weighted si/e distribution as obtained by cryo-TEM for the

vesicular suspension analyzed before hydrolysis and after hydrolysis. The last bar

correspond to all the vesicles larger than 500 nm.
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A 200 nm-vesicle is composed of about four times more surfactants than a

100 nm-vesicle, therefore it was interesting to consider not only the number-

weighted size distribution but also the mass-weighted size distribution (Fig.

10.19). While the mass-weighted size distribution was similar to the

number-weighted size distribution before hydrolysis (73% of the fatty acid

mass was contained in vesicles having a diameter between 70 to 120 nm),

the mass-weighted size distribution obtained after hydrolysis (Fig. 10.19)

yielded a very different picture compared to the number-weighted size

distribution (Fig. 10.18). Fhe two most striking features found were that

1. only 21% of all oleic acid molecules were dissolved in vesicles smaller

than 150 nm

2. more than 24% of the oleic acid molecules were found in vesicles larger

than 500 nm.

100 150 200 250 300 350 400 450 500

vesicle diameter (nm)

Fig. 10.19 Mass-weighted size distributions based on cryo-TEM micrographs of the

vesicular suspension examined before hy droh sis and after hy drolvsis. The vesicles were

assumed to be spherical and unilamellar. The last bar corresponds to all the vesicles

larecr than 500 nm.
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As the 0.8%) of vesicles larger than 500 nm consumed about 24%o ofthe total

oleic acid mass, a "restricted'" mass-weighted size distribution was

established in which aggregates larger than 500 nm were neglected (Fig.

10.20). Cryo-TEM is in fact not suitable for Investigating such large objects.

Frozen hydrated films are usually thinner than 500 nm and, therefore,

vesicles larger than 500 nm may have appeared larger as a result of

squeezing/flattening within the thin vitreous ice layer. This "restricted,'

mass-weighted size distribution agreed qualitatively much better with the

number-weighted size distribution. Tt, however, indicated that more than

30%o of the oleic acid molecules were present in vesicles larger than 250 nm.

In any case the mass-weighted size distribution evidenced that even if the

suspension contained only a few large vesicles, they should not be regarded

as negligible as they used up a large amount of surfactants.
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0 50 100 150 200 250 300 350 400 450 500

vesicle diameter (nm)

Fig. 10.20 "•Restricted" mass-weighted size distribution based on cryo-TEM
micrographs of the vesicles obtained after hydrolysis: vesicles larger than 500 nm were

ignored.
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The main difference noticed in the ferritin distributions among all the

vesicles was an increase in the percentage of empty vesicles upon

hydrolysis (Fig. 10.21): 37%o of the vesicles were empty before hydrolysis,

while 51% of the vesicles analyzed after hydrolysis did not contain any

ferritin molecules.

§f! before hydrolysis

\22 after hydrolysis

3 à 5 6 7 8 0 10 11 12 13 14 15 M5

ferritin molecules per vesicle

Fig. 10.21 Number-weighted ferritin distribution among all the vesicles as obtained by
cryo-TEM for the vesicular suspension examined before hydrolysis and after hydrolysis.
The entire vesicle population (empty and filled vesicles) is considered in this figure.

The ferritin distribution among the ferritin-containing vesicles"'1 was also

established (lug. 10.22). In this representation (Fig. 10.22) the empty

vesicles were not taken Into account and the filled vesicles were assumed to

form a 100%> population. The percentage of vesicles containing one ferritin

molecule and the percentage of vesicles containing three ferritin molecules

increased and decreased, respectively, after hydrolysis. Otherwise no

significant changes were observed.

FFerritin-contamina vesicles will often be referred to as filled vesicles.
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30- H before hydrolysis

25- O after hydrolysis

20-

15-
__

10-

5- 1 l 1
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1 2 4 5 6 7 E

ferritin molecules per vesicle

Fig. 10.22 Number-weighted ferritin distribution among the ferritin-containing vesicles

as obtained by cryo-1 EM for the vesicular suspension examined before hydrolysis and

after hydrolysis. Only the filled vesicles are considered, and the sum of the filled vesicles

equals 100% in this representation.

Further analyses were performed by dividing the entire vesicle population

into two groups: empty vesicles and filled ones.

Fig. 10.23 A & B show the same number-weighted size distribution as

previously represented in Fig. 10.18, but now, filled vesicles and empty ones

are represented individually. Before hydrolysis (Fig. 10.23 A) the histogram

obtained matched prediction: the small vesicles (diameter < 60 nm) were

predominantly empty while the larger ones (> 60 nm) were mostly filled.

After hydrolysis, however, the situation changed (Fig. 10.23 B): most of the

vesicles smaller than 100 nm as well as the majority of the large ones

(diameter ^ 250 nm) were empty, whereas, most ofthe tilled vesicles (85%>)

had a diameter between 100 and 250 nm.

The size distribution of the empty vesicles broadened upon hydrolysis as

shown in lug. 10.24 A. 1 he size distribution of the filled vesicles (lug. 10.24

B) was only slightly broader and its main peak was clearly shifted towards

larger diameters. In these histograms (Fig, 10.24 A & B) each group was

assumed to constitute a 100% population.
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empty vesicles

filled vesicles

20 40 60 80 100 120

vesicle diameter (nm)

140 160

Ü empty vesicles

filled vesicles

20 40 60 100 120 140 160 180 200 220 240 300 400 500

vesicle diameter (nm)

Fig. 10.23 Number-weighted size distribution as obtained by cryo-TEM for the

vesicular suspension examined (A) before hydrolysis and (B) after hydrolysis. Empty
and ferritin-containing vesicles are represented individually on these histograms. In (B),
the x-axis scale changes after 250 nm and the last bar corresponds to all the vesicles

larccr than 500 nm.
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Fig. 10.24 Number-weighted size distribution (A) of the empty vesicles and (B) of the

filled vesicles as obtained by eryo-flAl for the vesicular suspension examined before

hydrolysis and after hydrolysis. The sum of the empty \esicles as well as the sum of fhe

tilled vesicles equals 100° o. 1 he x-a\is scale changes after 250 nm and the last bar in (A)

corresponds to all the vesicles larger than 500 nm.
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The population of the filled vesicles was further divided into different

subclasses: vesicles containing exactly one (Fig. 10.25 A), exactly two (Fig.

10.25 B), exactly three (Fig. 10.25 C) or more than three ferritin molecules

(Fig. 10.25 D). The main effect noticed was a shift of the size distribution of

each class towards vesicles of larger diameters after hydrolysis.

100 150 200

vesicle diameter (nm

250 50 100 150 200 250

vesicle diameter (nm)

Fig. 10.25 Number-weighted size distribution of different classes of vesicles before

hydrolysis and after hydrolysis: vesicles containing (A) one ferritin molecule, (B) two

ferritin molecules, (C) three ferritin molecules and (17) more than three ferritin

molecules. The last bars correspond to all the vesicles larger than 250 nm.
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1 he number of lamellae per vesicle was also investigated before and after

completion of hydrolysis. The entire vesicle population was divided into

three classes: unilamellar vesicles (UÏV), bilamellar vesicles and vesicles

lorrned by more than two bilayers (Table 10.4). lhe percentage of UFA

decreased and fhe percentage of Ml V or MVV increased after hydrolysis.

1 bilayer (%) 2 bilayers (%) j > 2 bilayers (%)

before hydrolysis 7 )
,

24

after hydrolysis 60 )4

4

6

Table 10.4 Peicentage of the vesicles possessing one, two and more than two bilavers

befoic and alter completion ol hvdiohsis

For each class of vesicles, the mean diameter and the average number of

ferritin molecules per vesicle were determined ( 1 able 10.5).

24 In these considerations the vesicles foimed bv a huge numbei o1 lamellae (like
the one in 1 ig 10 16, auows) weie consideied as being multilamellai vesicles.

Howevet, it was not alwavs cleai whethci thev leallv weie Ml V oi if they
icpiesented mveitcd 1 Tn stiuctuies smioiinded bv a bdavei (sec also

descnption ol Tig 10 16)
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unilamellar

2 bilavers

> 2 bilayers

before hydrolysis

after hydrolysis

before llydrolvsis

after hydrolysis

before hydrolysis

after hvdrolvsis

mean diameter

(nm)

113

00

146

111

1 7^

ferritin molecules

per vesicle

2.1

1.9

1.6

1.0

1.0

0.8

Table 10.5 The vesicles were classified according to their number of lamellae, and the

mean vesicle diameter and the average number of ferritm molecules per vesicle of the

suspension obtained before hydrolysis and after hydrolysis were determined

experimentally.

Before hydrolysis MLV were on av erage larger and contained less ferritin

molecules than Id V, as expected. The mean vesicle diameter was found to

be larger after hydrolysis, independently on the number of lamellae; the

greatest Increase was observed in the case MLV/MVV. A decrease in the

mean number of ferritin molecules per vesicle was noticed in each

population.
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10.5.3 Using preformed oleic acid vesicles containing on average four

ferritin molecules (hydrolysis II)

It was hoped that additional information about the hydrolysis pathway

would be obtained by using a system composed of oleic acid vesicles which

entrapped more ferritin molecules. Therefore, twice as much ferritin (50

mg/rnl) was used during vesicle formation (according to method 111 as

described under 10.4, page 114). Oleic acid vesicles which contained on

average four ferritin molecules were thus obtained. These ferritin-

containing oleic acid vesicles were used as preformed vesicles to carry out a

second anhydride hydrolysis experiment. After completion of oleic

anhydride hydrolysis, the total oleic acid concentration was three times

larger than before hydrolysis (Fable 10.2, page 129).

FIRM was used in parallel vv ith cryo-1 LM to study the changes occurring in

the suspension as a result of oleic anhydride hydrolysis. In addition, a part

of the ferritin-containing oleic acid vesicles prepared was kept aside and

simply stirred at Rf for four days under the same conditions as the sample,

by which fhe hydrolysis experiment was performed (same temperature,

same speed of stirring, same number of days). Hits sample was regarded as

a control to check the stability of the ferritin-containing oleic acid vesicles,

10.5.3.1 Cryo-TEM micrographs andffEM micrographs

lug. 10.26 show typical features of the suspension obtained (A) before

hydrolysis and (B) after hydrolysis. Notice in Fig. 10,26 A the presence of a

slightly elongated vesicle enclosing another distorted vesicle (arrow). In

Fig. 10.26 B large and empty vesicles arc observed near the edge of the

carbon film, while smaller ones which mainly contained ferritin molecules,

are found more towards the center of the vitrified film. The large vesicles

were deformed (flattened) as they did not have enough space in the thin

aqueous film (lug. 10.26 B. arrows)
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Fig. .10.26 Cryo-TEM micrographs of the suspension obtained (A) before hydrolysis
and (B) after hydrolysis of oleic anhydride. The hydrolysis was carried out in the

presence of preformed ferritin-containing oleic acid vesicles (for experimental details

see Table 10.2 and Fig. 10.14). Note the presence of a slightly elongated vesicle

enclosing another distorted vesicle in A (arrow). The large vesicles were flattened during
specimen preparation in B (arrows).
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Fig. 10.27 shows typical ffEM micrographs of the suspension examined (A)

before hydrolysis and (B) after completion of the hydrolysis. The only

striking difference found between the two states was the presence of some

larger vesicles after hydrolysis.

1 he surface of some fractured vesicles (Fig. 10.27, arrow) was typical for a

La phase near the main phase transition temperature. The suspensions were

frozen at RT, only some degrees above the phase transition temperature of

oleic acid vesicles (TL ~ 16°C).

/0.53,2 Characteristics of the ferritin-containing oleic acid vesicles

The suspension was examined by cryo-11 Al after extrusion and gel

permeation chromatography- (before hydrolysis), after stirring atRF for four

days (for simplification this control will be referred to as "after stirring")

and after completion of hydrolysis, i.e. four days after the addition of oleic

anhydride to the ferritin-containing oleic acid vesicle suspension (fable

10.6).

mean diameter (nm)

(± S. D.)

mean number of

ferritin molecules

per vesicle

mean number of

lamellae per vesicle

before

hydrolysis

after

stirring

78 If (1417) 80 ^ 31(lv72)

3 0(119A

1 27(1261)

3 8(1400)

31 (IM 6)

after

hydrolysis

100+ 122

(2343)

1 8 (2115)

1 TO (218A

Table 10.6 lhe mean vesicle diametei. the mean numbei of fcmtm molecules pei
vesicle and the mean numbei ot lamellae pei vesicle weie determined expcumentally lot

the suspension obtained beloie, altet stnimg at Rl loi torn davs, and aftei completion ol

oleic anhvdnde hydrolysis All the values aie based on the analvsis ot the ctyo-lFM
miciogiaphs lhe figuies m btackets indicate the numbei ot vesicles counted
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Looking at the mean values characterizing the oleic acid vesicle suspension

before and after stirring at RT for four days, the preformed ferritin-

containing oleic acid vesicles used in this experiment seemed to be stable.

In comparison with the almost identical experiment described above

(paragraph 10.5.2), the mean values determined for the present system were

different: the average number of ferritin molecules as well as the mean

number of lamellae per vesicle hardly changed during hydrolysis. The only-

tangible difference found was the increase in the mean vesicle diameter

from 78 to 100 nm upon hydrolysis. The polydispershy of the suspension

probably increased since the standard deviation obtained after hydrolysis

was greater than before hydrolysis ( fable 10.6).

Tt was interesting to sec whether the size distribution yielded a picture

comparable to the one obtained after simply looking at the mean values.

Firstly, the stability of the vesicles upon stirring at Rf for four days could be

confirmed: apart from the decrease in the percentage of vesicles having a

diameter between 50 and 60 nm, the two size distributions were almost

identical (Fig. 10.28).

100 150 200 050 300

vesicle diameter (nm)

Fig. 10.28 Number-weighted size distribution as obtained by cryoAFM for the

vesicular suspension examined before hy drolv sis and alter stirtmg at RT for four days.
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to

The size distribution of the vesicles present in the suspension obtained after

stirring at RT for four days and after oleic anhydride hydrolysis occurring

during the same period of time were compared. The differences noticed

between these two distributions were thus considered as resulting

exclusively from the hydrolysis process. Vesicles larger than 200 nm were

observed with a higher frequency after oleic anhydride hydrolysis than after

simply stirring the oleic acid vesicles at RT for four days (Fig. 10.29): only

0.5% of the vesicles were larger than 200 nm after stirring at RT, while 4.2%

belonged to this class after hydrolysis. The two size distributions were

otherwise much alike.

100 150 200

vesicle diameter (nm)

250 300

Fig. 10.29 Number-weighted size distribution as obtained by cryo-TEM for the

suspension examined after stirring at RT for four days and after completion of

hydrolysis. The last bar corresponds to all the vesicles larger 300 nm.

If the number-weighted size distribution of the suspension obtained after

hydrolysis is converted into a mass-weighted size distribution, it is found

that 62% of the total lipid mass was consumed by the 1.6% (in number)

aggregates larger than 500 nm!
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As this experiment was followed by ffEM as well, it was interesting first to

probe wdiether both methods, cryo-TEM and ffKM, yielded similar results

(Fig. 10.30) and secondly to compare the size distributions of the three

systems investigated (before hydrolysis, after stirring and after hydrolysis)

as obtained by ITEM analysis (1'ig. 10.31).

The size distributions determined by the two electron microscopic methods

were in general in good agreement (Fig. 10,30). Fhe population of vesicles

smaller than 50 nm and the one of vesicles larger than 300 nm seemed to be

somewhat overestimated in IFFM analysis compared to cryo-TEM analysis.

This was not surprising, since during replica preparation (more precisely,

the fracturing step), most of the vesicles are not fractured through their

equatorial plane; therefore, they appear with this technique smaller than

they actually are"", On the other hand, large vesicles tend to be excluded

from the thin frozen hydrated film, which leads to an underestimation of this

class using the bare-grid method.

25 ft has to be mentioned that no correction of the flFM data was performed to

obtain the nue number-weighted distribution (bgelhaafet al., 1096)
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Fig. 10.30 Comparison of the number-weighted size distribution as obtained by cryo-

TFM and by ffEM of the suspension obtained (A) before hydrolysis, (B) after stirring at

RT for four days, and (C) after completion of oleic anhydride hydrolysis. The last bars

correspond to all fhe vesicles lanier than 300 nm.



153

18

0 50 100 150 200 250 300

vesicle diameter (nm)

Fig. 10.31 Number-weighted size distribution as obtained by ffEM for the suspension
analyzed before hydrolysis, after stirring at RJ for four days, and after hydrolysis. The

last bars correspond to all the vesicles larger than 300 nm.

Despite these differences, similar trends to the ones noticed using the cryo-

TEM technique were observed using the flEM method: for example, 2.8%

of the vesicles were found to be larger than 200 nm after stirring, while

10.4% were larger than 200 nm after hydrolysis (Fig. 10.31).
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The ferritin distribution among the vesicles was also examined. Note that

some vesicles entrapped a great number of ferritin molecules (more than

twenty molecules) whereas -24% of the vesicles did not contain any ferritin

molecules. The small increase in the percentage of empty vesicles was fhe

only noteworthy change resulting from oleic anhydride hydrolysis (Table

10.7 & Fig. 10.32). No significant differences wrere detected in the ferritin

distribution among the ferritin-containing vesicles (Fig. 10.33).

before hydrolysis

empty vesicles (%)

24

S"7

1

filled vesicles (%) j

76 !

after stirring
i

/ )

after hvdrolvsis 32 68
[

Table 10.7 Percentage of empty and ferritin-containing (tilled) vesicles present in the

suspension obtained bel ore hydrolysis, after stirring at RT foi four days, and after oleic

anhydride hydiolysis
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n

30- 11 before hydrolysis

25-
f~} after stirring

I after hydrolysis

20-1

15-
lh

10-
i

5-

0-
i i^

0 2 4 6 8 10 12 14 16 18 20 30 40 50

ferritin molecules per vesicle

Fig. 10.32 Number-weighted ferritin distribution among all the vesicles as obtained by

cryo-TEVf for the vesicular suspension examined beibre hydrolysis, after stirring at RT

for four days and after hydrolysis, 'lhe entire vesicle population (empty and filled

vesicles) is considered in this figure. The x-axis scale changes after 20.

BS before hydrolysis

after stirring

V2 after hydrolysis

8 10 12 14 16 18 20 30 40 50

ferritin molecules per vesicle

Fig. 10.33 Number-weighted ferritin distribution among the ferritin-containing vesicles

as obtained by cryo-TPM for the suspension examined before hydrolysis, after stirring at

RT for four days and after hydrolysis. Only the filled vesicles are considered, and the

sum of the filled vesicles equals 1007) in this representation. The x-axis scale changes
after 20.
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As previously done In the analysis of the first hydrolysis experiment

(paragraph10.4.2.2), the entire vesicle population was divided into two

classes: empty vesicles and filled ones.

Fig. 10.34 A, B, and C show the same number-weighted size distributions as

formerly depicted in Fig. 10.28 and Fig. 10.29, but this time filled and

empty vesicles are represented individually. Before hydrolysis, the size

distributions obtained for the empty and for the filled vesicles were basically

the same, except that the percentage of empty and filled vesicles differed for

each size category. Apart from the vesicles smaller than 30 nm, which were

mainly empty, most of the larger vesicles contained ferritin molecules. After

hydrolysis the majority of the vesicles with diameters between 10 and 50

nm as well as most of the vesicles larger than 200 nm were empty, fhe

vesicles of intermediate size (50 nm ^ diameter ^ 200 nm) were

predominantly filled.

By examining the different size distributions obtained for the filled vesicles,

apart from a minor shift towards vesicles of larger diameters, no significant

changes were detected during hydroh sis (Fig. 10.35 B). On the contrary, by

comparing the size distributions obtained for the empty vesicles population,

the increase in vesicles larger than 200 nm during hvdrolvsis was striking

(Fig. 10.35 A).
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Fig. 10.34 Number-weighted size distribution of the vesicles (A) before hydrolysis, (R)
after stirring at RT for four days, and (C) after anhydride hydrolysis. Empty and ferritin-

containing vesicles arc represented individually on these histograms. The last bars

correspond to all the vesicles larger than 200 nm.
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Fig. 10.35 Number-weighted size distnbution (A) of the empty vesicles and (B) of the

filled vesicles as obtained by cryo-TTM for the suspension investigated before

hydrolysis, after stirnng at Rl for four days, and after hydrolysis, lhe last bars

correspond to all the vesicles larger than 200 nm.
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10.5.4 Discussion

The stability of oleic acid vesicles was checked by ffFdM (paragraph 10.3,

page 111) and once by cryo-TEM in a control experiment carried out in

parallel with the hydrolysis of oleic anhydride (paragraph 10.5.3, page 145).

The vesicles were stable during storage at RT for four days; the only

changes observed wrerc the slightly more frequent appearance of aggregated

vesicles and the presence of somewhat more large vesicles, Tn any case,

these changes were negligible if compared to the changes observed after

complete hydrolysis of oleic anhydride. These stability tests allowed us to

regard the oleic acid vesicles as forming a rather stable system under the

conditions used and to consider the changes observed between state A and B

(Fig. 10.14) as resulting mainly from the hydrolysis of oleic anhydride and

not from some sort of ageing processes.

The various size and ferritin distributions gave information about the effects

of the release of oleic acid/oleate upon oleic anhydride hydrolysis on a

suspension that already contained ferritin-enriched vesicles. Ferritin-

containing vesicles found after hydrolysis were assumed to be related to the

originally present oleic acid vesicles, whereas on the other hand empty

vesicles were regarded in a first approximation as newly formed vesicles.

The clear shift of the size distribution of the ferritin-containing vesicles

towards larger diameters observed in the hydrolysis experiment I (Fig.

10.24 B & Fig. 10.25) evidences that some vesicle grew upon hydrolysis. In

the hydrolysis experiment 1 the entire vesicle population (filled and empty

vesicles) was actually biased towards larger vesicles after complete

anhydride hydrolysis (Fig. 10.18 & Fig. 10.24), In contrast, in the

hydrolysis experiment II, no real shift of the size distribution of the ferritin-

containing vesicles was detected after hydrolysis completion (lug. 10.35 B).

Only large vesicles were observed (Fig. 10.29 C & Fig. 10.31).
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If growth takes place, the mean vesicle size would increase upon oleic

anhydride hydrolysis. The mean vesicle diameter as obtained by cryo-TEM

for the suspensions examined before and after hydrolysis, as well as a

theoretical value of the expected mean vesicle diameter after complete

hydrolysis postulating that the preformed vesicles only grew"6, are listed in

Table 10.8.

mean vesicle diameter (nm) '

before hydrolysis"
,

after hydrolysis11

81 i AO

i 1

theoretical value

hydrolysis 1

hydrolysis ÏI

178 !

78
'

100 134
i

a The mean diametei s were dcteimmed evpeiimentalh b\ analv/mg civo-1 TVI miciogiaphs

b lhe theoretical mean diametei (alter hydiopsis) was calculated postulating that only swelling of

the pielormecl \esides oc anted It was assumed that the number oi vesicles remained constant

dmin« the hvdiohsis and thai the \esicles weie umiamcllai

Table 10.8 The expérimental mean vesicle diameter obtained for the suspension before

hydrolysis and alter hvdiohsis of oleic anhvdiide, and a theoretical mean vesicle

diameter (after by drolv sis) were determined

The theoretical mean vesicle diameter was in both cases larger than the

experimentally determined one (Table 10.8). Tn addition, the percentage of

empty vesicles increased significantly in both hydrolysis experiments (I &

TT) (Fig. 10.21 & Fig. 10.32). These observations indicate that some vesicle

growth occurred, but this process was certainly/ not the only mechanism

taking place.

26.Knowing the oJetc acid concentiation as well as the mean vesicle diameter, the

number ot vesicles initially piescnt in the suspension can be calculated under

the assumptions of monodispetsth and uniiatnellauty, and assuming that the

monomei concentiation can be neglected V mean head group area of A/A and

a bilayer thickness ol 40 \ weie used m this calculation
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The presence of large vesicles which are not related to the preformed

vesicles would also result in an increase of the mean vesicle diameter.

Indeed, large vesicles that predominantly did not contain any ferritin

molecules were observed in a much higher frequency after hydrolysis

completion in both experiments (1 & TT) (Fig. 10.24 A & Fig. 10.34 C & Fig.

10.35 A). This suggests that some vesicles were formed de novo. Even if the

absolute number of large vesicles may not be so large, these vesicles

consumed most of the surfactants as shown by fhe mass-weighted

distributions (Fig. 10.19 and comments on page 150). The increase in the

percentage of empty vesicles (of all sizes) noticed after hydrolysis is another

hint in favor of a de novo vesicle formation.

In the hydrolysis experiment I, the mean number of ferritin molecules per

vesicle decreased. Before hydrolysis, the vesicles contained on average 1.9

ferritin molecules whereas they entrapped on average 1.6 ferritin molecules

after hydrolysis (Table 10.3). fhis indicates that the number of vesicles

raised by a factor of ca. 1.3 upon hydrolysis, assuming that the absolute

number of ferritin molecules did not change during hvdrolvsis. The Increase

in the number of vesicles resulted either from a de novo vesicle formation or

a splitting/fission process, fhis increase was actually not so large

considering that the oleic acid concentration was fivefold larger after

hydrolysis, 'fhis suggests that most of the newly generated surfactants were

used to form new large vesicles (probably b} a de novo vesicle formation

process) or were incorporated in the bilayer of fhe preformed vesicles,

Tn the hydrolysis experiment 11, the mean number of ferritin molecules per

vesicle hardly changed. It is, however, not reasonable to get at the same time

an increase in the percentage of empty vesicles and an almost identical

mean number of ferritin molecules per vesicle (Table 10.6 & Table 10.7).

An increase in the percentage of empty vesicles implies an increase in the

total number of vesicles whereas the same mean number of ferritin

molecules per vesicle means that the number ofvesicle remained constant.

fhis observation enlightens the limits of the method.
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fo find out whether the vesicles split, optimally all the preformed vesicles

should contain exactly the same number of ferritin molecules (ideally more

than two ferritin molecules). Such a vesicular suspension is, however, not

trivial at all to prepare! A splitting process would result in a redistribution of

the ferritin molecules among the ferritin-containing vesicles.

Since the preformed oleic acid vesicles used in the hydrolysis experiment I

contained on average only two ferritin molecules, it was difficult to follow

the changes occurring in the ferritin distribution. For example, as outlined in

paragraph 10.2.3, if a vesicle that entraps two ferritin molecules divides into

two vesicles, the probability to get one filled vesicle (with two ferritin

molecules) and another empty one theoretically equals 0.5.

However, it was found that the percentage of vesicles containing one ferritin

molecule increased whereas fhe percentage of vesicles containing two,

three, five and six ferritin molecules decreased (Fig. 10.22, ferritin

distribution among filled vesicles), fhis observation could suggest that

some vesicles also split. The initial suspension showed, however, a rather

strange behavior since fhe percentage of vesicles containing one, two and

three ferritin molecules was almost identical (Fig. 10.12) and possibly the

number of vesicles containing one ferritin molecule was underestimated.

The size distribution of the vesicles containing one ferritin molecule was

shifted towards larger diameters (Fig. 10.25 A), which rather indicates a

growth process.

If a vesicle divides into two vesicles of different size, if is likely that fhe

larger one has a higher probability to entrap ferritin. The splitting

mechanism would, in this case, also lead to an increase in the empty

population, above all to an Increase in the number of small empty vesicles.

Splitting is therefore difficult to differentiate from the second pathway (de

novo vesicle formation).

Tf appeared that in the hydroly sis experiment 1, the three processes may have

played a role. In this experiment, the number of MTV and MVV also

Increased after completion of the hydrolysis. 1 hese vesicles may have been
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formed by the self-assembly of newly generated oleic acid/oleate molecules

or new bilayers may have been formed around a preformed vesicle.

No redistribution of ferritin among the filled vesicles was observed in the

hydrolysis experiment II (fig. 10.33). In that case, the only noteworthy

change was the large increase in the percentage of large empty vesicles (Fig.

10.34 C). This suggests that the de novo formation of new large oleic acid

vesicle was the main effect of the release of oleic acid/oleate. In this

hydrolysis experiment, the suspensions were also examined by ffEM which

gave information about the size of the vesicles. The size distributions

obtained by cryo-TEM and ITEM were in good agreement with each other.

To summarize, slightly different results were obtained for the first and for

the second hydrolysis experiment. While in the hydrolysis experiment I

swelling of the preformed vesicles appeared to be the main consequence of

the release of new oleic acid/oleate molecules, in the hydrolysis experiment

TÏ the formation of presumably new large empty vesicles clearly

predominated. The discrepancies observed between the two hydrolysis

experiments can arise from the different concentrations of oleic acid

vesicles and oleic anhydride used. In the hydrolysis experiment I, the total

oleic acid concentration was fivefold larger at the end of the reaction than at

the beginning, whereas in the second hydrolysis experiment the final

suspension contained "only''' three times more oleic acid than the initial one.

Besides this, the reproducibility of this type of experiments, which take

place In a biphasic system, is difficult to control. Many external parameters,

such as the speed of stirring, the concentrations used, the temperature, play

a crucial role. Tt was found that the reproducibility of oleic anhydride

hydrolysis could be enhanced by working at 50°C (Blocher, 1997). At this

temperature, the formation of the undefined wdiite gel-like mass (probably a

dense inverted phase) does not form. Since the previous experiments

regarding the matrix effect of oleic acid vesicles vvere performed at RT the

experiments in the present work vvere done under the same conditions in

order to allow a better comparison, fhe dv nanties of oleic acid bilayers Is

probably different at 50°C than at RT.
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10.6 Control Experiments

To check whether the ferritin molecules that were not completely removed

by gel permeation chromatography did neither interfere with the oleic acid

vesicles nor with the hydrolysis reaction, the subsequent control

experiments were performed.

10.6.1 Empty oleic acid vesicles were stirred with ferritin

free ferritin

oleic acid vesicle [oleic acid] - 6 mM

penitin] =~ 1 mg/ml

magnetic stirrer

Fig. 10.36 Schematic drawing representing the stirring of oleic acid vesicles in the

presence of externally added ferritin. Oleic acid vesicles were prepared in BICINF buffer

(200 mM, pH 8.5) and vvere then si/ed down to 100 nm. Ferritin was added externally to

the suspension and the thus obtained suspension was stirred at RT tor 5.5 days (total
volume ~ 0.25 ml).

100 nm-oleic acid vesicles that did not contain any ferritin molecules were

prepared and subsequently stirred at Rf in the presence of externally added

ferritin (Fig. 10.36). Ferritin was removed by gel permeation

chromatography using a spin column. Cryo-FEM analysis showed that most

of fhe vesicles did not entrap any ferritin molecules (Fig. 10.37).
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Fig. 10.37 Cryo-TEM micrograph of the oleic acid vesicle suspension obtained after

stirring of the oleic acid vesicles in the presence of externally added ferritin at RT for 5.5

days (for experimental conditions, see also Fig. 10.36). Ferritin was then removed by gel
permeation.
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10.6.2 Hydrolysis of oleic anhydride in the presence of empty oleic acid

vesicles and externally added ferritin

100 nm-oleic acid vesicles that did not contain any ferritin molecules were

prepared. Ferritin in a large excess followed by oleic anhydride were added

to these vesicles and the hydrolysis reaction was carried out as usual (Fig.

10.38).

water insoluble

oleic anhydride

oleic acid vesicle

free ferritin

[oleic acid] = 6 mM

[oleic anhydride] = 12 mM

[ferritin] = I mg/ml

magnetic stirrer

Fig. 10.38 Schematic drawing of the hydrolysis experiment: Oleic acid vesicles were

prepared in BICINE buffer (200 mM. pll 8.5) and were then sized down to 100 nm.

Ferritin followed by oleic anhydride were added to the vesicular suspension. The

hydrolysis reaction was carried out at RT for 5.5 days (total volume - 0.25 ml).

After completion of the hydrolysis, a gel filtration was carried out using a

spin column to remove non-entrapped ferritin molecules. FTnfortunately

non-entrapped ferritin molecules vvere not completely separated from the

vesicles by this short column. However, almost no ferritin molecules were

detected inside the vesicles (fig. 10.39). Solelv large vesicles contained

sometimes ferritin, 'fhis type of aggregates (large vesicles) was found to be

in general empty inthe hydrolysis experiments I and IT. Therefore, it seems

that the few ferritin molecules that vvere not entrapped in the preformed

vesicles in the former experiments (hydrolysis 1 & IT) did not bias the

obtained results and can be indeed neglected.
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Fig. 10.39 Cryo- FEM micrograph of the oleic acid vesicle suspension obtained after fhe

hydrolysis of oleic anhydride in the presence of empty oleic acid vesicles and externally
added ferritin. The hydrolysis reaction was carried out at RF for 5.5 days (for

experimental conditions, see also Fig. 10,38). Ferritin was then removed by gel
permeation prior to cryo- FFM examination.
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10.6.3 Hydrolysis of oleic anhydride in the presence of free ferritin

Finally, a last hydrolysis experiment was carried out in the absence of

preformed vesicles but in the presence of free ferritin (2 mg/ml) dissolved in

the buffer (Fig. 10.40). After complete hydrolysis of oleic anhydride, the

vesicles were separated from the free ferritin molecules using a Sepharose

4B column.

water insoluble

oleic anhydride

[oleic anhydride] = 80 mM

[ferritin] = 2 mg/ml

magnetic stirrer

Fig. 10.40 Schematic drawing of oleic anhydride hydrolysis in the presence of free

ferritin dissolved in BICTNE buffer (200 mVI. pll 8.5), but in the absence of preformed
oleic acid vesicles. The reaction was carried out at RP for 4.5 days (dotal volume - t ml).

Three fractions that were collected after gel permeation chromatography

were examined by cryo-TEM. The following observations were made.

Many more large vesicles were observed than in the same type of

experiment, but carried out in the presence of preformed vesicles. These

large vesicles often entrapped ferritin molecules in their aqueous interior

(Fig. 10.41). On fhe other hand, most of the small vesicles formed did not

contain any ferritin molecules (Fig. 10.42). Many vesicles showing a

protuberance caused by the enclosure of another much distorted vesicles

were also observed (Fig. 10.41, arrows).

free ferritin
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Fig. 10.41 Cryo-TEM micrographs of the suspension obtained in a control experiment
in which oleic anhydride was hydrolvzed in the presence of ferritin, but in the absence of

preformed vesicles. 'Fhe hydrolysis reaction was carried out at RT for 4.5 days and free

ferritin was removed by gel permeation chromatography (for experimental conditions,
see also Fig. 10.40). Some of the large vesicles contained ferritin within their aqueous

pool (A) and some showed a protuberance that was caused by the enclosure of another

vesicle (B, arrows).
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Fig. 10.42 Cryo-1 b VI mietograph of small oleic acid vesicles obtained after hydrolysis
of oleic anhydtide in the cxpenment depicted in Fig. 10 40 Fhev weie mostly empty.

As mostly very large vesicles contained ferritin, an hypothesis about the

formation of oleic acid vesicles upon hydrolysis of oleic anhydride in the

absence of preformed vesicles can now be formulated. First of all, it is

unlikely that these large vesicles were formed by the growth of small

vesicles, since the probability that a ferritin molecule, which has a diameter

of 12 nm, is entrapped m a small vesicle is low. Tnstead the following

mechanism is proposed: first a bilayer or myelin structure grows from the

surface of the oleic anhydride droplet, surrounded or not by a mono-or

multi-layer of oleate. 1 his process was already observed by LM (Fischer,

personal communication). After a certain time the bilayer detaches itself

from the droplet and, due to unfavorable hydrophobic Interactions with

water, seals to form a closed bilayer. During this process the bilayer is at

some point probably not optimally closed and ferritin molecules can be

encapsulated. It is plausible that the hydrolysis itself (attack of IIO") does

not only take place at the surface of the vesicles (Walde et ab, 1994; Wick,
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1996; Mavelli & Luisi, 1996) but also occurs at the surface of the oleic

anhydride droplet (and possibly via the transient formation of a (micro-)

emulsion) as proposed by Blocher (1997).

10.7 Conclusions

The use of preformed ferritin-containing oleic acid vesicles and of cryo-

TEM as study tool showed that the release of oleic acid/oleate molecules

upon oleic anhydride hydrolysis had at least two effects on the suspension:

some preformed vesicles grew and some new oleic acid vesicles formed.

The clear shift of the ferritin-containing oleic acid vesicles towards larger

diameters observed in the hydrolysis experiment I shows that some vesicles

swelled by incorporation of new surfactants in their bilayer.

On the other band the increase in the percentage of empty vesicles suggests

a de novo vesicle formation or/and the formation of empty vesicles by a

splitting process. These two mechanisms were difficult to differentiate from

each other under the studied experimental conditions. Should all the

vesicles formed by fission of a ferritin-containing vesicle still entrapped

ferritin? The answer to this question is not trivial. Whether the ferritin

molecules are distributed statistically among the ""split" vesicles depends on

the splitting mechanism. 'Fhe size difference of the vesicles produced by

such a process, fhe relatively small number of ferritin molecules entrapped

in the preformed vesicles (in the studied systems) render the answer to this

question even more difficult.

The fact that the percentage of large empty vesicles increased upon

hydrolysis in both experiments (hydrolysis I & II) is very much in favor of a

de novo vesicle formation. In hydrolysis 1, however, the percentage of

vesicles that contained one ferritin molecule also increased. This

observation may be a hint that splitting also took place.
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One can conclude that, overall, probably more than one single mechanism is

operating. By changing the experimental conditions (buffer, ionic strength,

pH, temperature, speed of stirring, concentrations...) one or the other

pathway could probably be favored. The factors influencing the hydrolysis

also need to be clarified in more detail in order to enhance the

reproducibility of the reaction. One way could be to carry out the reaction at

50°C.

Finally, the hydrolysis of oleic anhydride in the absence of preformed

vesicles suggests that at least part of the hydrolysis did not take place at the

surface of the vesicles but also at the surface of the oleic anhydride droplet.
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11. Formation of mixed POPC/oieic acid/oleate

vesicles: A cryo-TEÜH study

11.1 Introduction

In the previous chapter, the formation of oleic acid vesicles upon hydrolysis

of oleic anhydride was studied. Tn the past our group has also focused

attention on the formation of oleic acid vesicles obtained by injecting of a

micellar solution of sodium oleate in aqueous solution, lhe latter studies

showed that the size distribution of oleic acid vesicles formed simply In

buffer (pFI 8.8) by injecting an aqueous micellar solution of oleate was

much broader than the size distribution of oleic acid vesicles generated in

buffer containing preformed and relatively monodisperse oleic acid

vesicles. The size of these preformed oleic acid vesicles seemed to influence

the size distribution of the final vesicular system, thus suggesting a "matrix

effectif Moreover, the vesicle formation was faster when the buffer already

contained preformed oleic acid vesicles (Blöchliger et af, 1998).

Recently similar experiments have been carried out, in which sodium oleate

in water was added to a relatively monodisperse suspension of POPE

liposomes" in borate buffer (100 mM, pll 8,5). Turbidity as w?ell as

dynamic light scattering measurements (DIS) suggested that the lipid

vesicles also influenced the size of the mixed POPC/fatty acid vesicles thus

formed, fhe formation rate of the mixed vesicles was also higher when

preformed POPC liposomes vvere initially present. This matrix effect was

observed for preformed POPE liposomes extruded both through 50 and 100

nm pore size polycarbonate membranes; however, the effect seemed to be

weaker for the larger (100 nm extruded) POPC liposomes (Lonchin et ab,

1999).

27.The term "liposome" will be exclusively used toi phospholipid vesicle lhe

let m "vesicle" will be used m all the other cases
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'Fhe methodology previously applied to study the hydrolysis of oleic

anhydride (Chapter 10.) appeared appropriate to find out which pathways

were followed in the formation of mixed POPC/oleic acid/oleate vesicles

obtained upon addition of sodium oleate to POPC liposomes. In a first step,

ferritin was entrapped in POPC liposomes and, in a second step, a micellar

solution of sodium oleate was added to these preformed ferritin-containing

POPC liposomes (Fig. 11.1).

Na-oleate in H >0

ferritin-containing
POPC liposomes

Borate buffer

(100 mM. pH8.5)

RT

POPC liposomes
initial state

mixed POPC/oleic acid/oleate

final state

Fig. 1 l.l Schematic drawing illustrating the addition of Na-olcatc dissolved in water to

ferritin-containing POPC liposomes. 'Fhe initial POPC concentration was 0.25 mM and

the mixed POPC/oleic acid oleate vesicles obtained after addition of Na-oleatc had the

following composition: [POPC]
~" 0.2 mM. [oleic acid] ^ 5 mM.

Evidence regarding the formation of mixed POPC/oleic acid/oleate vesicles
CV> CC

should be gathered by studying the differences observed between the Initial

state (prior to sodium oleate addition) and the final state (after sodium oleate

addition) of the vesicular suspension, fhe initial and the final state of the

vesicular system was therefore examined by cryo- 1'EIM and various size and

ferritin distributions were determined.
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Moreover, the uptake of oleic acid by POPC liposomes is of biological

relevance due to the importance of fatty acids transport in body fluids and of

the interaction of fatty acids with biological membranes. From the literature

it is known that PC liposomes can incorporate oleic acid molecules in their

bilayer (paragraph 4.5, page 31).

From a theoretical point of view addition of Na-oleate to POPC liposomes

can give rise to three events. These events are analogous to the ones

described for the formation of oleic acid vesicles upon oleic anhydride

hydrolysis in the presence of preformed oleic acid vesicles (paragraph 10.2,

page 107),

1. Swollen mixed vesicles are formed by the incorporation of oleic acid

molecules in the POPC1 bilayers (simple swelling of the initially present

POPC liposomes, Fig. 11.2 case 1).

2. New vesicles are formed independently of the preformed POPC

liposomes (de novo formation) (Fig. 11.2 case 2).

3. POPC liposomes incorporate oleic acid molecules in their bilayer and

then eventually split (Tug. 11.2 case 3).

The three cases are again schematically depicted In lug. 11.2. The

theoretical considerations presented in paragraph 10.2 are also valid for the

formation ofmixed vesicles upon addition ofNa-oleate to POPC liposomes.
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Fig. 11.2 Schematic illustration of the various events that may occur upon Na-oleate

addition to POPC liposomes in borate buffer (100 mM, pll 8.5): (1) the preformed

liposomes simply grow bv uptake of oleic acid molecules. (2) '"new" oleic acid vesicles

arc Formed independenth of the preformed ones (de novo formation), and (3) the

liposomes incorporate new surfactants in their bilayer and then eventually split (see also

text and paragraph 10.2, page 1 07 for theoretical considerations)
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11.2 Preparation of POPC liposomes containing ferritin

Large POPC liposomes containing ferritin were prepared in borate buffer

(100 mM, pFT 8.5) according to the reverse phase evaporation method

AQ

(REV) first described by Szoka and Papahadjopoulos (1978) .
The lipid

concentration in the aqueous phase (33 mM) was chosen so that unilamellar

liposomes should be preferentially formed (New, 1990). The liposomes

were sized down to 100 nm by extrusion and non-entrapped ferritin

molecules wrere removed by gel permeation chromatography using a

Sepharose 4B column as previously performed for the preparation of

ferritin-containing oleic acid vesicles. The separation of free ferritin from

ferritin-containing POPC1 liposomes was more efficient than the separation

of free ferritin from ferritin-containing oleic acid vesicles. POPC liposomes

probably formed a more stable system than oleic acid vesicles. However,

some free ferritin molecules vvere sometimes observed in the bulk

suspension (Fig. 11.4 B, circle), fhe POPC and ferritin concentrations of the

collected fractions vvere quantified using fhe Steward assay and

spectrophotometry, respectively. lhe fraction containing the highest

concentration of POPC was examined by cryo-lETM and DES, and further

used to study the formation of mixed vesicles (paragraph 11.3).

Tn former experiments (Eonchin et ab, 1999) it was found that the ''matrix

effect'" was more pronounced using 50 nm-POPC liposomes. In our case,

the liposome suspension could be extruded v/ery easily through 100 nm pore

size filters but could not be extruded through 50 nm pore size membranes.

28.Fcrnim-containing POPC liposomes were also prepared using the film method

followed by TAI treatment lhe entrapment efficiency was, however, poorer

than when the ferntin-contammg vesicles were prepared according to the RFV

method
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big. 11 3 shows the suspension obtained after extrusion through 100 nm

pore size polycarbonate filters. Large structures formed either by the

aggregation of vesicles and ferritin molecules or by the clustering of ferritin

molecules only were not obseived Fhe presence of such structures would

have explained why the suspension could not be further extruded.

Therefore, the most likely explanation is that the filled liposomes were not

"flexible*" enough to enter or to go through the cylindrical pores and then

simply clogged the polycarbonate filters. Indeed, some liposomes entrapped

so many ferritin molecules m their aqueous interior (Fig. 11.4) that it is

conceivable to regard them as too stiff to undergo further deformation.

Fig. 11.3 Ctvo-fCM microgiaph ol tetittm-contaimng POPC liposomes obtained by
RLV and aftei extrusion thiough 100 nm poie si/e filteis. but belote icmoval of the

external tcuitm molecules b\ gel permeation chiomatogiaphv
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11.3 Addition of sodium oleate to preformed ferritin-

containing POPC liposomes

Sodium oleate was first dissolved in H20 and then added to the ferritin-

containing POPC liposomes, lhe experimental procedure (addition of Na-

oleate to POPC liposomes) was done as described by Eonchin et al, (1999),

except that, in the present case, the preformed POPC liposomes entrapped
AQ

ferritin molecules, fhe formation of the mixed vesicles was followed by

turbidity, and fhe initial and final suspension was investigated by DLS and

by cryo-TEM. Hie mol ratio of POPC with respect to oleic acid was 1:25.

11.3.1 Results from dynamic light scattering (DLS)

According to 171 S data (Table 11.1) the thus formed mixed system

contained vesicles that were much larger and more polydisperse in size than

the preformed ferntin-containmg POPC liposomes.

vesicles Rh (60°) (nm) Rh (90°) (nm) I Rh (120°) (nm)

POPC S9 0MA 58 0-04 ! 57410.1

POPC/oleic
A

.
109 1 114 898 i 05 75 0 1 0 5

acid/oleate

fable 11.1 Mean hvdiodvnamic nidius ot the lenitm-containing POPC liposomes and

ot the mixed POPC/oleic acid/oleate vesicles toimed upon addition of Na-oleate to

femtin-contamtng POPC liposomes at thiee dittetent observation angles as obtained bv
DI S measurements

70 1 ot simplification the tenu "mixed v esicles" v\ ill also be used instead of mixed

POPC/oleic acid oleate vesicles
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11.3.2 Results from cryo-TEM

The mean vesicle diameter, the average number of ferritin molecules per

vesicle, and various size distributions and ferritin distributions among the

vesicles were established on the basis of cryo-lETM micrographs (Fig. 11.4

& Fig. 11.5).

11.3.2.1 Cryo-TEMmicrographs ofthe POPC liposomes and ofthe mixed

POPC/oleic acid/oleate vesicles

The comparison of Fig. 11.3 with Pig, 11.4 illustrates well the efficiency of

gel permeation chromatography to remove non-entrapped ferritin molecules

from the bulk: after the passage of the suspension through the column,

almost no free ferritin molecules vvere left in the bulk.

fhe bilayer of the mixed vesicles appeared thinner than the bilayer of the

POPC liposomes. Theoretically it should therefore be possible to distinguish

liposomes built only by POPC molecules from vesicles formed by a mixture

of POPC and oleic acid molecules or from vesicles made from solely oleic

acid entities (paragraph 8.5, page 71). No clear difference was, however,

noticed on the micrographs obtained after oleate addition to POPC

liposomes.

At least two explanations can account for this observation:

1. All the vesicles had a similar composition and contained both POPC and

oleic acid molecules and therefore gave rise to the same image contrast.

2. Some technical problems (insufficient knowledge about the image

contrast transfer function, suboptimal specimen preparation) may have

impeded the differentiation of the various types ofvesicle bilayers.
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By looking qualitatively at the cryo-TEM micrographs (Fig. 11.4 & Fig.

11.5), it was observed that:

* POPC liposomes formed a rather homogeneous suspension and mostly

entrapped ferritin molecules (Fig. 11.4).

• The mixed system obtained after oleate addition contained more

polydisperse vesicles. It looks as if fhe large vesicles still contained

ferritin, while the small ones were mainly empty (Fig. 1 1.5).
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Fig. 11.4 Cryo-TEM micrographs of ferritin-containing POPC liposomes obtained by

REV and sized down by extrusion. Free ferritin was removed by gel permeation,

chromatograpliy. A large number of ferritin molecules were entrapped in. some

liposomes. Almost no free ferritin molecules were observed (B, circle). The POPC"

concentration was 1.9 mM.
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Fig. 11.5 Cryo-TEM micrographs of the mixed vesicles formed upon oleate addition to

preformed ferritin-containing POPC liposomes: the large vesicles mainly contain ferritin

molecules while the small ones are mostly empty ([POPC] = 0.2 mM, loleic acidl =r 5

mM). In (B), the vesicles are arranged according to their size in the vitrified film.
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11.3.2.2 Characteristics of the POPC liposomes and of the mixed POPC/

oleic acid/oleate vesicles

While the number of ferritin molecules per vesicle diminished, surprisingly

the mean vesicle diameter did hardly increase after oleate addition. The

standard deviation wras, however, much larger after oleate addition and

suggested an increase in the polydispersity of the suspension. About 90% of

the POPC liposomes were unilamellar, and the mean number of lamellae per

vesicle did not change upon oleate addition (Table 11.2).

mean diameter (± S. 1).) (nm)

mean number of ferritin

molecules per \esicle

mean number of lamellae per

vesicle

POPC liposomes

97 Vy (811)

;597)

(787)

mixed vesicles

101 ' 63 (2167)

2.4 (1587)

(2074)

Table 11.2 The mean vesicle diameter, the average number of ferritin molecules per

vesicle and the mean number of lamellae per v estcle vvere determined experimentally for

the ferritin-containing POPC liposomes and for the mixed POPC'oleic acid/oleate

vesicles obtained upon oleate addition to ferutm-eontaimng POPC liposomes. All the

above listed values are based on the analysis of ervo-IFM micrographs. The figures tn

bracket indicate the number of vesicles counted.

Assuming that all the POPC liposomes have a diameter of 100 nm and using

the experimentally determined ferritin and POPC concentrations, the POPC

liposomes (prior to oleate addition) should entrap on average twelve ferritin

molecules. This value is in good agreement with the experimental value

determined by analyzing the cryo-1 f M micrographs ( fable 11.2).
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The vesicle size distribution (Fig. 11.6) shows that POPC liposomes formed

a narrow7 distribution around the main peak at 90-100 nm. After oleate

addition the obtained size distribution was broader and the main peak was

shifted towards smaller diameters (50-60 nm). Mixed vesicles having a

diameter larger than 150 nm represented - 19% of the entire population,

whereas only 2% of the POPC liposomes were larger than 150 nm before

oleate addition.

POPC liposomes

f~] mixed vesicles

100 150 200 250

vesicle diameter (nm)

300

Fig. 11.6 Number-weighted si/e distributions as obtained by crvo-fFM for the POPC1

liposomes ([POPOl 1,0 mM) and tor the mixed POPC/oleic acid/oleate vesicles

(|POPC|
- 0.2 mM, |oleie acid] - 5 m\t) formed upon addition of Na-oleate to

preformed POPC liposomes at Rf.
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Fhe number-weighted size distributions presented in Fig. 11.6 were

converted into mass-weighted size distributions (Fig. 11.7). The mass-

weighted distribution of the POPC liposomes was quite similar to Its

number-weighted size distribution. Most of the POPC molecules were

dissolved in vesicles having a diameter between 90 and 130 nm. The mass-

weighted distribution of the mixed vesicles yielded a picture different from

its number-weighted size distribution: most of the lipids was found to be

present in vesicles larger than 200 nm. The 8.5% vesicles larger than 200

nm consumed 40% of the total lipid mass.

40 - -

30~

10

0

20 40 60 80 100 120 140 160 180 200

vesicle diameter (nm)

Fig. 11.7 Mass-weighted si/e distribution based on cryo-1 b\\ micrographs of the POPC

liposomes (|POPC| =- 1.9 mVI) and of the mixed POPC/oleic acid/oleate vesicles

(fPOPC| - 0.2 mM, loleic acid] -~ 5 mM) formed upon addition of Na-oleate to

preformed POPC liposomes at Rl. lhe vesicles were assumed to be spherical and

unilamellar, fhe last bars correspond to all the vesicles larger than 200 nm.

POPC liposomes

fjl mixed vesicles



187

The most striking feature noticed in the ferritin distributions among the

vesicles (Fig. 11.8) was the great increase in the percentage of empty

vesicles upon oleate addition: whereas ~ 15% of the POPC liposomes did

not contain any ferritin molecules, the empty vesicles represented - 77% of

the entire population after addition of oleate.

80-

70-

60-

50-

so¬

il POPC liposomes

E3 mixed vesicles

0 1 2 3 4 5 6 7 8 9 10 15 20 25 30 35 40 45 50 >50

ferritin molecules per vesicle

Fig. 11.8 ferritin distribution among all the vesicles as obtained by cryo-TEM for the

POPC liposomes (fPOPCd A) mM) and for the mixed POPC/oleic acid/oleate vesicles

(IPOPOl
- 0.2 mM, [oleic acid) =- 5 mVI) formed upon addition of Na-oleate to

preformed POPC liposomes, lhe entire vesicle population (emptv and tilled vesicles) is

considered in this ft cure, fhe x-axis scale chanties after 10

ddie ferritin distribution among the filled vesicles (Fig. 11.9) shows that,

upon oleate addition, the percentage of vesicles containing one or two

lerritin molecules increased leading to some redistribution of the lerritin

molecules among the filled v esicles. In Fig. 11.9 the empty POPC liposomes

and the empty mixed vesicles are not taken into account. The filled POPC

liposomes and the filled mixed vesicles constitute a 100% population.
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H POPC liposomes

mixed vesicles
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1 2 3 4 5 6 7

'

8 9 10 15 20 25 30 35

'

40 45 50 >50

ferritin molecules per vesicle

Fig. 11.9 Ferritin distribution among the filled v esicles as obtained by cryo-TEM for the

POPC liposomes (|POPC| -- 1.9 mM) and for the mixed POPC/oleic acidfoleatc vesicles

(| POPC 1 0.2 mM. [oleic acid] =~ 5 mM) formed upon addition of oleate to preformed
POPC liposomes. Onh the filled vesicles are considered, and the sum of the filled

vesicles equals 100% in this representation, 1 he x-axis scale changes after 10.

The entire population of vesicles was further divided into two groups:

empty vesicles and filled ones.

Fig. 11.10 A shows the size distribution of the POPC liposomes in which

empty and filled liposomes are represented individually: as expected only

the vesicles smaller than 40 nm were generally empty, and the majority of

the other ones entrapped at least one ferritin molecule. 'Fhe size distribution

obtained for the mixed vesicles (Fig. 11.10 B) was quite different: the

vesicles smaller than 160 nm were mainly empty while the ones larger than

160 nm were mostly filled.

Fig. 11.11 A shows that, upon oleate addition, the size distribution of the

empty vesicles broadened and that the main peak was shifted towards

smaller sizes. About 70% of the empty mixed vesicles still had a diameter

between 30 and 100 nm. Fig. 11.11 B indicates that while the filled POPC

liposomes were more or less narrowly distributed around 90-100 nm, the

filled mixed vesicles constituted a broad, flat distribution.
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Fig. 11.10 Number-weighted si/e distributions as obtained by cryo-TEM (A) for the

POPC liposomes ([POPC) 1.9 mM) and (B) for the mixed POPC/oleic acid/oleate

vesicles ([POPC] 0.2 mM, [oleic acid] - 5 mM) formed upon Na-oleate addition to

preformed POPC liposomes. Fmpty and ferritin-containing liposomes are represented
individually on the histogram.
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Fig. 11.11 Number-weighted si/e distributions as obtained by cryo-TEM (A) for lhe

empty POPC liposomes and the empty mixed POPC/oleic acid/oleate vesicles and (B)
for the ferritin-containing POPC liposomes and the ferritin-containing POPC/oleic acid/

oleate vesicles. Emptv and ferritin-containing liposomes'mixed vesicles vvere each

assumed to represent a 100% population.
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11.3.3 Discussion

Most of the results concerning the ferritin-containing POPC liposomes were

predictable. Once more the ferritin molecules were not distributed equally

among the liposomes: some liposomes contained more than fifty ferritin

molecules while - 15% were still empty (Fig, 11.8).

The number of lamellae per vesicle determined for both the POPC

liposomes and the mixed vesicles indicates that vesicles were mostly

unilamellar. Under the studied conditions, the addition of oleate did not

result in an increase in the number of lamellae of the vesicles.

The changes observed in the size and in the ferritin distributions between

the initial and the final suspension suggests that the formation of mixed

vesicles followed at least two pathways; a growth process and a process

leading to the formation of empty vesicles.

The broadening of the overall size distribution (Fig. 11.6) and above all the

broadening of the size distribution of the filled vesicles upon oleate addition

(Fig. 11.11 B) demonstrates that the POPC liposomes did indeed grow to

form mixed POPC/oleic acid/oleate vesicles, "fhe fact that most of the lipid

mass was present in large vesicles is an indication that the vesicle growth

was an important effect of the addition of Na-oleate.

The mixed vesicles contained on average 2.4 ferritin molecules whereas the

POPC liposomes encapsulated on average 11 ferritin molecules. This

suggests that fhe vesicle population increased by a factor of ca. 4.5

assuming that the absolute number of ferritin molecules did not change

upon oleate addition. This Increase was the result of either a de novo vesicle

formation or/and a splitting process.

The large increase in percentage of the empty population noticed after

oleate addition (Fig. 11.8) suggests that some AievC vesicles were formed

de novo,
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If the preformed POPC liposomes swelled or if the added oleate molecules

self-assembled to form new oleic acid vesicles, the number of filled vesicles

would not change and therefore, the ferritin distribution among the filled

vesicles would remain identical. Fhe percentage of vesicles containing one

and two ferritin molecules was, however, found to increase after oleate

addition (Fig. 11.9). A plausible explanation for this observation could be

that some vesicles containing ferritin did indeed split thus leading to a

ferritin redistribution among the filled vesicles. Splitting could happen as a

result of a perturbation of the bilayer caused, for example, by a sudden

excess of oleate molecules In the outer leaflet of the vesicle membrane. Tt is

known that flip-flop of charged molecules is relatively slow (paragraph 4.5,

page 31). An excess of negatively charged oleate molecules in the outer

leaflet of the vesicles or an increase in the surface area of the outer

monolayer could possibly induce the budding off a vesicle. Slower changes

and In particular asymmetric membrane changes can result in budding off,

either external I v after growth of protrusions or internal lv after Invagination

(Winterhalter & basic, 1993). If a small vesicle Is generated by budding off

a large one as described in Fig. 11.2 (case 3,b), the probability that the small

vesicle does not contain any ferritin molecules is relatively high. Overall,

one would also observe an increase in the empty population, and more

specifically an increase in the percentage of small empty vesicles, litis

phenomenon is, therefore, difficult to differentiate from a de novo vesicle

formation. It has to be mentioned that whether the ferritin molecules are

distributed statistically among the vesicles depend on the budding/splitting

mechanism.

fhe slight shift of the size distribution of the empty population towards

smaller diamelers (Fig. 11.11 A) and the fact that the vesicles smaller than

160 nm were mostly empty (Fig. 11.10 B) could support both mechanisms,

a de novo formation and/or a budding/splitting process.
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The last remark concerns the discrepancy observed between DLS

measurements and cryo-TEM analysis. While for POPC liposomes the

mean radius obtained by each method were in good agreement (DES <R|A ~

58 nm; cryo-TEM <PA* - 48 nm), the mixed POPC/oleic acid/oleate

vesicles yielded very different results. The mean radius found by DES was

almost twice as large as the one obtained by cryo-TEM. Tn the case of an

heterogeneous population of vesicles, <R)A determined by DLS is always

expected to be larger than <R> obtained from cryo-TEM.

The "limits" of both techniques were presumably reached. On one hand,

DES has the propensity to overestimate large aggregates, especially in

polydisperse suspension, 'fhe size distribution obtained in a DES

experiment is weighted by the ability of the particles to scatter light

(intensity-weighted). Small particles are only very weakly weighted in DES

experiments. In contrast, large ones are easily detected in DES. Even a very

small number of large particles leads to a considerable change in the

obtained size distribution and will have a tremendous effect on the resulting

average sizes (Egelhaaf, 1996).

On the other hand, due to the need of a thin frozen hydrated sample, large

aggregates tend to be excluded from the water film during sample

preparation for cryo-TEM study. Cryo-fEM has therefore the tendency to

underestimate large vesicles, litis problem is not so consequential while

investigating homogeneous population of relatively small objects, such as

100 nm-POPC liposomes, but is more dramatic if polydisperse suspensions

are studied.
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11.4 Conclusions

The addition of Na-oleate to preformed POPC liposomes under the chosen

conditions (borate buffer, 0.1 M, pH 8.5; ratio POPC:oleic acid, 1: 25) led

to:

1. the formation of mixed POPC/oleic acid/oleate vesicles obtained by

incorporation of oleate molecules in the POPC bilayer as evidenced by

the clear shift of the ferritin-containing vesicles towards larger

diameters;

2. the formation of small empty vesicles which could have resulted either

from a de novo vesicle formation or a budding/splitting mechanism.

Tn this experiment, if was not possible to quantify the importance of each

pathway and to distinguish between the budding/splitting and the de novo

vesicle formation mechanism.

The addition of Na-oleate to borate buffer (0.1 M, pFI 8.5) (in fhe absence of

preformed liposomes) was studied with DES (Lonchin et ab, 1999). Tt

w^ould be interesting to examine the vesicle suspension obtained after oleate

addition to borate buffer with cryo-fEM and to compare the vesicle size

distribution obtained in the absence of preformed vesicles with the size

distribution obtained in the presence of preformed vesicles.

It could also be worthwhile to investigate the formation of mixed POPC/

oleic acid/oleate vesicles under other conditions, for example, at another

pH. As the properties of oleic acid and oleate are different from each other,

it is reasonable to suppose that the pfl of the solution can have an influence

on the formation of mixed vesicles, fhe ratio oleate to POPC could also

influence the final state of the suspension. For example, one could imagine

that POPC liposomes can only incorporate a certain amount of oleate

molecules in their bilaver.



195

12. Use of microscopy as a quantitative tool

12.1 Introduction

The use of protein-containing vesicles and of the bare-grid method gave

some hints on the mechanism of oleic acid vesicle self-reproduction and of

mixed vesicle formation upon addition of Na-oleate to POPC liposomes.

Although it was possible to determine an approximate ratio between the

number of vesicles present before and after surfactant addition, it was not

possible to determine the absolute number of vesicles contained in the

investigated suspensions (vesicle concentration). Moreover large vesicles

tend to be underestimated using this method. A new cryo-procedure for EM

specimen preparation was therefore examined as a possible tool to

quantitatively characterize the bulk of vesicle suspensions (number, size

distribution, number of lamellae).

In the first part of this chapter, some problems associated with specimen

preparation in the case of the bare-grid method and of the ffEM technique

using the "sandwich" method are summarized, and the block-face method is

described.

Tn the second part, preliminary studies on vesicle and latex suspension using

the block-face method are reported.

12.2 The block-face method

Tn this work the bare-grid method (cryo-TEM) was primarily used to

examine ferritin-containing vesicles as it permitted the direct visualization

of ferritin molecules entrapped in the vesicles. Unfortunately this technique

does not yield any information about the absolute number of vesicles

present in a dispersion and in addition is not ideal for the observation of

large objects (^ 500 nm). During the blotting step the excess suspension is

removed by filter papers. What is left on the grid does not necessarily reflect

the true situation of the bulk suspension. Moreover, due to the finite



196

thickness of the film, this method tends to overestimate smaller particles.

The bare-grid method is also not suited to examine highly concentrated

suspensions as, with such suspensions, thin aqueous films are more difficult

to achieve. Tn addition, overlapping of vesicles may happen which renders

the interpretation of the micrographs even more delicate.

The other widely employed method for the visualization of colloidal

suspensions is the freeze fracturing technique. Although this approach may

give an approximate idea of the number of vesicles contained in a

suspension, it is limited as well. If propane-jet freezing (Müller et al.,

1980) is used to cryofix thin aqueous layers, the suspension sandwiched

between the copper platelets has a thickness of about 10 pm. Surface effects

due to the presence of copper platelets cannot be ruled out. This as well as

the formation of ice crystals may lead to a redistribution of the vesicles. In

the fracturing step, it is not known where the fracture plane proceeds, e.g.

through the bulk suspension or near the copper platelets.

For the quantification of particles an alternative method, in which the above

uncertainties are eliminated was needed. A recently developed technique

which uses gold tubes of "large'" diameter (inner 0 200 urn) as sample

holder was investigated (Shimoni & Müller, 1998). The suspension is

sucked into a gold tube and high-pressure frozen as described by Shimoni

and Müller (1998). The tube is then either fractured or cut with a cryo-

ultramicrotome to expose a large surface, called the block-face, which can

then be visualized by cryo-SEM (Walther & Müller, 1999). High-pressure

freezing is used because, at ambient pressure, vitrification (or at least

satisfactory freezing) can only be achieved for thin objects, typically thinner

than a few pm (paragraph 7.2.3, page 52).

30.This method is mainlv used in our laboratory to achieve satisfactory freezing
of relativ ch small volume of aqueous specimen at ambient pressure.
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The freezing of a large bulk volume results in an increase of the ratio

volume of the suspension to surface of the metal and therefore, the eventual

alterations caused by surface effects are less significant. In contrast to the

"sandwich method" described above, the sample is not fractured in a total

random manner in the block-lace procedure, but a cut through the bulk of

the suspension is achieved.

12.3 Block-face of suspensions containing oleic acid vesicles

An oleic acid vesicle suspension was therefore prepared, high-pressure

frozen in gold tube and cryo-sectioned using a cryo-ultramlcrotome (Michel

et ab, 1992) (for experimental details, see paragraph 15.3, page 214). The

tube was cut until a smooth surface was obtained. The surface then required

substantial sublimation of water in order to reveal its topography.

Cutting through the bulk actually represents the only method to get a true

representation of the suspension. The block-face does not show the

compression artifacts caused by cutting which are visible on thin cryo-

sections obtained simultaneously by this procedure (Michel et ab, 1992).

Cut and intact vesicles were easily differentiated on SEM micrographs, llie

two main difficulties were:

1. Freezing damage: large segregation patterns vvere often observed (Fig.

12.1 C).

2. Tt was difficult to control the sublimation of water. If water removal was

insufficient, no vesicles could be observed (flat surface). If too much

water was sublimated, the cut vesicles collapsed and only intact spheres

were visible "deeper inside the sample" (well below the surface) (Fig.

12.1 0).
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When freezing and water sublimation of the specimen were nearly optimal,

the vesicles could, however, be nicely observed (Fig. 12.1 A & B). This

method yielded information about the morphology of the vesicles, such as

the number of lamellae. The oleic acid bilayer membrane appeared

approximative 10 nm thick, i.e. much thicker than the theoretical value of 4

nm. This could partially arise from the deposition of Pt (~3nm) on both

sides of the cut membranes. Another possible explanation. Is, that some

water may still be bound to the membranes, because it was held by the

hydrophilic head groups of the amphiphiles and therefore, was not removed,

during sublimation at ~ -110°C, Tn contrast to cryo-TEM the true size of the

vesicles cannot be directly measured. The vesicle size distribution can,

however, be obtained by morphometric techniques (Howard & Reed, 1998).

Fig. 1.2.1 Typical SEM micrographs of the block-face of high-pressure frozen oleic acid

vesicles ([oleic acid) = 20 mM).(A) and (B) "ideal" freezing and water sublimation:

unilamellar as well as vesicles composed of more than one bilayer are visible. 'The

elongated vesicle entrapping a smaller one in A (arrow) looks very similar to some

typical oleic acid vesicles previously observed using cryo-TEM; (C) excessive water

sublimation: round intact vesicles are found dispersed in a network of salt (buffer
component). The block-Ace was rotary-shadowed with Pt/C.
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12.4 Experiment with latex spheres

Tn order to test the validity of the method to quantify particles in a

suspension, a more defined suspension than the polydisperse oleic acid

vesicle suspension was needed. Latex spheres have the advantage of being

supplied as monodisperse suspensions. Two suspensions containing a

different concentration of latex spheres (0 110 nm) were high-pressure

frozen. The first latex suspension (suspension T) contained 59.5 particles/

pm5 whereas the second one (suspension TT) contained 23.8 partieles/unA.

Block-faces of the bulk suspension were obtained by cryo-sectioning as

well as by cryo-fracturing of the gold tube at 163 K. in a freeze etching unit

(paragraph 15.3, page 214),

12.4.1 Cryo-SEM micrographs

Looking at the two overviews (lug. 12.2, insets) the difference between

cryo-sectioning and cryo-fracturing is well perceivable, llie surface of the

block-face is much smoother in the case of cryo-sectioning. Contamination

(deposition of large hexagonal ice crystals) was more significant in that

case, although great care was taken during the transfer of the cut sample to

the freeze-etching unit.

Fhe latex particles had a strange appearance when they were fractured (see

Fig. 12.2 B): it looks as if their inner content was spitted out (plastic

deformation). In the case of cryo-sectioning, the removal of water was also

very difficult to control. Excessive sublimation of water caused partial

eviction of the particles form the bulk: some were found to Jay loosely on

top of the surface, their cut edge perpendicular to the cut plane. Some

particles may also have been lost. In addition, intact (uncleaved) spheres

newly appeared at the surface (Fig. 12.2 A). These particles probably

emerged with water sublimation. It was sometimes difficult to differentiate

these Intact spheres from the cut ones.
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Fig. 12.2 lyptcai civo-Sl M miciogiaphs showing (A) hactuied and (B) cut latex

spheies at a piimaiv magmhcation of s() ()()() \ Oveiviews ot the ciyo-sectioned and ot

the civo-tiactnied tube aie shown m the inset m (A) and (R), lespectivelv The block

tace was shadowed with Pt ( horn an anale ot 4^
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12.4.2 Quantification of the latex particles

When the tube was cryo-fractured, the fractured spheres as well as the holes,

which were assumed to be left by latex particles that were pulled out of the

bulk during the fracturing step, were counted. Only the cut spheres were

counted in the case of cryo-sectioning.The experimental number of latex per

pm3 was obtained by dividing the number of spheres counted by the total

volume considered. The volume was estimated by multiplying the area of

the micrograph (length by width) with the diameter of a sphere. Indeed, all

the spheres which have their center of mass within 110 nm (2 x 55 nm)

should be theoretically cut (Fig, 12.3).

Fig. 12.3 Schematic drawing representing the bulk suspension containing latex spheres
having a diameter of 110 nm. lhe plain line represents the cutting plane. The dash lines

arc drawn 55 nm (radius of a latex sphere) away from the cutting plane.
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suspension

1

11

I

theoretical

(particles/pm3)

experimental

(particles/pm3)

error

(%)

35.1cut in the 23.8 15.4

microtome 59.5 39.9 32.9

29.3

21.9
__

fractured in the 23.8

59.5

16.8

46.5BAF 11

Table Ï2.1 Number of latex particles per pm' as obtained theoretically and

experimentally using a height of 110 nm (Tig. 12.3), and experimental error in% for the

latex suspension I and 11. When the sample was cryo-fractured, fractured spheres and

holes were counted. When the sample was crvo-scctioned, only the cut spheres were

count ed.

The experimental values deviated substantially from the theoretical ones (35

to 20% error). Such a discrepancy could originate from the way the total

volume was calculated. Taking a height of 110 nm implies that even the

spheres that were just touching the cutting plane were cut and still

detectable after sample preparation. This is arguable and taking a height of

100 nm is more realistic. The error was then reduced (15 to 30%). As

mentioned above, when the sample was cryo-sectioned, it was difficult to

discern undoubtedly the cut particles from the uncleaved ones on the

micrographs and some cut spheres may have been lost. The number of cut

ones was possibly underestimated.
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However, the experimental ratio of the number of particles present in the

two Investigated suspensions correlated in both cases well with the

theoretical value (Table 12.2). Error in the range of 4-11% can be regarded

as very satisfactory considering the different steps involved in these

experiments. Tt seems that this method allows us to compare suspensions of

different concentration and therefore to determine a concentration ratio

between two suspensions.

cut in the

microtome

fractured in the

BAF

theoretical

ratio

l s

experimental
ratio

error (%)

2.59

.76 104

Table 12.2 Theoretical and experimental ratio ot the numbei of particles contained m

suspension I and IT and evpenmental euoi m°o

fhe same technical problems were encountered with latex spheres and with

oleic acid vesicles (freezing, water sublimation). Moreover, it was difficult

to differentiate cut latex spheres from uncleaved ones. For a further

evaluation of the method, it may be advantageous to prepare a more

monodisperse suspension of phospholipid vesicles, for example, by using

the detergent method preparation (Zumbühl & Weder, 1981).
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12.5 Conclusion

The current limitation of these experiments was, that several preparation

steps, such as freezing, condensation and sublimation of water, could not be

controlled well enough, and were therefore, not sufficiently reproducible.

Contamination of the sample surface by ice crystals or hoar frost and water

condensation occurred mainly during the transfer from the cryo-sectioning

device to the freeze-etching unit and from there to the microscope. The

sublimation of water was the major problem: too much water removal

destroyed the bilayers and rendered them difficult to observe whereas

insufficient water sublimation yielded a flat surface with no morphological

details. As the rate of water sublimation depends on the surface temperature

of the sample, which cannot be exactly measured, the sublimation step is

very difficult to control with the instrumentation currently available.

Tn the case of vesicular suspensions, adequate freezing of fhe sample was

very difficult to achieve as well. Tn contrast to most biological samples

investigated with this technique until now, vesicular suspensions contain no

natural cryo-protectants which could help to improve freezing quality. For

this, one will have to resort to thinner aqueous layers. It is concluded, that

the technical equipment must be significantly improved in order to routinely

conduct block-face studies. A vacuum transfer device, for example, from

the cryo-ultramicrotome to the freeze-etching machine and from there to the

SENT would greatly facilitate the procedure and eliminate the water

contamination problem.

However, this technique is potentially very powerful as the block-face

represents the true situation of a dispersion:

1. Tt can allow the quantification of the objects in a dispersion, such as

vesicle concentration.

2. The size distribution of the objects can also be obtained bv

morphometric techniques, provided enough micrographs are taken

(Howard & Reed, 1998).
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13. General conclusions and outlook

The use of protein-containing vesicles and of cryo-TEM as study tool gave

information about the mechanism of vesicle formation and transformation

upon addition of new amphiphiiic molecules to a suspension that already

contained vesicles.

In both systems studied, the self-reproduction of oleic acid vesicles and the

formation of mixed vesicles upon Na-oleate addition to POPC liposomes,

experimental observations clearly evidenced that some vesicles grew. More

empty vesicles were also observed after the addition of surfactants in both

cases. This suggested a de novo vesicle formation. The de novo vesicle

formation mechanism was, however, very difficult to differentiate from the

splitting/budding process, in which, under the given experimental

conditions, empty vesicles could also be produced. A small vesicle obtained

by budding off a large ferritin-containing vesicle does not necessary contain

ferritin and has a lower probability to entrap ferritin molecules than a larger

one. These experiments did not permit a quantitative validation of each

pathway. Cryo-TEM of ferritin-containing vesicles gave a hint about the

increase in the number of particles, however this information should be

taken with care as frozen-hydrated sample do not necessarily represent the

actual situation in fhe bulk suspension.

It may be also possible to obtain the number of vesicles present in a

suspension by using light scattering techniques. A methodology was

recently developed which permits the measurement of concentrated

suspensions and the quantification of particles present in a dispersion

(Urban, 1999; Urban & Sehurtenberger, 1998). In that case no marker is

needed and this method may be more straight forward. Further studies in

this field should attempt to use light scattering in addition to electron

microscopy,

'Fhe use of electron microscopy in a quantitative way seems to be another

possibility as outlined in Chapter 12. (page 195). For this, a larger volume

of the bulk solution has to be frozen instead of a thin aqueous layer as in the
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bare-grid method. Ehe frozen bulk sample can then be processed by cryo-

sectioning to yield a flat surface of the bulk (block-face). A cut through the

bulk gives a true representation of the suspension and one should be able to

quantify the number of particles present in the suspension. Morphometric

analysis can then be performed on high resolution SEM micrographs of the

block-face in order to obtain the vesicle size distribution.

Further Investigations should be performed in order to answer the following

question: Flow can one distinguish the splitting/budding process from the de

novo vesicle formation?

It is difficult to design experiments that permit the differentiation between

the splitting/budding process and the de novo vesicle formation. One should

be able to mark the membrane of the small preformed vesicles. In this way,

the distribution of the initially present amphiphiles in the vesicle bilayer

could be theoretically followed. Tf this is conceivable in theory, it is

experimentally not trivial to achieve. The small amphiphiiic molecules

should be detectable using electron microscopy and at the same time their

physical properties should not change so that they are still able to form

vesicles. Recently, undecagold cluster have been covalently attached to

lipids. These gold-labelled lipids were able to form vesicles (Hainfeld et al.,

1999), Such lipids could eventually serve as markers.
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D. MATERIAL & METHODS

14. Chemicals

Sodium oleate ("-99%), N,N-bis-(2-hydroxyethyl)glycine (BICINE)

07*99.5%), boric acid (>99.5%), 3-[cyclohexylamino]-l-propanesulfonic

acid (CAPS), 4-nitrophenyl phosphorodichloridate, phosphorus

oxychloride, decanol, isooctane (spectroscopic grade) were purchased from

Eiuka, Switzerland. Oleic anhydride (99%), ferritin (from horse spleen)

were purchased from Sigma. Standard l M solutions of HCl (Titrisol) and

NaOH (Titrisol) were purchased from Merck. Didecyl phosphoric acid was

from TCI (Japan). POPC was from Avanti Polar Lipids, Inc. Sepharose 4B

was from Pharmacia (Sweden) and Bio-Gel A-15m was from Bio-Rad Lab

(Richmond, USA).

15. Methods and instruments

15.1 Cryo-transmission electron microscopy of frozen

hydrated samples (cryo-TEM)

15.1.1 Preparation of the copper grids coated with a holey carbon film

(Tipper grids (300 mesh, Athene) covered with a holey carbon film were

used for the preparation of frozen hydrated samples, fhey were prepared

according to a modified procedure described by Fukami (Fukami & Adachl,

I965;Hgelhaaf, 1995).

A cleaned microscope slide was immersed in a 0. FM) aqueous Triton-X 100

solution for 5 min and then allowed to dry at RF. 'fhis treatment rendered

the slide surfaces hydrophobic. Thereafter the slide was cooled down in a

freezer at -24°C for 3 min, where it was laid on top of an aluminium block.

It was then transferred quickly (ca 5 sec in the air) to a water saturated

chamber and left there for 1 min (RT). Upon warming in the humid
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chamber, dew minute droplets formed on the slide surface. The slide, which

was covered with water droplets, was then plunged briefly into a precooled

(4°C) triafoi solution (0.4% trialbl in EtOAc), and allowed to dry at RT

overnight. Thus a plastic film with holes was obtained. The quality of the

holey film was checked by LM. The film was then floated off on top of

water, covered with copper electron microscopy grids (300 mesh, 0 3 mm)

and finally lifted with a piece of newspaper. Once dried, carbon was

evaporated onto the grids (ca 20 nm). fhe triafoi film was dissolved by

placing the coated grids over a pile of filter papers soaked with EtOAc in a

glass container for 2 days. Depending on the suspension to be investigated,

the grids were glow discharged shortly before sample preparation

(Dubochet et al., 1982b). Glow discharge renders the film more hydrophilic

which leads to a better wetting with aqueous samples. This results in a more

homogeneous coverage of the grid. Fig, 15 1 shows a holey carbon film.

Ideally holes should have a diameter between I and 5 pm.

Fig. 15.1 1FM mictogiaph ot a gud eoveied with a hole) caihon nlm
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15.1.2 Preparation and observation of the frozen hydrated samples

'Fhe thin frozen hydrated films were prepared under controlled temperature

(25°C) and humidity conditions within a custom-built environmental

chamber (Egelhaaf, 1995).

fhe vitrification system (Fig. 15.2 A) consisted of two major parts: the

environmental chamber, in which the specimen were prepared, and the

cryogen reservoir, into which they w?ere plunged.

'fhe controlled environmental chamber Is briefly described below (for more

details, see Egelhaaf, 1995), I wo concentric plexiglas tubes surrounded the

environmental chamber. While the top was fixed, the bottom with the

blotting system could easily be removed. The blotting system (Fig. 15.2 B)

consisted of filter papers stretched over two plexiglas blocks that were

covered with foamed plastics. 1 Tirough the space between the two plexiglas

tubes water of the desired temperature could be circulated, fhis allowed one

to thermally isolate the chamber from the surrounding and to control the

temperature inside the chamber, llie desired humidify inside the

environmental chamber was obtained by gentle flow of water-saturated

nitrogen.

A polystyrene box isolated the cryogen reservoir, 'fhe temperature of the

atmosphere inside the cryo compartment was controlled through a

continuous flow of cold and dry nitrogen. Tt resulted from the evaporation of

liquid nitrogen caused by the heat produced by a resistor. The ethane, kept

in a small vessel, had the same temperature as the surrounding atmosphere

(~ 108 K).
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(A) Vitrification system

plexiglas tubes

interspace
tweezers

polystyrene box

sample grid
,
side opening

, blotting system

,
bottom

e: liquid ethane

r: resistor

(B) Blotting system
tweezer

grid

foam plastic
filter paper

plexiglas block

bottom

Fig. 15.2 Scheme of the vitrification and of the blotting system used in the present work

(Egelhaaf, 1995).
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Once a relative humidity of 97-99% was reached Inside the chamber, the

grid and new filter papers were mounted. They were allowed to equilibrate

for 10-15 min and then 10 pi of the suspension was put on fhe perforated

carbon film using the side opening. After ca 10 sec, the tweezers that hold

the grid was conducted between the filter papers (Fig. 15.2 B) and the

excess liquid was blotted from both sides by the filter papers for 2 to 6 sec.

Symmetrical blotting was found to reduce demixing and evaporation effects

(Cyrklaff et al., 1990 & 1994).The obtained thin film was very rapidly

plunged into liquid ethane ( fet}iane - 108K). A plunge velocity of A3 m/s was

used. Fhe vitrified sample was kept under liquid nitrogen for storage or for

transfer to a cryoholder (Gatan. Inc., Pleasanten, CA, USA), The cryoholder

was inserted into a Zeiss EM 912 OMFGA microscope, equipped wdth an

energy filter. The specimen chamber was pumped for ca 15 min to remove

water vapors that entered the specimen chamber during transfer and the

shutter above the specimen was then opened. The frozen hydrated samples

were examined at 120 kV and at a specimen temperature of A 05K. Electron

micrographs vvere digitally recorded using a cooled 1024 x 1024 pixel CCI)

camera (Proscan). Images were taken with an electron dose of 2-10 e/Â2.

Gratings with 2160 lines/mm were used to calibrate the magnification.

15.1.3 Analysis of the cryo-TEM micrographs

The cryo-TEM micrographs shown in the present work were processed with

a high pass function (Photoshop software) to reduce background noise. The

quality of the printed pictures was improved and the analysis was thus

facilitated.

Only vesicles were taken into account to establish the various distributions.

For example, undefined aggregates of lipids and ferritin were not

considered. The vesicle diameter was measured and the number of ferritin

molecules entrapped in each vesicle was counted. Number-weighted and

mass-weighted size distributions were determined on the basis of the cryo-

fEM micrographs. Number-weighted distributions were obtained by
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plotting the relative number of vesicles (given in percentage of the total

number of vesicles) against the vesicle diameter (nm). The mass-weighted

distribution was obtained by calculating the frequency of each size weighted

by the corresponding surface area. The vesicles were assumed to be

spherical and unilamellar. In this case the relative mass (given in percentage

of fhe total lipid mass) was plotted against the vesicle diameter (nm).

15.2 Freeze fracture electron microscopy (ffEM)

15.2.1 Preparation and observation of the replicas

Freezing and freeze-fracturing of the samples were carried out according to

the procedure described by Müller et al. (1980) and outlined in paragraph

7.2.5 (page 54). A gold grid (0 2.5 mm. 300 mesh) was dipped into the

suspension and sandwiched between two copper platelets that were

previously washed with cone, sulfuric acid followed by water and acetone.

The sandwich was then rapidly frozen in a propane-jet at -180° C, fractured

at -150° O and 2 x l(f7 mbar in a Balzer BAF 300 freeze fracturing

apparatus (BAEEEO Inc., Balzers, Liechstcnstein) and the fractured faces

were immediately shadowed with 2 nm Pt/C at an angle of 45° followed by

10 nm C at 90°. The replicas were floated on distilled water and examined

without further cleaning in a Hitachi 600 EM (Hitachi, Tokyo, Japan).

Electron micrographs were digitally recorded using a cooled 1024 x 1024

CCD camera (Gatan).

Gratings wdth 2160 lines/mm were used to calibrate the magnification.

15.2.2 Analysis of the ffEM micrographs

Fhe apparent vesicle diameter was determined by measuring the radius of

the profiles on the pictures perpendicular to the shadowing direction,
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thereby minimizing the apparent enlargement by the deposited platinum.

The number-weighted size distributions were determined in the same way

as in the case of the cryo-TEM analysis (see 15.1.3).

15.3 Cryo-scanning electron microscopy

15.3.1 Sample preparation

Gold tube with an inner diameter of 200 pm and a wall thickness of 50 um

(Goodfellow Cambridge Limited, Cambridge, U.K.) were used. The gold

tube was inserted in a plastic pipette tip and the plastic was slightly melt

with a soldier lamp around the gold tube to produce a tight tip. This

"customized'" tip was mounted on a pipette man and 50 ul of the suspension

was withdrawn. The filled tube was sealed by compressing and flattening

the ends with a tweezers while pushing out some suspension in order to

avoid the presence of air bubbles inside the tube (Fig. 15.3).

suspension

tip of a

pipette man

gold tube

Fig. 15.3 Experimental procedure describing the preparation of a suspension sample for

high-pressure freezing (Shimoni, 1998).

The sealed tube was then mounted in the HPE-holder according to the

method described by Shimoni and Midler (1998). The tube was then frozen

in the high-pressure freezing machine (HPM 010, BAL-TEC, Balzers,

I lechtenslein). After freezing the tube was stored in liquid N2.
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15.3.1.1 Cryo-fracturing in BAF

The tube was cut in the middle with a scalpel. One half was clamped in a

holder (Bastacky et ah, 1995) and cryo-fractured in a freeze etching unit

(BAF 300, Balzers, I iechtenstein) (Fig. 15.4). lhe sample was first

shadowed with 3 nm of Pt/C from an angle of 45° followed by 5 nm of C

evaporated perpendicularly (at 90°) (Walther & Müller, 1997; Walther et ah,

1995).

holder

Fig. 15.4 Processing of the fro/en gold tube (Shimoni, 1998)
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J5.3.1.2 Cryo-sectioning in an ultramicrotome

Half of a gold tube was clamped in a holder and the holder was mounted in

a cryo-ultramicrotomc (Reichert Sc 4 cryo-ultramicrotome). Semi-thin (0.5

pm, 0.6 mm/s) and thin (50 nm, 0.05 mm/s) sections were then cut using a

glass knife and a cryo-diamond knife (Diatonic AG, Biel, Switzerland),

respectively (Fig. 15.4), The holder with the cut tube (block-face) was cryo-

transferred to the freeze-etching unit. Water was then evaporated at -109°C

for 2 rain and the sample was either shadowed from an angle of 45° or

rotary shadowed wdth 3 nm of Pt/C and the Pt layer was sfrenghtened by 5

nm of C evaporated perpendicularly (Walther et ah, 1995; Walther &

Müller, 1997).

'fhe coated tube was mounted on a precooled cryoholder (Gatan, Inc.,

Pleasanten, CA, USA) and cryo-transferred into the SEM (Hitachi S-900,

ln-lens field emission SEM, Hitachi, Tokyo, Japan), 'fhe specimen chamber

was pumped for ca 10 min to remove water vapor that entered the specimen

chamber during transfer and the shutter above the specimen was then

opened. Samples were examined at a temperature of ca 143 K and a primary

accelerating voltage (V0) of 10 kV. Micrographs using the BSE signal were

recorded with a Gatan Dig!Scan 688 (Digital Micrograph 2.0, Gatan, Inc.,

Okeasabteb, CA, USA). The contrast Is thereby formed by the scattering

events taking place at the Pt layer. As the Pt layer is in direct contact with

the investigated sample, the true surface of the specimen is revealed.

Pictures were typically taken at a primary magnification of 50 000 x.

15.4 Light microscopy

Eight microscopy micrographs were obtained by using an Axiopian

microscope from Zeiss. All micrographs vvere taken using the DtC

(Differential Interference Contrast) mode.
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15.5 Extrusion

The extrusion procedure was performed using
• a Eiposofast device manufactured by Avestin Tnc. (Canada) for volumes

between 0.2 to 1 ml. fhe suspensions were first forced 21 times through

two stacks of polycarbonate filters with pore sizes of 400 nm in diameter.

The same procedure was then repeated with 200 nm and finally with 100

nm pore size filters.

• an extruder from Eipex Biomembranes Inc. (Canada) for larger volumes.

The suspensions were first passed 10 times through two 400 nm

Nucleopore polycarbonate membrane filters. The same procedure was

then repeated with 200 nm and finally with 100 nm pore size filters.

The polycarbonate membranes were purchased from Nucleopore (USA).

15.6 Gel permeation chromatography

Gel permeation chromatography was carried out using either

• a column (length 50 cm, 0 1.2 cm) that was filled with Sepharose 4B

and then equilibrated with the desired buffer prior to use, fhe suspension

(0.3 to 1 ml) was loaded on the column and fractions of approximately 1

ml were collected.

• "spin columns" (length 7 cm, 0 0.5 cm) that were filled with Bio-Gel A-

15m. The suspension (0.2 ml) was loaded on the spin column, which was

previously equilibrated with BICINE buffer (200 mm, pll 8.5), and

cenlrifuged at 165 g for 2 min as described elsewhere (Chonn et ab,

1991). Fractions of approximately 50 pi were collected.
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15.7 UV-Vîs spectroscopy

The I A/-Vi s absorption spectra were recorded cither on a Gary IE UV-

Visible spectrophotometer from Varian (Australia), or on a DU-68

spectrophotometer from Beckman (USA). Quartz cells of a pathlength of I

or 0.5 cm from Hellma were used.

15.8 FTIR spectroscopy

FTTR spectrum were recorded wdth a Nicolet 5SXC using a OalA cell with a

0.2 mm optical pathlength.

15.3 Dynamic light scattering (DLS)

Vesicle sample were analyzed wdth a fiber-optics based spectrometer

consisting of an argon laser (Coherent, Innova 200-10, X0 = 488 nm), a

digital autocorrelator (AEV 5000), and a computer controlled rotational

stage (Newport, Model 496 and Controller PMC 400). A photomultiplier

AEV/PM-15 was used as detector.

15.10 Dialysis

Dialysis was performed using 0.5 - 3 ml Slide-A-LyzerIM cassettes from

Pierce.

15.11 Sonication

Bath sonications were performed in a Brandi in Sonorex RK 100 H

instrument af Rl".
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16. Synthesis of the phosphate esters

All the reactions were carried out under Ar atmosphere. The reaction

progress was followed by TEC. Phosphodi- and mono-ester were revealed

at Rl by spraying the ETA"" plate with a modified Dittmer reagent (Ruy &

MacCoss, 1979). To detect phosphotriesters, the TEC plate had to be heated.

Tn the synthesis of 3, all the compounds bearing a nitrophenyl part could be

easily visualized on the fEC plate under UV-light.

16.1 Tri-n-decyl phosphate (1) and didecyl phosphoric acid (2)

Redistilled benzene over Na (40 ml), redistilled decanol (6 ml, 31.42 mmol)

and pyridine kept under Ar (2.9 ml, 36.03 mmol) were mixed in a 250 ml 3-

necked round bottom flask and stirred at RT for 0.5 hr. Phosphoryl chloride

(0.92 ml, 10.05 mmol) was added dropwise over a period of 15 min. The

thus obtained suspension was stirred a further 5 min at 0°C, 10 ml of

benzene were added and the reaction mixture was then heated to reflux for 8

hrs. The mixture was then allowed to cool down to RT, the white pyridinium

sail was filtered off and the benzene was taken off using a rotary evaporator.

The remaining pyridine was evaporated using TfV and a yellow oil was

obtained. The crude product was purified by silica gel column

chromatography using hex:Et()Ac (2:1) to yield tridecyl phosphate (1)

(1.9963 g, 38.5%) as an oil and then using CHClpMeOIFAcOH (70:J0:2)31
to give didecyl phosphoric acid (2) (1.629 g, 43.1%) as a white powder.

(1) Rf (hex:EtOAc, 1:2) 0.5; lH-NMR (CDC1,): ô - 4.02 (dt, J-6.7 Hz, 6H,

~0~CH2-CHr), 1.63 (m, 6H, -O-CIE-CH,-), 1.26 (ni, 42H, alkyl chain),

0.87 (l, J-6.7 FTz, 911. GIF,); l3F-NMR (CDCb,): 8 - 67.6 (d, J-- 5.8 Hz, -O-

CTE-CFEA, 31.8 (CIE), 30.2 (d, J- 6.8, -0-CHrClE-), 29.47 (2C, CH2),

29.24 (CIE), 29.1 (CH2), 25.42 (QE), 22.6 ((TE), 14.01 (C1EJ; 3,P-NMR

A Fhe polarity of the solvent mixture was increased gradually to avoid

"washing" ol the column and thus collection ot mixed tiactions containing

simultaneous!) the di- and mono-estei ol phosphate
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(CDCb): Ô - -0.03; MS m/z (%) 519 (M+l, 100%), 1037 (2M+1, 33%), 379

(M-C10I121, 12%), 179(H4P207+1, 19%).

(2) Rf (CDCb,): (MeOlEAcOTECDChg 70:10:2) 0.5; 'l-NMR (CDCb,): S

-"11.16 (s, IFF -OFT), 4.01 (dt, J=6.7 1 Iz, 411, ~0-CHrCH2~), 1.67 (m, 4TI, -

0-CFE-CHr), 1.26 (m, 2811, alky 1 chain), 0.88 (t, J=--6.6 1 Tz, 6H, CEE); 31P~

NMR (CDCb,): ô - -2.03; MS m/z (%) 401 (M+Na, 100%), 379 (M4 1,

68%), 757(2M+I, 18%).

16.2 Didecyl 4-nitrophenyl phosphate (3)

Redistilled decanol (4.2 ml, 22 mmol) was put in a 50 nil 2-necked flask

containing freshly distilled pyridine (4 ml, 49.7 mmol). TTTE (5 ml) was

then added and the solution was stirred at RT for 15 min. 4-nitrophenyl

phosphorodichloridate (2.562 g, 10 mmol) in 11 IE (5 ml) was added

dropwise to the decanol mixture cooled to 0°C over a period of 35 min. The

formation of a white solid was observed after the addition of the first drop.

The reaction mixture was stirred at room temperature for 5 hrs and then TEC)

(100 pi) was added to quench the reaction. After 30 min of further stirring,

the white solid was filtered off and ITTF was evaporated using a rotary

evaporator. The remaining pyridine was taken off using FIV to give a yellow

oil which was then purified by silica gel column chromatography using

EtOAcdiex (1:2) to yield didecyl 4-nitrophenyl phosphate (3) (3.42 g, 68%)

as a slightly yellow oil,

Rf (EtOAcdiex, 1:2) 0.5; »H-NMR (CDCb,): 8 - 8.24 (m, 2H, Hatom) 7.37

(ni, 2H, Hdlom), 4.15 (m, 4H, O-CfE), 1.7 (m, 411, O-CEE-CFE) 1.3 (m, 28H,

alkyl chain), 0.88 (t, 611, ,U6.1 Hz, (TE,); ,3-NrVfR (CDCb,): Ô - 14.09

(CI F,), 22.68 (CEE), 25.38 (CfE), 29.07 (CfE), 29.29 (CIE), 29.5 (CH2),

30.18 (CT12), 30.23 (CIE), 31.8 (CfE), 69.15 (O-CIE), 120.52 (Carom),

125.66 (Caiom), 144.6 (Caiom), 155.7 (Caiom); 3,PAMR (CDC13): S---6.25;

MS (m/z)(%) 500 (M4 1, 44%), 220 ( 100%): UV (MeOH), XmAX ~= 267.
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17. Characterization of didecyl phosphate

17.1 Titration of didecyl phosphate

The stock solutions were prepared by dissolving 2'"" in an aqueous phase

(10-12 ml) and stirring at RT overnight. The aqueous solution contained an

equimolar ratio ofNaOH or KOH to 2 to ease experimental work. 2 in pure

bidistilled water gave rise to a two phase system, either oil in water or solid

in water depending on the temperature, wdiile in the presence of an

equimolar amount of base an homogeneous suspension was obtained.

17.1.1 Using NaOH and HCl

When the base used was NaOH, some crystals were still visible in the

suspension after stirring at Rf. Fhe stock solution was therefore heated for 2

rain at 56 °C to give a turbid suspension. Samples of 1 ml were taken with a

prewrarmed glass pipette and further diluted with IEO, HCl or NaOH. The

samples were warmed again to 56°C and then allowed to cool down at RT

for 0.5 hr before measuring the pH and a titration curve was established.

17.1.2 Using KOH

When the base used was KOH, the stock solution was stirred at 37°C for a

further 0.5 hr to ensure complete dissolution of 2. The turbid suspension

was allowed fo cool down to RT and samples of 1 ml were removed with a

glass pipette, 'fhe samples vvere diluted with H20, HCl or KOH. 'fhe pfl of

the samples was measured at RT A titration curve was established.

A.Didccvl phosphonc (2) purchased from the firm TCI (Japan) was used.
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17.2 General procedure for the preparation of vesicular

suspensions

All the vesicular suspensions were prepared by adding the desired amount

of aqueous solution to 2 and subsequently stirring the suspension at RT

overnight if not otherwise slated.

18. Hydrolysis of didecyl 4-nitropheriy! phosphate (3)

18.1 Material and general procedure

The hydrolysis reaction of didecyl 4-nitrophenyl phosphate (3) was carried

out in a closed 3 ml flat-bottom flasks (0 13 mm) containing a magnetic

stirrer (10 x 5 mm) in a Reacti- fherm heating/stirring module 1897IX from

Pierce (USA) under slow magnetic stirring (position 1.5) at 68°C. llie total

reaction volume was 1 ml and the initial concentration of 3 fluctuated

between 10 and 12 mM. Each experiment was made in triplicate.

18.2 Analysis of the hydrolysis reaction

The p-nitrophenolate released during the reaction was quantified

spectrophotometrically at 391 nm (maximum of its absorbance).

From time to time 10 pi of the aqueous phase was removed with a 10 ul

Hamilton syringe and diluted with 10 pi of CAPS butler (400 mM,

pH=A0.5). fhe sample was further diluted with 1 ml of MeOH and a UV-Vis

spectrum was then immediately recorded. Each measurement was made in

triplicate.

A calibration curve of p-nitrophenolate was established under these

experimental conditions to determine its molar extinction coefficient £ at

391 nm(Fig. 18.1).
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concentration (mM)

Fig. 18.1 Calibration curve of p-mtrophenolate under the used experimental conditions.

18.3 Hydrolysis of didecyl 4-nitrophenyl phosphate (3)

18.3.1 Without the use of a sonication bath

a) In pure aqueous solution (no vesicles initially present)

3 (- 5 til) was laid on top of the aqueous phase (1 ml) and the hydrolysis

reaction was carried out at 68°C.

b) In the presence of didccvl phosphate, (2) vesicles

2 was weighted in the reaction flask and 1 ml of aqueous solution was

added. Ehe sample was then stirred at Rf overnight and a turbid suspension

was obtained. 3 (-5 pi) was then laid on top of the vesicular suspension and

the hydrolysis reaction was carried out at 68°C.
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18.3.2 With the use of a sonication bath

a) In pure aqueous solution

3 was weighted in the reaction flask, 1 ml of aqueous solution was added

and the mixture was sonicated at 20°C for 10 min. A tine dispersion of oil

droplets In water was obtained, The hydrolysis reaction was then carried out

at 68°C.

b) In the presence of dideex I phosphate (2) vesicles

(I) only 2 was sonicated

2 was weighted in the reaction flask and 1 ml of aqueous solution was

added. The sample was sonicated at 2()°C for 10 min and a clear solution

was obtained. 3 (-5 pi) was then laid on top of the sonicated vesicular

suspension and the hydrolysis reaction was carried out at 68°C.

(ii) 2 and 3 were cosonicated

2 and 3 were weighted in the reaction flask and 1 ml of aqueous solution

was added. Hie sample was sonicated at 20°C for 10 min and a turbid

suspension was obtained. The reaction flask was transferred at 68°C.

18.3.3 Using the film method

2 (2.14 mg, 5.65 x 1(A mmol) and 3 (2.84 mg, 5,68 x 10"' mmol) were

dissolved in CI ICE (3 ml) and MeOH ( 1.5 ml), fhe solvent mixture was

then slowly evaporated using a rotary evaporator under reduced pressure.

The thus obtained film was dried under HV overnight, dissolved in 0.25 M

KOII (1 ml) and vortexed for 5 min at Rf. A turbid suspension was

obtained. The reaction flask was then transferred at 68°C.
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19. Preparation of ferritin-containing oleic acid

vesicles

19.1 Preparation of the ferritin solutions

The purchased stock ferritin solution had the following characteristics:

ferritin 102 mg/ml, NaCI l50mM.

a) 25 mg'ml ferritin solution

A 25 mg/ml ferritin solution was obtained by dilution of the 102 mg/ml

ferritin solution wdth BICINf buffer (200 mM, pH 8.5).

b) 50 mghnl ferritin solution

The 102 mg/ml ferritin solution was first dialy/ed (three times) against

BICINE buffer (200 mM, pH 8.5), and then diluted with BICINF, buffer

(200 mM, pH 8.5) in order to obtain a 50 mg/ml ferritin solution.

19.2 Formation of ferritin-containing vesicles

Oleic acid vesicles were formed in fhe presence of either 25 mg/ml or 50

mg/ml ferritin in BICINF buffer (200 mM, pH 8.5). 0.5 to 0.6 ml vesicle

suspension were prepared, fhree slightly different methods were used.

Method I: stirring overnight

Sodium oleate was transferred into a 1.4 ml eppendorf tube and the ferritin

solution was added, fhe mixture was then stirred at RF overnight to give a

turbid suspension.

Method II: stirring overnight followed bv freeze and thaw treatment

Sodium oleate was transferred into a 1,4 ml eppendorf tube and the ferritin

solution was added, I he mixture w as stirred at Rl overnight to give a turbid

suspension, fhe suspension was then fro/en in liquid nitrogen (3 min) and

subsequently thawed in lukewarm water (30°C). Between each FAT cycle
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the suspension was briefly vortexed. Ten FÄf cycles were performed (if not

otherwise stated).

Method III: film formation followed by freeze and thaw treatment

Sodium oleate was transferred into a 10 ml graduated reagent flask and

MeOH (2 ml) was added. MeOFT was removed with a rotary evaporator

under reduced pressure (Tuatei hath
< 40°C). Ehe thus obtained lipid film was

further dried under high vacuum overnight, fhe ferritin solution was then

added to the llask and the dispersion was vortexed until complete

dissolution of the film. Ehe vesicular suspension was then treated by EAT as

described above in Method II.

The oleic acid concentration of the vesicular suspension prior to extrusion

was 80 mM unless otherwise stated. Vesicles were sized dowm using a

liposofast device (see J 5.5). Ca. 1 to 2 hrs after the last extrusion through

100 nm pore si/e filters, fhe vesicular suspension (0.38 - 0.6 ml) was loaded

on a Sepharose 4B column (see 15.6) previously equilibrated with BICINE

buffer (200 mM, pH 8.5) to remove non-entrapped ferritin molecules.

19.3 Analysis of the fractions

fhe concentration of oleic acid and of ferritin was determined by E'FTR and

by FJV-Vis spectroscopy, respectively.

J9.3.1 Oleic acid/oleate determination

The oleic acid concentration was determined through the intensity of the 0-

O (st) band at 1715 cm"1 by F HR spectroscopy. A calibration curve of oleic

acid in isooctane was first established (Fig. 19.1).



227

'fhe samples were prepared as follows: 50 pi of fhe aqueous suspension was

taken, then HCl 1 M (100 pi) and isooctane (200 pi) were added. The

mixtures were subsequently vortexed for 1 min and stored at RF for at least

5 hrs. The Isooctane phase containing the extracted oleic acid was then

analyzed by FTIR. 'fhe extraction of oleic acid according to this procedure

is quantitative (99%) (Wick, 1996).

o
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Fig. 19.1 Calibration curve of oleic acid in isooctane at 1715 cm"1 usine F TIR.
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19.3.2 Ferritin determination

The concentration of ferritin was determined bv measuring its absorbance

either at 280 nm or at 440 nm by E'V-Vis spectrophotometry.

1.25-

0.75'

o
CO
CM

< 0.5'

0.25-

y= 1E093X-0.014

r2 = 0.999

n i in,p*TrrTTm-ri n"r' p~r~rT~r

1 5'

y= 1.258X-0.000

xd = 1.000

rr-rY-r-r-r-TT-T-T-r-T-j-T1 i"r" [""itt-t

0 0.025 0.05 0 075 0 1 0.125 0 0 25 0,5 0.75 1 1,25

ferritin(mg/ml) ferritin(mg/ml)

Fig. 19.2 Examples of two calibration curves of ferritin at 280 nm (borate buffer (0.1 M,

pH 8.5): eholale (80 mM). hi) and at 440 nm (R1CFNK buffer (200 mM): chelate

(80mM), 1:1).

'fhe ferritin concentration of the ferritin-containing POPC liposomes was

determined in the same way. After destroying the vesicles with 40 mM

chelate, the fractions obtained from the gel permeation chromatography

were analyzed. A calibration curve of ferritin was established at 280 nm and

440 nm under the same experimental conditions (Fig. 19.2).



229

20. Stability of oleic acid vesicles checked by ffEM

A suspension (1 ml) of oleic acid vesicles was prepared according to

method II (see 19.2. except that no ferritin was used during vesicle

formation and that the oleic acid concentration was 7.25 mM) in BICINE

buffer (200 mM, pH 8.5). fhe suspension was treated by FAT five times and

the vesicles were then sized down to 100 nm using a liposofast device (see

15.5). The thus obtained suspension was stirred at RT for four days.

Samples vvere withdrawn and frozen for ffEM examinations (see 15.2). One

sample was frozen 5 hrs (day 0), another one 24 hrs (day I), 49 hrs (day 2),

72 hrs (day 3) and 96 hrs (day 4) after the last extrusion cycle.

21. Hydrolysis of oleic anhydride

21.1 In the presence of ferritin-containing oleic acid vesicles

The ferritin-containing oleic acid vesicles were prepared according to

method III described In 19.2. fhe ferritin-containing vesicles used In the

hydrolysis experiment I were prepared in the presence of 25 mg/ml ferritin

whereas the vesicles used in the hydrolysis experiment IT were prepared in

the presence of 50 mg/ml ferritin. Free ferritin molecules were removed

from the suspension by gel permeation chromatography (see 15.6). llie

fractions that contained the highest concentration of oleic acid were used in

the hydrolysis of oleic anhydride.

The ferritin-containing oleic acid vesicle suspension was transferred to a

flat-bottom llask (0 13 mm) containing a magnetic stirrer (10 x 5 mm).

Oleic anhydride was laid on top of the vesicular suspension and the reaction

mixture was slowly stirred at Rf for 4 days, fhe oleic acid concentration of

the initial and of the final suspension was determined by FTIR as described

in 19,3.1.
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21.2 In the absence of oleic acid vesicles

Oleic anhydride (24 pi, 0.04 mmol) was laid on top of I ml of BICINE

buffer (200 mM, pH 8.5) containing ferritin (2 mg/ml). Ehe hydrolysis

reaction mixture was stirred at Rf for 4.5 days. Non-entrapped ferritin

molecules were removed by gel permeation chromatography using a

Sepharose 4B column (see 15.6). Fractions 20 to 22 wrere examined by cryo-

TEM.

21.3 In the presence of empty oleic acid vesicles and

externally added ferritin

2.5 ul of ferritin stock solution (102 mg/ml) followed bv oleic anhvdride

(1.8 pi, 0.003 mmol) were added to a suspension of 100 nm-oleic acid

vesicles ([oleic acid] -- 6 mM, 0.25 ml) in BICINE buffer (200 mM, pll

8.5A
.
Ehe suspension was stirred at RT for 5.5 days. Non-entrapped ferritin

molecules were removed using a "spin column" (see 15.6).

21.4 Stirring of empty oleic acid vesicles in the presence of

free ferritin

2.5 pi of ferritin stock solution (102 mg/ml) was added to a suspension of

100 nm-oleic acid vesicles ([oleic acid] = 6 mM, 0.25 ml) in BICINE buffer

(200 mM, pi I 8.5). llie mixture was then stirred at Rf for 5.5 days. Non-

entrapped ferritin molecules were removed using a "spin column" (see

15.6).

iTThc oleic acid vesicles vvere prepared according to method IT except that no

ferritin was used during vesicle formation and thai the oleic acid concentration

was 6 nA1.
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22. Formation of mixed POPC/oleic acid/oleate

vesicles

22.1 Preparation of POPC ferritin-containing liposomes (New,

1990; Szoka & Papahadjopoulos, 1978)

A 50 mg/ml ferritin solution was prepared as described in paragraph 19.2,

except that borate buffer (0.1 M, pll 8.5) was used Instead of BICINE

buffer.

POPC (23 mg) was dissolved in EuO (5 ml) in a 50 ml round-bottom llask.

1 ml of the 50 mg/ml ferritin solution in borate buffer (0.1 M, pH 8.5) was

added to the POPC solution with the help of a syringe, llie mixture was

sonicated for 5 min at 20°C using a sonication bath to vicld an

homogeneous red suspension. EtiO was removed by evaporation using a

rotary evaporator (p = 400 m bar, T=25°C) until a viscous (gel-like)

suspension was obtained. The gel-like mixture was then vortexed until a

liquid-like suspension was obtained. An extra 1 ml of borate buffer was

added and the suspension was evaporated again using a rotary evaporator at

100 mbar for 10 min and finally at 50 mbar for a further 5 min. The thus

obtained liposomes were sized down to 100 nm using an extrusion device

from Lipex Biometvbranes (see 15.5).

Non-entrapped ferritin molecules were removed by gel permeation

chromatography using a Sepharose 4B column equilibrated with borate

buffer (see 15.6). Ferritin concentration was quantified

spectrophotometrically (see 19.3.2) while the Stewart assay was used to

determine POPC concentration (see 22.2) (Fig. 22.1 ).
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15 20 25 30 35 40 45 50

fraction

Fig. 22.1 Separation of non-entrapped ferritin from ferritin-containing POPC liposomes

using a Sepharose 4B column (length 50 cm. O 1.2 cm). For liposome preparation and

fraction analysis, see text.

Fraction 19 was examined by cryo-TEM and by DES and subsequently used

to study the effects of oleate addition to POPC liposomes (see 22,3).

22.2 POPC determination (Stewart, 1980)

The Stewart assay can be used to determine phospholipid concentrations in

the range of 0-50pg lipid/ml. Ammonium ferrothiocyanale (Stewart

solution) was prepared by dissolving ferric chloride hexahydrale (27.03 g)

and ammonium thiocyanate (30.4 mg) in water ( 1000 ml).

Samples were prepared as follows: 2 ml CHCb, and 2 ml Stewart solution

were added to fhe aqueous sample containing POPC. The biphasic system

was vortexed for l min and let to stand at RT for 2 hrs. A clear phase

separation was obtained, llie lower CHCb, phase was then removed with a

Pasteur pipette and the OD was recorded at X = 488 nm using a quartz cell

of l cm path length. A calibration curve was established in parallel to each
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determination and further used for the quantification of POPC in the

samples.

22.3 Addition of sodium oleate to preformed POPC liposomes

(Lonchinetal., 1999)

'Fhe procedure described by Eonchin et ab (1999) was followed.

An aqueous micellar solution of oleate (25 mM) was prepared by dissolving

Na-oleate in H->0. This oleate solution (0.2 ml) was then added to the

ferritin-containing POPC liposomes (0.8 ml, I POPC | = 0.25 mM prepared

by dilution of fraction 19 with borate buffer). The reaction progress was

fol lowed by turbidity measurement (X - 400 nm) (Fig. 22.2) over the first 4

hrs. The POPC liposomes and mixed POPC/oleic acid/oleate vesicles were

then examined by cryo- fEM and DES (ca. 5 hrs after Na-oleate addition).
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Fig. 22.2 Change in luibiditv of the ferritin-containing POPC liposome suspension upon
Na-oleate addition over the first 4 hrs (7= 400 nm)
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23. Cryo-SEM investigations

Oleic acid vesicle suspension

Oleic acid vesicles were prepared according to Method 11 (see 19.2) except

that no ferritin was used during vesicle formation. The oleic acid

concentration was 20 mM.

Latex particles

The stock solution of latex particles had a concentration of 8.3% by volume

and contained spheres having a diameter of 110 -t 10 nm. Two suspensions

were prepared by dilution of the stock solution 1 to 1 and I to 4 (v:v) with

bidistilled water.

Both suspensions were prepared for cryo-SFM analysis as described under

15.3.
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