Mechanisms of vesicle solubilisation:
Mapping the solubilisation mechanisms
of DMPC liposomes by the detergents
SDS and DDM using SAXS
Master’s thesis in Materials Science and Nanotechnology
Mirna Porobic

Thesis submitted for the degree of Masters in
Materials Science and Nanotechnology
60 credits
Department of Chemistry
Faculty of Mathematics and Natural Sciences
UNIVERSITY OF OSLO
Spring 2020

Mechanisms of vesicle solubilisation:
Mapping the solubilisation mechanisms of
DMPC liposomes by the detergents SDS and
DDM using SAXS

Master’s thesis in Materials Science and Nanotechnology

Mirna Porobic

© 2020 Mirna Porobic

Mechanisms of vesicle solubilisation: Mapping the solubilisation mechanisms of DMPC liposomes by
the detergents SDS and DDM using SAXS
http://www.duo.uio.no/

Printed: Reposentralen, University of Oslo

Abstract
Detergents are widely used in daily life as in cleaning products and cosmetics, but also for
pharmaceutical and biological purposes. In that regard the solubilisation of biological membranes for
the extraction of proteins is important. This thesis looks at the solubilisation of 1,2-dimyristoyl-snglycero-3-phosphocholine (DMPC) liposomes by n-dodecyl β-D-maltoside (DDM) and sodium dodecyl
sulphate (SDS) detergent micelles.
The three-stage has been suggested as a model for explaining the solubilisation of liposomes by
detergents. It distinguishes between fast and slow solubilisation, largely believed to be controlled by
the detergents ability to flip-flop through the lipid bilayer. SDS and DDM are both considered slow
solubilisers that are unable to flip-flop.
SAXS can be used to investigate the structure of particles in the size range of a hundred nanometres
down to atomic resolution. In this thesis, SAXS was used to study the solubilisation of DMPC
liposomes by SDS and DDM by measuring the individual detergents and liposomes and comparing
these measurements to the mixtures of the detergents and liposomes at different concentrations
and temperatures. The aim was to investigate the behaviour of the detergents and their mechanisms
of solubilisation, and to see if the detergents act according to the three-stage model, and if not, how
they deviate from it. The results are interpreted by using analytical models that are fitted to the
scattering pattern of the measurements.
It was found that SDS solubilises DMPC in accordance with the three-stage model. The solubilisation
is gradual and involves insertion into the bilayer, followed by saturation of the bilayer, then a
coexistence phase where mixed micelles and lipids both exist in solution, before the solution only
contains mixed micelles that gradually become smaller with the increase of SDS concentration.
The DDM and DMPC mixtures showed interesting behaviour. It was shown that DDM, though
following a three-stage solubilisation mechanism, does have an intermediate stage where
multilamellar liposomes are created at low to moderate detergent concentrations. It seems also that
the multilamellarity decreases with increasing concentration of DDM.
Both detergents seem to solubilise DMPC faster when the liposomes were kept at 20C, this probably
because of the phase shift to gel-phase that DMPC undergoes at 24C. There are however other
significant differences between the two detergents. SDS seems to follow the solubilisation
mechanism suggested by the three-stage model, while DDM has an intermediate stage where it
creates multilamellar liposomes. DDM may cause the formation of multilamellar liposomes by
inducing pore formation in the liposome membrane.
The thesis highlights the differences between SDS and DDM in liposome solubilisation, which may aid
further studies choose the most suited detergent for liposome solubilisation in cases of protein
isolation and extraction.

i

Abstrakt
Detergenter er mye brukt I dagliglivet som vaskeprodukter og I kosmetikk, men også for
farmasøytiske og biologisk formal. I disse sammenhengene er solubiliseringen av biologiske
membraner for ekstraksjon av proteiner viktig. Denne oppgaven ser på solubiliseringen av ,2dimyristoyl-sn-glycero-3-phosphocholine (DMPC) liposomer av n-dodecyl β-D-maltoside (DDM) og
sodium dodecyl sulphate (SDS) detergenter.
Tre-trinns modellen har blitt forslått som en modell for å forklare solubilisering av liposomer ved
hjelp av detergenter. Tre-stegs modeller skiller mellom rask og saktegående solubilisering, en prosess
som blir styrt av detergnetens egenskap til å flip-floppe gjennom bilaget i liposomet. SDS og DDM blir
begge ansett som saktevirkende detergenter som ikke er i stand til å flip-floppe.
SAXS kan bli brukt til å undersøke partikler på en skala fra et par hundre nanometer ned til atomær
oppløsning. SAXS ble brukt i denne oppgaven til å undersøke solubiliseringen av DMPC liposomer ved
hjelp av SDS og DDM. Dette ble gjort ved å måle de individelle detergentene og liposomene hver for
seg, og så sammenligne disse målingene med blandinger av detergenter og liposomer ved forskjellide
konsentrasjoner og temperaturer. Målet var å undersøke om detergentene oppførte seg I tråd med
tre-trinns modellen, og hvis ikke hvordan mekanismen deres i så fall skiller seg fra den. Dette ble
gjort ved å bruke modeller til å tolke og tilpasse spredningskurvene til målingene.
Det ble funnet at SDS solubiliserer DMPC i tråd med tre-trinns modelen. Solubiliseringen foregår
gradvis og innebærer innsetting av detergenten i bilaget, etterfulgt av en saturering av bilaget, så en
ko-eksistens fase hvor blandede miceller og liposomer begge finnes i løsningen, før til slutt løsningen
kun inneholder blandede miceller som blir mindre med en økning i SDS-konsentrasjon.
DDM og DMPC blandingene utviste interessant atferd. Det ble vist at DDM, selv om den følger en tretrinns solubiliseringsmekanisme, har et multilamellært intermediat stadie hvor multilamellære
liposomer blir dannet ved lave til moderate konsentrasjoner av detergent. Det virker også som at
miltilamellariteten sinker med økende konsentrasjon av DDM.
Begge detergentene later til å solubilisere DMPC raskere når liposomene holder 20C, dette er
sannsynligvis på grunn av faseovergangen til gel-fase som skjer ved 24C for DMPC. Det er likevel
signifikante forskjeller mellom de to detergentene. SDS later til å ha fulgt solubiliseringsmekanismen
foreslått av tre-trinns modellen, mens DDM har et intermediat stadie hvor det dannes
multilamellære liposomer. DDM kan muligens forårsake dannelsen av de multilamellære liposomene
ved å danne porer i liposomenes membraner.
Denne oppgaven viser forskjellene mellom SDS og DDM når det kommer til solubiliserings av
liposomer. Dette kan støtte videre studier som ønsker å velge den foretrukne detergenten for
protein-isolasjon og -ekstraksjon.
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Abbreviations and symbols
A

Scattering probability amplitude

a0

Equilibirum area of surfactant head group / wave amplitude

a

Area of surfactant head group / activity

CMC

Critical micelle concentration

DDM

n-dodecyl β-D-maltoside

DMPC

1,2-dimyristoyl-sn-glycero-3-phosphocholine

F(q)

Form factor

γ

Interfacial free energy per unit area

I(q)

Intensity

kB

Boltzmann constant

MLV

Multilamellar vesicle

𝝁𝟎𝒏

Mean free energy per molecule in aggregate of N molecules

P

Packing parameter

Pagg

Aggregation number

Pi(z)

Volume probability of component i at position z

𝚽(𝒒, 𝑹)

Form factor

Q

Momentum transfer in scattering experiment



Scattering length density

SAS

Small Angle Scattering

SAXS

Small Angle X-ray Scattering

SDS

Sodium Dodecyl Sulphate

S(q)

Structure factor

T

Temperature

ULV

Unilamellar vesicle

V

Volume
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1. Introduction
Surfactants, also commonly referred to as detergents, are amphiphilic molecules; compounds that
are comprised of a hydrophilic head group and a hydrophobic tail group[1]. They spontaneously form
micelles in aqueous solution, small aggregates that can take many different shapes, such as spheres,
ellipsoids or cylinders. They are widely used in cosmetics, pharmaceutical industries, industry and
biotechnological applications[2, 3] and as cleaning agents. Especially in pharmaceutical and
biochemical research they are used to solubilise of biological membranes[4], and are among other
things utilised for isolating and purifying proteins and DNA[5, 6]. However, not all surfactants are
equally suited for all tasks, and some may denaturate the very proteins they are meant to be
extracting[5]. Especially in the isolation of membrane proteins can the choice of surfactant be critical.
Bringing clarity to the mechanisms of solubilisation can help in choosing which detergents are most
suited for which jobs.

Figure 1: The molecular structure of DMPC, a zwitterionic phopholipid. The picture is taken from the website of Avanti Lipids:
https://avantilipids.com/product/850345

Biological membranes primarily consist of phospholipids, which have two hydrophobic tail group, and
a phosphate-containing hydrophilic head group. They tend to have very varied head groups and are
typically categorised into four main head group types; nonionic, cationic, anionic and anionic[1, 7]. In
aqueous solution phospholipids can spontaneously form lipid vesicles, also called liposomes, which
can be used as model systems for biological membranes[5]. Phospholipids and other types of lipids
are particularly important in origin of life studies[8], and lipid bilayers and lipid vesicles can be used
as model systems to see how detergents interact with biological membranes[1].
Observing the interaction between different surfactants and liposomes can help elucidate their
mechanisms of solubilisation, and as such help decide the conditions that are the most useful in
breaking down similar biological membranes and extracting proteins. Figure 1 depicts 1,2dimyristoyl-sn-glycerol-3-phosphocholine (DMPC) which is a zwitterionic phospholipid commonly
used in research. DMPC is much used as a model system[9-11], among other things. It is also used in
solubilisation studies and as a test system for drug delivery. It is our chosen lipid of study in this
thesis.
This thesis has a special focus on the mechanism of solubilisation of DMPC liposomes by two
different surfactants, sodium dodecyl sulphate (SDS) and n-dodecyl β-D-maltoside (DDM). SDS and
DDM are well studied surfactants [12-17], and choosing them allows us to compare the results of this
thesis to previous studies in terms of surfactant properties and behaviour.
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Figure 2: The molecular structure of Sodium Dodecyl Sulfate (SDS).

Figure 3: The molecular structure of n-Dodecyl β-D-maltoside. The image is collected from the website of Sigma Aldrich:
https://www.sigmaaldrich.com/catalog/product/sigma/d4641?lang=en&region=NO

Figures 2 and 3 depict the two surfactants. While the surfactants both have a 12-carbon tail-group,
their head groups are chemically very different. SDS has a significantly smaller head group than DDM,
consisting only of a sulphate group compared to DDM’s two large glucose groups. SDS is in addition
anionic, while DDM is a non-ionic surfactant.
The solubilisation of liposomes by detergents is usually described by a three-stage mechanism[18,
19]: Initially there is a partitioning stage, where the detergent molecules insert into the liposome
bilayer and saturate it. The second stage is the coexistence stage, where the detergent has saturated
the liposomes and started the process of solubilisation, but there are still liposomes in solution as
well as mixed micelles. In the final, solubilised stage, there are no more liposomes in solution, only
mixed micelles. During this final stage an exchange of detergent and lipids between micelles leads to
smaller micelles with addition of more detergent. Solubilisation is also often categorised into fast and
slow solubilisation, depending on the detergents ability to flip-flop through the bilayer. A detergent
that can flip-flop will be more capable of saturating the inner and outer bilayer of a liposome and will
therefore solubilise it faster.
Solubilisation is often studied by methods such as chromatography[20], electron microscopy[21],
equilibrium dialysis,[22] light scattering[22], NMR[20] and turbidity measurements[23]. SANS is also a
well-used technique for the study of liposomal systems in general. Many of these methods focus on
finding the point of solubilisation for different kinds of liposomal and biological membranes and
consider less the mechanism of solubilisation.
The technique chosen to study our systems is Small Angle X-ray Scattering (SAXS). SAXS observes the
difference in scattering power of the components in the sample due to a difference in electron
density. It relies on small angles to capture signals from structures on the nanoscale. With SAXS it is
possible to obtain a snapshot of the interactions between the detergent micelles and liposomes at
different points during solubilisation, and by observing the change in parameters such as radius,
bilayer thickness, degree of ellipsoidality and so on, we can attempt to describe the mechanisms that
take place during solubilisation. This differs from the methods described previously, which to a larger
degree consider already solubilised systems.
SAXS is also a good tool to study biological systems specifically. It covers a wide range of features
that are interesting when studying micellar and liposomal systems. Firstly, the size range of the SAXS
is able detect both the liposomes and micelles that are relevant to the thesis. SAXS allows us to
observe both the macroscopic properties of the system, such as the sizes of the micelles and
liposomes which vary between 300-20 Å. It also allows us to distinguish individual features of the
bilayer, such as the size of the head group, the fraction of water in the outer bilayer and so on. SAXS
also allows for observing the systems in an aqueous medium. This is an advantage when studying
2

biological systems, since they often exist in such an environment naturally. The information
discovered about the interaction between micellar and liposomal systems will also most likely be
used to predict how similar systems in aqueous solutions behave. Other methods might require
freezing or dehydrating the system, such as cryo-TEM[24] which will not necessarily reflect how the
systems look or behave under biological conditions. SAXS is an accessible experimental technique
that requires little preparation of the sample and allows us to observe and extract a wealth of
information about the systems under biological conditions.
SAXS data can be interpreted using many different types of analysis, but the use of analytical models
that are fitted to the data is usually the one that can provide the most detailed structural
information. Provided the models are accurate, they can provide a lot of information about the
sample, such as size, polydispersity, the thickness and length parameters of various parts of the
sample in the nanometer range, multilamellarity and aggregation number. A large part of this thesis
entails using models of this kind to find the different parameters of the structures we are
considering, and in this way to better describe the transition from a vesicular lipid structure to the
solubilised micellar system.
In this thesis we study the solubilisation of DMPC by SDS and DDM micelles at two different
temperatures. The liposomes and micelles have been measured individually and as mixtures at 3-4
different ratios of concentration. The data gathered has been analysed by analytical models
applicable to the systems, such as ellipsoidal micellar models for the micelles and three-shell
liposomal models for the liposomes. The aim of the modelling of the scattering data is to extract
parameters describing the shape and size of the liposomes and micelles, as well as their changes
during mixing. The resulting changes in liposomal and micellar parameters were discussed
considering three-stage solubilisation theory, aiming to see if the detergents follow their predicted
mode of solubilisation and otherwise elucidate the mechanism of solubilisation for each of the
detergents.
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2. Theory and background
2.1.

Mechanisms of self-assembly of into micelles and bilayers

Lipids and surfactants both have the ability to aggregate either into micelles or lipid bilayers. The
driving mechanisms behind the aggregation, and the deciding factors for which shape they become,
are important to understand in order to also understand the interactions between them and what
properties they have as a result.
First and foremost, the hydrophobicity of the carbon chains and the hydrophilic nature of the head
group in both surfactants and lipids, create a drive to aggregation in order to shield the tail group,
while the head group remains in contact with water. There are, however, packing constraints that
make it impossible for certain molecules to obtain certain configurations. For example, due to their
bulky tail group lipids have a hard time packing as micelles. Also, though a specific packing may be
energetically favourable and possible with regards to packing, it may be entropically unfavourable.
Smaller and more plentiful structures are for example more favourable than large structures. [25]
The interplay of packing considerations, entropy and energy decides the shapes and sizes of the
aggregates.

2.1.1. Packing parameter
Taking into account an amphiphiles head group, hydrocarbon chain length and volume we can find
its packing parameters. The packing parameter is a useful tool that can help describe the shapes that
are available to a micelle comprising of a specific type of amphiphile[26]. It is given by the function
𝑣
Equation 1
𝑝=
𝑎0 ∙ 𝑙𝐶
where a0 is the head group area of the surfactant or lipid, v is the volume of the hydrocarbon chain or
chains and lC is the critical length. The critical length describes the maximum chain length in the
aggregate. In general, the packing parameter describes the most compressed state of the micelle,
and looser packing is possible. Many shapes can also satisfy the same packing parameters, and in
these cases other considerations must be made when deciding which shape will be optimal for the
particle[26]. For example, smaller shapes are entropically more favourable than larger ones.
Cylindrical molecules, such as liposomes, form bilayers and have a packing parameter p = ½. Cone
shaped molecules get a packing parameter of p < 1/3 and form spherical micelles. Ellipsoidal micelles
will have a packing parameter that falls close to the spherical packing parameter. Molecules that fall
between a pure cylinder and cone and get a packing parameter between 1/3 < p < ½, and create
cylinders. [27]

2.1.2. Thermodynamics for aggregate formation
In a system of aggregates the chemical potential of all identical molecules in different aggregates
must be the same [26]
0
𝜇 = 𝜇𝑁 = 𝜇𝑁
+

𝑘𝑇
𝑋
log ( 𝑁𝑁 )
𝑁

= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝑁 = 1,2,3 . . Equation 2

N here is the aggregation number N is the mean chemical potential of a molecule in an aggregate
0
where the aggregation number is set to N, 𝜇𝑁
is the standard chemical potential again in an
aggregate with aggregation number N and XN is the activity or effective concentration for an
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aggregate with aggregation number N. k is the Boltzmann constant and T is the temperature. We are
assuming ideal mixing, with no interactions between aggregates.
In order for aggregates to form there must be a difference in the cohesive energy between the
0
molecules in the aggregates and in the monomer solution. In practice this means that if the 𝜇𝑁
is the
same for all aggregate sizes there is no driving mechanism for aggregation, and non-aggregates and
0
small aggregates are favoured due to entropy [25]. 𝜇𝑁
must be smaller than 𝜇10 for some N larger
than 1 for aggregation to occur.
0
There are two main contributions to 𝜇𝑁
: an attractive one between the hydrophobic tail groups, and
a repulsive one that can come from both steric head-head and tail-tail repulsion and electrostatic
head group repulsion. The attractive contribution is given as γa, where a is the molecular area in the
interface between water and the hydrocarbon chain, and γ is the interfacial free energy per unit
area, γ ≈ 50 erg/cm2. The area a is usually measured a little above the hydrocarbon-water interface.
The repulsive contribution is given as C/a, where C is a constant. All repulsive interactions are
incorporated in C and it therefore changes with for example the charge and size of the head group.
0
We then get an expression for 𝜇𝑁
[25]
0
𝜇𝑁
= 𝛾𝑎 +

𝐶
𝑎

Equation 3

0
Where the minimum value for 𝜇𝑁
is given by
0
𝛿𝜇𝑁
𝛿𝑎

= 𝛾 − 𝐶𝑎−2 = 0

𝐶

→

a = a0 = √ 𝛾

Equation 4

where a0 would be the optimal surface area per molecule, and surfactants will pack into shapes and
sizes where the head group area comes as close to a0 as possible.

2.1.3. Critical Micellar Concentration
At very low concentrations our monomers will not organize into aggregates, this only occurs above
the critical micellar concentration (CMC) [26, 28]. Addition of monomer to a concentration above
CMC will not increase the amount of monomer in solution, but simply increase the amount of
particle in solution. The dissociation and association of monomers intro particles can be described by
an equilibrium constant
0

1

Equation 5

𝐾𝑎𝑔𝑔 = 𝑒 𝑁(𝜇𝑁−𝜇𝑁)𝑘𝑇

Where 𝜇1𝑁 is the free energy of a monomer in solution. If the aggregates contain N molecules Kagg
becomes
𝐾𝑎𝑔𝑔 =

𝑋𝑁 /𝑁
𝑋1𝑁

Equation 6

And the activity XN can then be given on the form [26]

0
𝜇10 − 𝜇𝑁
𝑋𝑁 = 𝑁 {𝑋1 exp [
]}
𝑘𝑇
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𝑁

Equation 7

𝜇0 −𝜇0

As the sum of XN is the total concentration, we see that as X1 approaches exp [− 1𝑘𝑇 𝑁] it cannot get
any larger. At this point aggregates have to occur. This is the point of the CMC, signified in this case
with (X1)crit. Above this concentration further addition of monomers will lead to a higher
concentration of aggregates, but not a higher concentration of monomers. This gives the following
estimation of the CMC of a surfactant
0
𝜇0 − 𝜇𝑁
(𝑋1 )𝑐𝑟𝑖𝑡 = 𝐶𝑀𝐶 ≈ exp [ 1
]
𝑘𝑇

Equation 8

2.1.4. Polydispersity
All solutions with aggregates will exist in a state of equilibrium, where not only aggregates of one
shape and size occur. If there is a large variation in size the system is considered polydisperse.
Solutions with little variation in size are considered monodisperse.
The relation between mean aggregation number Magg, the concentration of surfactant C and the
polydispersity is given by [26, 28]
𝜎2 =

𝛿𝑙𝑜𝑔〈𝑀𝑎𝑔𝑔 〉
𝛿𝑙𝑜𝑔𝐶

Equation 9

Where  is the measure of polydispersity, the standard deviation of the distribution function of a
system of aggregates with a given mean aggregation number. Usually the distribution of the
polydispersity is assumed to be Gaussian.[29] This relation applies over the CMC and for
monodisperse systems it implies that Magg stays the same regardless of the concentration. For
polydisperse systems Magg changes with concentration.
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2.2.

Properties of liposomes

From section 2.1.3 we see that bilayers get their shape in large degree because of the shape of the
lipids they are comprised of. The head group of a lipid is too small relative to the tail group, and it is
therefore not possible for it to pack as a spherical or cylindrical micelle and keep an optimal surface
area a0. The packing parameter of bilayers lies at approximately 1, and with its double hydrocarbon
tail lipids will have a much larger volume than a detergent.
Many of the driving forces that apply to general aggregates apply to liposomes as well. The energetic
favourability of forming an aggregate is weighed against the loss in entropy that comes with
aggregation. For liposomes, however, one must also consider the surface tension and bending energy
of the bilayers. When creating bilayer sheets, the bending of the sheet is energetically unfavourable,
however, an infinite sheet is entropically unfavourable. Closing the sheet creates a finite structure
and closes off the unfavourable edges of a large bilayer. A minimal vesicle size Rv can be given as a
function of the line tension γ and the bending energy κ [27]
𝑅𝑣 = 2𝜅/𝛾

Equation 10

As a bilayer grows the surface tension increases, and if the bending energy is low relative to the
surface tension the bilayer can form a liposome.
Lipids have the possibility of existing in many different configurations[30]. As lipid bilayers they have
been intensely studied while in the liquid-crystalline phase (L), and the gel phase (L), presumably
because these are the two states that most often occur under physiological conditions. The gel phase
typically occurs at lower temperatures than the liquid phase and entails a more rigid packing of the
lipids. With this comes a smaller overall liposome, because there is less disorder in the tail region and
the effective volume of the tail region is typically smaller than for the liquid-crystalline phase. In
addition, a phase transition from L to L typically involve greater binding of water to the bilayer,
further swelling the liposomes.
The bilayers double hydrocarbon chains determine many of its properties. A longer hydrocarbon
chain is associated with an increase in melting temperature Tc, and an unsaturated or branched chain
will remain in the liquid phase to lower temperatures than saturated or unbranched chains[26]. The
double hydrocarbon chain also gives liposomes a vastly lowered CMC compared to micelles. This is
due to the increased hydrophobicity of the tail group. The exchange rates of a bilayer are also lower
than that of micelles, as the energy to escape the bilayer is higher.
In research liposomes are used as model systems[31], for drug delivery research[32] and in
solubilisation research[33-35]. Typically, when synthesising liposomes, there is a high chance of
getting multilamellar liposomes. This is simply because multilamellar vesicles are more energetically
favourable than unilamellar vesicles[36]. Additional energy must be added to the system, often in the
form of sonication in order to create unilamellar vesicles.

7

2.3.

Properties of detergent micelles

2.3.1. DDM
n-dodecyl--D-maltoside (DDM) is a part of a group of glucoside based surfactants that have a
glucose head group and a carbon tail group. DDM is non-ionic, and consists of two glucose rings as a
head group and a 12-carbon tail. The head group is rigid and gives DDM many of its properties. It is
also important to notice that n-dodecyl--D-maltoside has very different properties from its anomer
n-dodecyl--D-maltoside, especially when it comes to aggregation.
DDM is typically used in protein studies[37], to characterise protein shapes and their interactions
with detergent. It is a gentle detergent for protein isolation[38], that does not aggressively
denaturate proteins when solubilising the membrane they are embedded in. It can also be used for
protein crystallisation[39].
DDM has a very low CMC of approximately 0.2 mM and creates micelles at very low
concentrations[12, 40]. Several studies have shown DDM create non-spherical micelles at low
concentration[13, 14, 41], suggesting an ellipsoidal shape as the most probable one for its
micelles[41, 42]. This shape is probable for a large range of concentrations and temperatures[40, 41],
and it is only at very high concentrations that DDM deviates from this form to create a hexagonal
phase[14, 40]. A reason for the high concentrations required for a phase shift could be the weak
intermicellar interactions that are mostly repulsive[41]. DDM could therefore reasonably be assumed
to keep the micellar phase for all temperatures and concentrations used in this thesis.
The aggregation number Nagg of the micelles seems to be concentration independent[41], and
another reason for the consistent micellar phase of DDM. The specific value of Nagg, however, varies
between studies using different methods. Nagg has been found to vary between 110 to 138. for
studies using SLS, SAXS, SANS and TRFQ methods[13, 41, 42]. For various reasons, the final values are
described as somewhat inaccurate and the actual aggregation number may lie somewhere in
between.

2.3.2. SDS
Sodium dodecyl sulphate (SDS) is a well-studied and widely used detergent. It is an anionic surfactant
with a sulphate head group and a 12-carbon tail. The ionic head group gives the surfactant many of
its interesting properties, and dictates its shape and behaviour under different conditions.
SDS has its first CMC at around 8 ∙ 10-3 M[43]. At this concentration SDS micelles have been
modelled as oblate ellipsoids[15, 16, 44], with an aggregation number calculated to Nagg = 170[16].
This shape holds true for SDS values close to the CMC at temperatures around 30 C[17], and the
micelles tend to be monodisperse.[15]
Due to the ionic nature of SDS there is repulsion between the head groups in a SDS micelle. That
makes the effective head group area of SDS quite large[45] and thus impacts the packing parameter
of SDS. The head group can be shielded by the addition of salts or other surfactants, in which case
they create longer worm-like micelles[15, 44-47]. However, though stable as ellipsoidal micelles at
and slightly above the initial CMC, at concentrations above 6.3 ∙ 10-2 SDS will reach its second CMC.
At the second CMC SDS will form elongated worm-like, or rod-like micelles[43]. These elongated
micelles tend to be far more polydisperse than the ellipsoidal micelles[15].
The break down and formation of SDS micelles was found to take between 10-4 to 10-1 seconds,
with micelles at concentrations of 200 mM creating the most stable micelles[48]. As previously
mentioned, SDS has a large ionic head group, which makes it less stable than non-ionic detergents
that do not have a similar repulsion between the head groups. The time of disintegration and
formation of a micelle is important to the micelle’s attributes such as its foaming, wetting,
8

solubilizing etc abilities. These abilities are important for SDS’ ability to break down liposomes, which
we will discuss in the next section.
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2.4.

Detergent induced solubilisation of lipid membranes

Solubilisation is the process of breaking down larger structures, in our case liposomes, into smaller
thermodynamically stable structures[49-51]. This is typically done by the incorporation of
amphiphilic structures, such as detergents. Solubilisation is a complicated, multi-step process where
many factors such as pH, temperature and lipid or detergent concentration can change the rate or
mechanism of solubilisation[50]. The detergents partitions into and solubilises lipid bilayers due to
the entropy of mixing. Smaller and more plentiful aggregates also make for a more disordered
system and entropy is thus additionally increased[23].
Solubilisation processes are an interesting field of study due to detergents use in protein purification
[1, 5, 6]. Biological membranes contain proteins that can be extracted for study by detergents, for
example for crystallisation[6] and further characterisation. The proteins may require specific
environments for functioning optimally and may otherwise fold into different conformations
depending on their environment[52]. Depending on the further usage of the protein, different kinds
of detergents will have to be used[53]. Investigations into the most appropriate detergents to use for
the solubilisation of liposomes for protein extraction is very dependent on the interaction between
detergent, lipid and protein and such investigations to a large degree must be done empirically.
Solubilisation processes can be studied by many different methods, all having their drawbacks and
strong suits. Often what is measured is the transition from one phase to another, such as with
calorimetry[23], which measures the enthalpy of binding and allowing the onset of binding of
detergent to liposomes to be detected. NMR is also able to detect the onset of solubilisation from
the signal from micelles [23, 54]. For both these techniques the actual structure of the aggregates in
the mixtures is not detected, so much as the change in their phase. Chromatography techniques can
be used to investigate the results of different ratios of mixtures of detergent and liposomes [20] and
give insight into the end result of the solubilisation process, but not the mechanism that results in
solubilisation.
Measurement techniques such as equilibrium dialysis[22], fluorescence and tagging experiments[23,
55] are used to find the rate of detergent binding or the rate of exchange between the detergents
and liposomes. Equilibrium dialysis can be used to observe how much detergent is bound after a set
amount of time, or which forms of detergent are effective for binding, but does not give any insight
into the mechanisms of binding otherwise. Fluorescence measurement can be used as a supplement
to turbidity measurements to check if solubilisation has taken place.
Light scattering measurements are often used interchangeably with turbidity measurements to
observe both the onset and finalisation of solubilisation[22, 56]. DLS for example can be used to
observe the change in particle size from micelles to mixed micelles. However, light scattering
measurements only give information on the size of the particles in the solution, and do not give the
insight into the internal structure of the particles like X-rays do.
Turbidity measurements are commonly used to detect solubilisation [23]. Turbidity measurements
measure the light scattering from a solution, larger particles will scatter more, and smaller particles
will scatter less. This means that when solubilisation is complete the solution will scatter far less than
initially, because of the smaller size of the mixed micelles compared to liposomes[57]. However,
turbidity measurements are mainly sensitive to the large particles, i.e the remaining parts of the
vesicles in solution, which may delay the assessment of the solution as solubilised. Also, what is
detected is only the solubilisation, not the current shapes nor intermediates in the solution.

2.4.1. Drivers of solubilisation
Many of the attributes that were previously discussed as drivers of aggregation for micelles and
liposomes are also responsible for the solubilisation of liposomes. The packing of the detergents and
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liposomes will contribute to making the liposome unstable, the entropic drive for smaller structures
contributes to solubilisation and the hydrophobicity of the detergent will decide how quick the
solubilisation is and by which mechanism it occurs.
As previously discussed, the packing parameter of a molecule influences which aggregate it forms.
While lipids form liposome due to their bulky tail group, detergents form micelles that are smaller
and have a higher spontaneous curvature. When a wedge-shaped detergent inserts into the lipid
bilayer of a liposome the difference in their optimum packing geometry makes the liposome
unstable, forcing them at a point to take up a shape with the weighted average curvature of the
detergent and lipid[23]. Depending on how the detergent distributes throughout the membrane,
there may also be a mass imbalance between the inner and outer leaflet of the bilayer[58], further
making the liposome unstable and facilitating solubilisation.
The hydrophobic and hydrophilic character of the surfactant plays a central role in the efficiency of
the solubilisation process. This hydrophile-lipophile balance can be described using a HLBnumber[59]. An HLB number can be considered a system for describing the balance between the
strengths of the hydrophilic and hydrophobic parts of the detergent and can be considered an aid in
deciding which emulsifying agent to use for which purpose. High HLB numbers (>16) indicate a
hydrophilic surfactant, while low HLB (<10) numbers indicate a lipophilic surfactant[50].
HLB numbers may be found by conducting solubilisation experiments with the surfactant mixed with
varying ratios of other surfactants with known HLB numbers. It is also possible to compare the
solubilisation power of a surfactant with the mixture of two other surfactants with known HLB,
varying the ratios till one gets the desired behaviour[59]. Other methods include measuring the
change in volume after solubilisation for the water and oil to obtain a volumetric distribution
coefficient KV. This can give ballpark figures for HLB. Finally, it is also possible to measure the
dielectric permittivity of the oil ε. HLB is higher for lower ε, and lower for higher ε and this could
again give a ballpark of the HLB number.
A central condition for solubilisation is the ability of a detergent to form micelles. This ability both
indicates a certain degree of hydrophobicity, and the micelles themselves can take part in the
process of solubilisation [60]. A very hydrophilic detergent in an aqueous solution will neither create
micelles nor desire to incorporate into a liposome. It is therefore unable to solubilise liposomes. A
hydrophobic detergent on the other hand will prefer to incorporate into the bilayer, instead of
creating micelles, and while it may deform the liposome and create new structures such as cylinders,
it will not be able to dissolve the bilayer. A detergent of suitable hydrophobicity creates micelles,
inserts the liposome bilayer, saturates it with increasing concentration and thus perforates it due to
mass imbalance and forms mixed micelles at high concentrations of detergent. When a mixed micelle
is formed, the hydrophobicity of the tail group further drives the solubilisation by driving to fill the
void at the centre of the micelle[1, 23, 61, 62]. This is called the void energy, and the presence of
water in the centre of the micelle is very energetically unfavourable.
2.4.2. The effect of lipids and temperature
When considering the solubilisation of lipid bilayers, an important factor deciding the ease of
solubilisation is whether the bilayer is in a liquid-crystalline phase or a gel-phase[23]. This phase
difference is often decided by temperature.
As has already been discussed, the difference in spontaneous curvature between the lipid bilayer and
inserted detergent will cause instability and solubilisation of liposomes. When dealing with an
already liquid-crystalline system, an increase in temperature leads to a more negative spontaneous
curvature for the phospholipid and thus more detergent is required to solubilise the lipid bilayer. In
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addition, the hydrocarbon moiety of the detergent increases as well, meaning it becomes less conical
and more of it is required to induce a difference in spontaneous curvature large enough to solubilise
the system.
The opposite can be said to be true about the gel state[63]. Less detergent is needed to solubilise a
membrane in the get state because the spontaneous curvature is less negative. While in the gel
phase, the concentration of detergent that is required to solubilise a membrane decreases as the
temperature increases. It is suggested that the liquid crystalline structures are more flexible and can
accommodate a greater amount of detergent in the bilayer. The general features of a phospholipid
that increase the difficulty of solubilisation are: The increase in the disorder of the lipid, an increase
in unsaturation, and to a small degree, a decrease in the chain length of the hydrocarbon chain[63].
Finally, the void energy may change with temperature. As the spontaneous curvature difference
decreases with temperature, and thus the bending energy also, the interstitial energy will increase.
The temperature dependence of the bending energy and the interstitial energy is opposing. When in
gel state the contribution from the void energy becomes more significant, again possibly because
lipids in a crystalline-liquid phase are more flexible. Thus, as the temperature in the gel state
decreases the void energy increases and a greater amount of detergent is required to solubilise the
lipid bilayer.

2.4.3. The three-stage model

Figure 4: An illustration of the three-stage model.

The solubilisation of liposomes by detergents is commonly described in terms of a three stage model,
first suggested by Helenius and Simons[1, 6, 18, 22]. It describes the mechanism of solubilisation of
liposomes as the concentration of detergent is increased.
The three stages of the model are characterised as follows:
• Stage one: Insertion of detergent into the lipid bilayer. The vesicle structure remains
relatively unperturbed.
• Stage two: The lipid vesicles are saturated by the detergents and mixed micelles consisting of
lipids and detergent start to form. This is also referred to as the coexistence stage since we
have both mixed micelles and mixed bilayers in solution.
• Stage three: The vesicles are completely solubilised. The only phase in solution is the mixed
micelles, and with time there can be exchange between the micelles that can cause changes
in micelle sizes.
Two ratios Resat and Resol are used to define the effective detergent:lipid ratio, that is the ratios in the
mixed aggregates, at the onset of solubilisation and at completion of solubilisation, respectively[18,
19, 54]. Similarly, there is a concentration Dwsat and Dwsol for the concentration of non-mixed
detergent at these times.
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The ratio of lipid in a bilayer can be given by
𝑅𝑒 = 𝐷𝑏 /𝐿

Equation 11

Where Db is the detergent in the bilayer, and L is the total lipid concentration. We can also define an
ReC a critical ratio at which spontaneous phase shift from a lamellar to a micellar phase takes
place[64]. ReC is linearly dependent on DTc , the total critical detergent concentration, which itself is
linearly dependent on the L, the lipid concentration. This dependence on L can be described by the
following equations
𝐷𝑇𝐶 = 𝑏 + 𝛼𝐿

Equation 12

𝐷𝑇𝐶 = 𝛼(𝑎 + 𝐿)

Equation 13

And

There are two ways of characterising ReC, both making several of the same assumptions: Firstly, lipids
exist in bilayers only, with hardly any lipid monomers existing in solution. Secondly, as solubilisation
occurs detergents do not exist as pure detergent micelles, only embedded in the liposome or as
mixed micelles. And thirdly, the molar concentration ratio of lipid to detergent decides the
aggregational state of the lipid/detergent system, if it exists in a lamellar or mixed micelle state. If
the ratio is higher than ReC, we get solubilisation.
Here the methods differ in assumptions: Method one assumes DwC = CMC, meaning that the critical
detergent concentration in solution is equal to or very close to the CMC. The concentration in the
bilayer is then given by
Dcb = Dc𝑇 − cmc

Equation 14

Where Dcb is the critical concentration of detergent in the bilayer and DcT is the total concentration of
detergent in solution. The ReC is then given by

𝑅𝑒𝐶 = (𝐷𝑇𝑐 − 𝐶𝑀𝐶)/𝐿

Equation 15

Where 𝐷𝑇𝑐 it the critical total concentration of detergent. Thus 𝐷𝑇𝐶 = 𝐶𝑀𝐶 + 𝑅 𝐶𝑒 𝐿, and using
Equation 14 we then get the slope  equal to ReC and b equal to the CMC.
In method two, we assume an equilibrium partition between the bilayers and the aqueous medium.
Rewriting the definition of Re we get
𝐷𝑏 = 𝑅𝑒 𝐿

Equation 16

The partition coefficient, K, describes the partitioning of the detergent between the lipid bilayer and
the aqueous solution. We know that the partition coefficient K is given by
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𝐾=

𝐷𝑏
− 𝐷𝑤
𝐿

Equation 17

We can then rewrite K to
𝐾 = 𝑅𝑒 /𝐷𝑤

Equation 18

𝐷𝑤 = 𝑅𝑒 /𝐾

Equation 19

And

We know that the total detergent concentration is given by the sum of that which is in solution, and
that which is in the bilayer

𝐷𝑇 = 𝐷𝑤 + 𝐷𝑏

Equation 20

1
𝐷𝑇 = 𝑅𝑒 (𝐿 + )
𝐾

Equation 21

And finally we get that [64]

The critical detergent concentration reaches a critical value DTC when the ratio reaches ReC . This is
given by
𝑅𝑒𝑐 =

𝐷𝑇𝑐
⁄
1
(𝐿 + 𝐾 )

Equation 22

Using Equation 15 we then get the slope alpha to be Rec and the intercept a is equal to 1/K.
Studies that attempt to find and calculate Re confirm the three stage model [33-35], but the specific
mechanism of solubilisation remains individual to the mixture of lipids and detergents used. A 1988
study[34] found no structural change in the membrane, but a large change in its porosity during the
first stage of solubilisation. A 2017 computational study on the other hand, finds that the insertion of
detergents can already in the first stage of solubilisation disturb the surface shape of the liposome by
the creation of ripples and invaginations[19]. The partitioning that occurs in stage one is overall
believed to be quite rapid[18]. The repartitioning of detergents across the bilayer, however, can be a
slow process, as discussed in the next section.

2.4.4. Speed/rate of solubilisation
One important pathway for the repartitioning of detergent (or lipid) from one leaf of the bilayer to
the other is the flip-flop mechanism. Flip-flop of detergent involves the detergent to move from the
outer leaf of the bilayer to the inner leaf.
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Figure 5: Flip-flop mechnaism for a detergent.

Flip-flop through a membrane in this way requires energy, as a hydrophilic head group must pass
through the tail region of the bilayer. A detergents ability to do so is largely dependent on how
hydrophilic its head group is, and the efficiency of solubilisation of a liposome can depend on the
rate of flip-flop for the detergent[1, 5, 22]. Both of the detergents used in this study, SDS and DDM,
have very hydrophilic head groups, with HLB of 40 [50] and 13.35 [65] respectively, and flip-flop is
thus slow[22].

Figure 6: An illustration of the suggested mechanism of fast solubilisation.

Figure 7: An illustration of the suggested mechanism of slow solubilisation.

The three stage model distinguishes between fast and slow solubilisation, depending on the
detergents ability to flip-flop[18, 19]. A detergent that can quickly partition across the membrane
may cause pore formations and ruptures in the vesicle more easily, exposing the inner leaflet of the
bilayer to more detergent insertion, as illustrated in figure six. Detergents that flip-flop slowly or not
at all should work by saturating the outer leaflet causing an increase in the curvature of the outer
bilayer which then leads to the extraction lipids through the “shedding” of mixed micelles as shown
in figure seven[18]. Due to their slow flip-flop, both DDM and SDS which are used in this study are
slow solubilising detergents[18, 54, 60].
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2.5.

General scattering theory

All scattering techniques make use of the constructive and destructive interference between waves
to obtain structural information about a sample. The theories of interaction between an incoming
beam and a scatterer apply to all scattering techniques, and in the following section the fundamental
principles and equations for understanding scattering phenomena are outlined.

Figure 8: A planar wave interacting with an electron creating a spherical
wave, and an illustration of the momentum transfer between the incoming
and scattered wave.

In a scattering event an incoming plane wave interacts with and exerts a force on a point scatterer.
The incoming wave is scattered spherically by the point scatterer, and the strength of the interaction
between the scatterer and the wave is decided by the type of radiation used. In the case of neutrons
there will be an interaction between the atom nuclei of the scatterer and the neutrons, while for Xrays there is an interaction with the electrons of the atoms. This interaction potential is in both cases
characterised by a scattering length, b. For electrons the scattering length is the classic electron
radius, giving rise to Thomson scattering. The Thomson scattering length is given by

𝑟0 =

𝑒2
= 2.82 ∙ 10−5 Å
4𝜋𝜖0 𝑚𝑐 2

Equation 23

Using the area of a circle we then know that the scattering length cross section is given by
𝜎 = 4𝜋𝑏 2

Equation 24

In scattering experiments, the incoming and outgoing radiation is assumed to be equal, in other
words, the scattering is assumed to be elastic. The inelastic scattering is assumed to be so small that
it has a negligible effect on the background scattering. The magnitude of the incoming and outgoing
wave vector is therefore the same, and given by
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⃗⃗⃗𝑖 | = |𝑘
⃗⃗⃗⃗𝑠 | =
|𝑘

2𝜋
𝜆

Equation 25

with 𝜆 being the wavelength of the incoming and outgoing waves. The momentum transfer, the
difference between the incoming and outgoing wave vectors, is given by the vector q, as illustrated in
figure eight

𝑞 = ⃗⃗⃗
𝑘𝑖 − ⃗⃗⃗⃗
𝑘𝑠

Equation 26

q is often also called the scattering vector. Through simple trigonometrical considerations, we can
find the magnitude of q

𝑞=

4𝜋
𝜃
∙ sin ( )
𝜆
2

Equation 27

where θ is the scattering angle. Besides the wavelength the equation is unitless, and we therefore
see that the q vector is inverse to the length. This means that the higher values for q show smaller
real-world scales.

Figure 9: The above illustration shows how the phase difference is derived.

The amplitude of the incoming plane wave at a position 𝑅⃗ is described by

𝑎𝑖 (𝑅⃗ ) = 𝑎0 ∙ 𝑒 𝑖𝑘𝑖∙𝑅⃗

Equation 28

where ki is as previously defined and A0 is the classical wave amplitude. When this amplitude is
scattered, the outgoing wave amplitude at a position D will be [66]
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⃗ ) = 𝑎0 𝑒 𝑖𝑘𝑖∙𝐷⃗ ∙
𝑎𝑠 (𝐷

𝑏
⃗
|𝐷 |

Equation 29

This is the amplitude from a single scatterer. Both the incoming and scattered wave are illustrated in
figure eight. Of course, in an actual sample we are considering the total amplitude from all the
scatterers in the sample and their interactions. As the incoming wave is scattered at several different
points, there is a difference in the distance the scattered waves must travel to the detector. There is
therefore also a difference in the phase of the scattered wave when they reach the detector, given
by
𝜑 = ⃗⃗⃗⃗
𝑘𝑠 (𝑟⃗𝑗 − ⃗⃗⃗
𝑟𝑘 ) − ⃗⃗⃗
𝑘𝐼 (𝑟⃗𝑗 − ⃗⃗⃗
𝑟𝑘 ) = 𝑞 (𝑟⃗𝑗 − ⃗⃗⃗
𝑟𝑘 )

Equation 30

The origin of the phase difference is illustrated in figure nine. The phase difference is what creates
destructive and instructive interference between the outgoing waves, which is what results in a total
outgoing amplitude which varies with the vector Q.
As the scatterers are far smaller than the incoming radiation, the chance of a wave scattering
multiple times is vanishingly small. We can therefore approximate that there are no secondary
scattering events in the sample. Following the Born approximation, we assume therefore that no
scattering in the sample is dependent or influenced by the presence of other scatterers.
Accounting for the phase difference, and assuming that the Born approximation is valid, the
amplitude can be calculated as superpositions of all the different volume elements contributing [67].
As a result, the total scattered amplitude can be written as
𝑛

Equation 31

⃗ , 𝑞 ) = ∑ 𝑎𝑗 𝑒 −𝑖𝑞⃗∙𝑟
𝐴𝑆 (𝐷
𝑗=1

where 𝑎𝑗 is the scattering amplitude from scatterer j, and the factor 𝑒 −𝑖𝑞⃗∙𝑟 accounts for the phase
difference with 𝑟 being the distances from an arbitrary origin to j. The amplitude is given as a Fourier
series, indicating where the scatterers are positioned in reciprocal space. To get the positions of the
scatterers in real space an inverse Fourier transformation of the amplitude can be done.
When doing a scattering experiment, the measured value is the intensity, not the amplitude. The two
are related in the following way (using the equation for the scattering amplitude of a single scatterer,
𝑎𝑗 )
𝑛

𝐼𝑠 (𝑞 ) =

⃗ )𝐴𝑆∗ (𝐷
⃗)
𝐴𝑆 (𝐷

𝑎02
= 2 ∑ 𝑏𝑗 𝑏𝑘 𝑒 −𝑖𝑞⃗∙𝑟⃗⃗⃗⃗⃗⃗𝑗𝑘
𝐷

Equation 32

𝑗,𝑘=1

where the term

𝑎02
𝐷2

is an instrumental constant, and 𝑟⃗⃗⃗⃗
𝑟𝑘 . Seeing as the intensity is given by
𝑗𝑘 = ⃗𝑟𝑗 − ⃗⃗⃗

the complex conjugate of the amplitude, the imaginary component of the amplitude disappears. The
intensity will then only depend on the position and scattering power of the scatterers. This is
described as the phase problem in scattering, where we can determine the magnitude of the
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amplitude, but not its phase. This makes it impossible to directly determine the exact placement of
the scatterers in the sample, so other indirect methods must be used.
Usually, to give the intensity on an absolute scale, it is given as the differential scattering cross
section of the sample per unit solid angle. It is also usually normalized to give a unit of inverse
volume, giving a final expression as
𝑛

𝑑Σ
1 𝑑𝜎 1
(𝑞 ) = ∙
= ∑ 𝑏𝑗 𝑏𝑘 𝑒 −𝑖𝑞⃗∙𝑟⃗⃗⃗⃗⃗⃗𝑗𝑘
𝑑Ω
𝑉 𝑑Ω 𝑉

Equation 33

𝑗,𝑘=1

where 𝑑𝜎 is the flux of scattered radiation, 𝑑Ω is the unit of solid angle and V is the volume.
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2.6.

Small Angle X-ray Scattering

Figure 10: A simple sketch of the SAXS set up.

Small Angle X-ray Scattering (SAXS) is an experimental technique that requires little preparation of
the sample, and that is very popular for use with biological samples. With SAXS measurements it is
possible to gain insight into both the molecular structures and the more macroscopic properties of a
particle. As the angle of a SAXS experiment becomes larger, the structures observed become smaller.
The scattering length of an atom has already been explained, but a more useful way of describing the
scattering power of a sample in small angle scattering is the scattering length density. Scattering
length density (SLD/) describes the density of scattering units in a volume and is calculated as a sum
of the scattering lengths divided by the volume they occupy. The scattering length density 𝜌(𝑢
⃗ ) of a
single particle of volume V is given as

𝜌(𝑢
⃗)=

1
∑ 𝑏𝑗 (𝑢
⃗)
𝑉

Equation 34

𝑗

where (𝑢
⃗ ) describes an intra-particle distance. The scattering length density does away with the
need to summarize the scattering length of every single atom in a sample.
Another expression that is useful is the contrast, or the excess scattering length density . Here the
scattering length of the background, usually a solvent in our case, is subtracted from the scattering
length of a sample, say, a nanoscopic particle.
Δ𝜌(𝑢
⃗ ) = 𝜌(𝑢
⃗ ) − 𝜌𝑠

Equation 35

s is the scattering length density of the solvent. Our samples will often have a discontinuous SLD,
where certain parts of the particle will have higher scattering power. SLD contrast between different
parts of a sample is often included in models for describing scattering curves.
The expression for contrast can be used in the expression for the total scattering amplitude

𝐴𝑠 (𝑞) = ∫ Δ𝜌(𝑢
⃗ )𝑒 𝑖𝑞⃗∙𝑢⃗ 𝑑𝑢
⃗
𝑉
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Equation 36

where V indicates the sample volume and 𝑒 𝑖𝑞⃗∙𝑢⃗ is the phase factor. Accordingly, Δ𝜌 can be included
in the expression for the differential scattering cross section

𝑑Σ
(𝑞 ) = ∬ Δ𝜌 (𝑢
⃗ )Δ𝜌(𝑣 )𝑒 −𝑖𝑞(𝑢⃗−𝑣⃗) 𝑑𝑢
⃗ 𝑑𝑣
𝑑Ω
𝑉𝑃

Equation 37

The vectors 𝑢
⃗ and 𝑣 are distances within the particle, while VP is the volume of the particle. We can
also extend the expression for the differential scattering cross section to include a sample of N
particles located at a distance r from the origin

𝑑Σ
(𝑞)
𝑑Ω

Equation 38

𝑁

𝑁

𝑖=1

𝑗=1

1
= (∑ 𝑒 𝑖𝑞⃗∙𝑟⃗⃗⃗𝑖 ∫ Δ𝜌(𝑢
⃗ )𝑒 𝑖𝑞⃗∙𝑢⃗ 𝑑𝑢
⃗ ) (∑ 𝑒 𝑖𝑞⃗∙𝑟⃗⃗⃗𝑗 ∫ Δ𝜌(𝑣 )𝑒 𝑖𝑞⃗∙𝑣⃗ 𝑑𝑣 )
𝑉
𝑉𝑃
𝑉𝑃

For all scattering techniques contrast is imperative for a good measurement. Higher contrast will
make it easier to distinguish features in the sample, and a higher SLD compared to the background
will also lead to a higher measured intensity.
In this thesis, the samples and systems studied are all in solution, meaning that the scattering that is
measured gives us an average of all orientations in the sample. The differential scattering density can
then be rewritten to account for this, by using the scattering vector |𝑞 | instead of 𝑞 to give a circular
scattering pattern

𝑁

𝑑Σ
1
(𝑞 ) = (∬ Δ𝜌(𝑢
⃗ )Δ𝜌(𝑣 )𝑒 𝑖𝑞⃗∙(𝑢⃗−𝑣⃗) 𝑑𝑢
⃗ 𝑑𝑣 ) (∑
𝑑Ω
𝑉
𝑖=1

𝑉𝑃

Equation 39

𝑁

∑𝑒

⃗⃗⃗𝑗 −𝑟
⃗⃗⃗𝑖 )
𝑖𝑞⃗∙(𝑟

)

𝑗=1

It is also easily assumed that the sample is isotropic if the particles do not have any particular
structural pattern that is directionally dependent, giving only a q rather than a 𝑞 dependency of the
scattering cross section. Rewritten on this from, the scattering cross section is determined by two
significant factors: the first factor including the scattering length densities is the form factor F(q), and
it contains structural information about the particle like its size and its shape. For simple shapes, such
as cylinders and spheres, the form factor is easily analytically derived.
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Figure 11: A selection of form factors, for discs, spheres, ellipsoids and cylinders.

The second factor is known as the structure factor S(q), and it describes the intra-particular
interactions, for example if there is any ordering of mesoscopic particles in the system. For example,
if the particles repulse each other, this will give a characteristic separation between the particles in
the sample. It can be found analytically or numerically in some cases, or experimentally by dividing
the intensity with the form factor assuming that the form factor is constant [68]. For very dilute
systems the S(q) → 1, meaning that the particles are already too far apart in the sample for any
interaction or ordering of the particles in the sample to occur. The scattering will then only be
dependent on the form factor and contrast.
With the structure factor defined as S(q) and the form factor defined as F(q), the differential
scattering cross section can be written as

𝑑Σ
𝑁
(𝑞) = 𝑉𝑃 〈Δ𝜌〉2 𝐹(𝑞)𝑆(𝑞)
𝑑Ω
𝑉

Equation 40

𝐹(𝑞) = ∬ 𝑒 𝑖𝑞⃗∙(𝑢⃗−𝑣⃗) 𝑑𝑢
⃗ 𝑑𝑣

Equation 41

where the form factor is given as

𝑉𝑃

and the structure factor is given as
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𝑁

𝑁

1
𝑆(𝑞) = = ∑
𝑁

∑𝑒

𝑖=1

Equation 42
⃗⃗⃗𝑗 −𝑟
⃗⃗⃗𝑖 )
𝑖𝑞⃗∙(𝑟

𝑗=1

Finally, the differential scattering cross section must be modified again when one wants to account
for the polydispersity of the sample. This is done by integrating the form factor over a normalized
distribution D(x), creating an average form factor for the sample

̅̅̅̅̅̅
𝐹(𝑞) = ∫ 𝐷(𝑥)𝐹(𝑞, 𝑥) 𝑑𝑥

Equation 43

where x is some sort of polydisperse variable, like the length or radius of the particle. The form factor
is smeared by polydispersity, making it harder to distinguish the real sizes and shapes of the system.
One additional change has to be made to the differential scattering cross section with regards to
polydispersity, accounting for that the amplitude no longer fulfils 〈|𝐴(𝑞̅ )|2 〉 ≠ 〈|𝐴𝑠 (𝑞̅ )|〉2. The
changed differential scattering cross section is then given by

〈|𝐴𝑠 (𝑞̅ )|〉2
𝑑Σ
𝑁
(𝑞) = 𝑉𝑃 〈Δ𝜌〉2 𝐹(𝑞) (1 +
(𝑆(𝑞) − 1) )
〈|𝐴(𝑞̅ )|2 〉
𝑑Ω
𝑉

Equation 44

When analysing data from a SAXS measurement, an analytical model must be most of the time. The
model approximates the scattering contributions from different parts of the sample, and by varying
the model parameters one can get an estimate of the sizes and shapes in the sample.
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2.7.

Models

To analyse the scattering curves of DMPC, SDS, DDM and their mixtures, several fit models were
used. For the modelling of the liposomal scattering curves a three-shell vesicle model was used,
while for the micellar scattering curves an ellipsoidal core-shell model was used, as well as a disc-like
core-shell model for the DDM micelles. For the liposome and micelle mixes a combined mixed
micelle and liposome model was used.

2.7.1. Basic scattering models
Two shapes are primarily used in our descriptions of our micellar and liposomal systems: The
spherical/ellipsoidal and the cylindrical. In this section we describe the differential cross section for
the shapes used in our models, and how we obtain a form factor for the models.
As previously explained, the differential cross section describes the scattering from a system. For
monodisperse particles with a uniform SLD throughout it is given by Equation 45.
Often, in a dilute system like ours, the interaction between particles is assumed to be low or nonexistent and the structure factor is therefore assumed to be 1. The relation between the form factor
and the amplitude for a sphere is then given by F(q) = A(q)2. The form factor of a homogenous sphere
is given by[69]
Φ1 (𝑞, 𝑅)
3[sin(𝑞𝑅) − 𝑞𝑅𝑐𝑜𝑠(𝑞𝑅)}
=
𝑞𝑅3

Equation 45

Figure 12: An illustration of the creation of the shell form factor. An empty form factor is subtracted from a spherical form
factor.

To model only a shell, the form factor of an “empty” sphere is subtracted from a larger sphere, as is
illustrated in figure 12. Mathematically this becomes a weighing of their volumes given by

Φ2 (𝑞, 𝑅) =

(𝑉(𝑅1 )Φ1 (𝑞, 𝑅1 ) − 𝑉(𝑅2 )Φ1 (𝑞, 𝑅2 ))
𝑉(𝑅1 ) − 𝑉(𝑅2 )

Equation 46

This model can also be generalized for spherical concentric shells that have different scattering
densities
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Equation 47

Φ3 (𝑞, 𝑅) = 1/𝑀3 [𝜌1 𝑉(𝑅1 )Φ1 (𝑞, 𝑅1 )
𝑁

+ ∑(𝜌𝑖 − 𝜌𝑖−1 )𝑉(𝑅𝑖 )Φ1 (𝑞, 𝑅𝑖 )]
𝑖=2

Where 𝜌𝑖 is the SLD of the given layer and M3 is the scattering mass of the particle given by
𝑁

Equation 48

𝑀3 = 𝜌𝑉(𝑅1 ) + ∑ 𝑉(𝑅𝑖 )(𝜌𝑖 − 𝜌𝑖−1 )
𝑖=2

For our ellipsoidal model the model for concentric spherical shells is modified for concentric elliptical
shells

𝜋/2

Φ4 (𝑞, 𝑅, 𝜖) = ∫
0

𝐹32 [𝑞, 𝑟(𝑅, 𝜖, 𝜃)]𝑠𝑖𝑛𝜃 𝑑𝜃

Equation 49

And 𝑟(𝑅, 𝜖, 𝛼) is given by
1

Equation 50

𝑟(𝑅, 𝜖, 𝜃) ≈ 𝑅(sin2 𝜃 + 𝜖 2 cos2 𝜃) 2
This elliptical form function must be calculated numerically.

The final form function relevant to our models is the form function for a disc-like micelle. Like the
ellipsoidal core-shell model, the disc-like model employs a different SLD for the head group and tail
group. For this specific model, the form factor for a cylindrical micelle was used

Φ5 (𝑞)
𝜋/2

=∫
0

Equation 51

𝜃
(2𝐽1 (𝑞𝑅𝑜𝑢𝑡 sin 𝜃) sin (𝐿𝑜𝑢𝑡 cos ))
2
[Δ𝜌𝑠ℎ𝑒𝑙𝑙 𝑉𝑜𝑢𝑡
𝜃
𝑞𝑅𝑜𝑢𝑡 sin 𝜃 𝐿𝑜𝑢𝑡 cos 2

− (Δ𝜌𝑠ℎ𝑒𝑙𝑙

− Δ𝜌𝑐𝑜𝑟𝑒 )𝑉𝑐𝑜𝑟𝑒

𝜃
(2𝐽1 (𝑞𝑅𝑐𝑜𝑟𝑒 sin 𝜃) sin (𝐿𝑐𝑜𝑟𝑒 cos 2 ))
𝑞𝑅𝑐𝑜𝑟𝑒 sin 𝜃 𝐿𝑐𝑜𝑟𝑒 cos

𝜃
2

2

] sin 𝜃 𝑑𝜃

This form factor is specific to a two-shell cylinder, with the scattering lengths defined for the shell
and the core. J1 signifies the Bessel function of the first order.
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2.7.2. Ellipsoidal core-shell model

Figure 13: A simple schematic illustrating the ellipsoidal core-shell model, where different coloours indicate different SLD.
The parametera indicated in the model make up the primary fitting paramaters, the primary axis R, the axial ratio ε and
head group size dR.

Three values are fitted using the ellipsoidal core-shell model, the primary axis R, the head group
length dR, and the axial ratio  that is used to calculate the size of the secondary axis. This ellipsoidal
model does not utilise a third axis.
Several values are fixed when fitting, and with that several assumptions are made. The micelles are
all assumed to all be ellipsoids, and to all have the tail in the core region of the micelle. The molar
mass, density, CMC and tail volume of the surfactant are all found in literature and used in the
model, along with the density of the solution. This information is used to calculate a number of
values that are all used to find the number of scatterers, a value that is used to model the intensity of
the scattering of the micellar system.
First the total volume of the surfactant is found in cm3

𝑉𝑡𝑜𝑡 =

𝑀𝑡𝑜𝑡
÷ 𝑁𝑎𝑣𝑜
𝐷𝑠𝑢𝑟𝑓

Equation 52

Vtot is the total volume of the surfactant, Mtot is the total molar mass of the surfactant in g/mole, Dsurf
is the density of the surfactant in g/cm3 and Navo is Avogadro’s number. The head and tail volume is
then found in a similar way, by dividing the mass of the head/tail group on its density, both gathered
from literature. The final value is then found by subtracting the second value from the total volume,
for example

𝑉ℎ𝑒𝑎𝑑 = 𝑉𝑡𝑜𝑡 − 𝑉𝑡𝑎𝑖𝑙

Equation 53

Which gives us the volume of the head group.
The aggregation number is calculated assuming a non-hydrated micellar core by taking the volume of
a liposome and dividing it by the volume of a single lipid. The model also accounts for the CMC, by
calculating a background of unaggregated scatterers equal to the CMC.
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Finally, the number of scattering micelles per scattering volume is found by subtracting the number
of free molecules from the total number of molecules which is calculated from the concentration and
dividing by the aggregation number:

𝑛𝑠𝑐𝑎𝑡𝑡 =

(𝑛𝑡𝑜𝑡 − 𝑛𝑓𝑟𝑒𝑒 )
𝑁𝑎𝑔𝑔

Equation 54

Where nscatt is the number of scatterers per cm3 and C is the concentration of surfactant.
Furthermore, values such as tail and head, the SLD of the tail and head group of the surfactant, are
calculated by dividing the electron density of the segment by its volume as explained in the section
about SLD. A similar calculation is done for the sol, the SLD of the solvent. The aggregation number is
also calculated by dividing the volume of the core by the volume of a single surfactant tail.

2.7.3. Disc-like core-shell model

Figure 14: A simple schematic of the disk-like micellar model, where different coloours indicate different SLD. The values
indicated in the model make up the primary fitting paramaters; R the radius of one ellipsoidal axis, L the length of the other
axis and dR as the length of the head group.

The disk-like core-shell model is utilised in fitting only the DDM micelles and their mixtures. The
model defines three fitting parameters, the inner radius R, the head group and the inner length L, as
illustrated in figure 2. The full length of the cylinder will then be given by

𝐿𝑜𝑢𝑡 = 𝐿𝑐𝑜𝑟𝑒 + 2𝑑𝑅

Equation 55

Where Lout is the outer length, and Lcore is the inner or core length. The full diameter is given by
𝑅𝑜𝑢𝑡 = 𝑅𝑐𝑜𝑟𝑒 + 𝑑𝑅

Equation 56

Where Rout is the outer radius and Rcore is the inner or core radius. The volumes of the core and outer
cylinder, respectively, are then given by

2
𝑉𝑐𝑜𝑟𝑒 = 𝜋𝑅𝑐𝑜𝑟𝑒
𝐿𝑐𝑜𝑟𝑒
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Equation 57

2
𝑉𝑜𝑢𝑡 = 𝜋𝑅𝑜𝑢𝑡
𝐿𝑜𝑢𝑡

Equation 58

𝑉𝑠ℎ𝑒𝑙𝑙 = 𝑉𝑜𝑢𝑡 − 𝑉𝑐𝑜𝑟𝑒

Equation 59

With the shell volume being

The fraction of tail in the core is given as a fixed value and in all our fits this value is set to one,
indicating no solvent in the core. It is then used to calculate the aggregation number for a micelle by
dividing the total volume of the core by the volume of the tail group.
The fraction of head group in the shell is calculated in the following way

𝑓𝑠 =

𝑁𝑎𝑔𝑔 ∙ 𝑉ℎ𝑒𝑎𝑑
𝑉𝑠ℎ𝑒𝑙𝑙

Equation 60

Where Vhead is the volume of a single detergent head. 1-fs would then give the fraction of solvent in
the shell. The calculations for the scattering length densities of the layers are then given by

Δ𝜌𝑐𝑜𝑟𝑒 = 𝑓𝑐 ∙ 𝜌𝑡𝑎𝑖𝑙 + (1.0 − 𝑓𝑐 )𝜌𝑠𝑜𝑙𝑣

Equation 61

Δ𝜌𝑠ℎ𝑒𝑙𝑙 = 𝑓𝑠 ∙ 𝜌ℎ𝑒𝑎𝑑 + (1.0 − 𝑓𝑠 )𝜌𝑠𝑜𝑙𝑣

Equation 62

Where solv is the SLD of the solvent.
There is also an additional smearing added to the model between the head group and the solvent,
and the head- and tail group given by

exp (−𝜎 2 𝑄 2 /2)

Equation 63

This adds Gaussian smearing between the layers. The value  must be far smaller than the thickness
of the layers for this modelling of smearing to work.[70] Our model defines the smearing between
the head group and solvent as o, and between head- and tail group as i. These are then multiplied
with the form factor for the shell and core respectively.

2.7.4. Three shell model
The modelling of the DMPC liposome scattering pattern was done according to a three-shell model,
also known as a three-slab model, for unilamellar vesicles (ULV).
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Figure 15: A schematic of a liposome modelled with a uniform SLD throughout the bilayer. The head groups are shaded with
dark grey and the hydrocarbon region is shaded light grey. The inner and outer radius are illustrated by the axes Ri and Ro
respectively.

Similarly to a uniformly scattering micelle, a very simple model of a liposome can be visualised as a
vesicle with a shell of uniform scattering length density, as given in Equation 46 and illustrated in
figure 14. The vesicles in this model are comprised of lipids with a uniform SLD, and the contrast
between head group and tail group does not significantly contribute to the scattering pattern.
However, the liposome is more commonly modelled according to the more accurate three-shell
model.

Figure 16: A simple schematic of a liposome modelled by the three-slab model, where the head groups and the tailgroups
get separate SLDs illustrated by the difference in colour of the two regions. The head groups are shaded red, while the
hydrocarbon region is shaded blue. The inner and outer head group thicknesses are illustrated with the axes indicating ti and
to respectively, while the hydrocarbon region is indicated with the axis Dc and the inner radius is indicated by the Ri axis.

As can be seen in figure 5, the three-shell model assumes that assumes a different SLD for the polar
head groups than for the hydrocarbon tail, as illustrated in figure 4. For a model consisting of M
shells we can use the formula given by Equation 47 for concentric shells, setting i = 3.
There are several refinements added to the model to better illustrate real world conditions. Solvent
is added to the head group area in a way similar to micelles. Two fractions are designated fwi and fwo,
for the fraction of solvent in the inner and outer head group layer.

𝑓𝑤𝑖 = 1 −

𝑉ℎ𝑒𝑎𝑑𝐿 ∙ 𝑁𝑎𝑔𝑔 ∙ 0.5
𝑉𝑡𝑖

Equation 64

𝑓𝑤𝑜 = 1 −

𝑉ℎ𝑒𝑎𝑑𝐿 ∙ 𝑁𝑎𝑔𝑔 ∙ 0.5
𝑉𝑡𝑜

Equation 65

Vti and Vto are the inner and outer slab total volumes. Here the fraction of the actual lipid head group
is subtracted from one, in order only to leave the fraction of solvent in the head group slabs. The
aggregation number is also multiplied by 0.5 seeing as only one envelope of the bilayer is considered
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at a time. The SLDs of the inner and outer strips will then be calculated by multiplying the SLD of the
solvent with the fraction of solvent, and adding the SLD of the head group multiplied with the
fraction of head group
The same Gaussian smearing as for micelles is applied to the liposomes. However, the amplitudes for
each strip of the liposome are calculated individually, and as such there is an individual  for each
strip in the model; c, ti and to for the hydrocarbon chain, inner and outer head groups
respectively, multiplied by the form factor for each respective shell.

2.7.5. Mixed micelle and liposome model
The mixed micelle and liposome model is based on the previously outlined models. For the mixtures
containing SDS and DMPC ellipsoidal micelles were modelled, while for the mixtures of DDM and
DMPC discs-like micelles were used.
What differentiates the mixed micelle models from the previous models are the SLDs and the
volumes used. To calculate the change in volume and SLD for the mixed micelles, fractions of lipids
and surfactants in the micelles and liposomes are calculated. First the fraction of lipids in the
liposomes is calculated. This is found by first calculating the number of lipids in the liposome
𝑛𝐿𝑖𝑝𝑖𝑑𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒
= (1 − 𝑓𝐿𝑖𝑝𝑖𝑑𝑀𝑖𝑐𝑒𝑙𝑙𝑒 ) ∙ 𝑤𝑓𝑙𝑖𝑝𝑖𝑑
𝐶
∙
𝑀𝐿 ∙ 𝑁𝐴𝑣𝑜 ∙ 1000

Equation 66

Where fLipidMicelle is a given fraction of the lipids in micelles, a fitted parameter. Wflipid is the weight
fraction of the lipid, C is the total concentration of both surfactant and lipids in the sample, ML is the
molecular weight of the lipid and NAvo is Avogadro’s number.
The same calculation is then done for surfactants

𝑛𝑆𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒

Equation 67

= (𝑓𝑆𝑢𝑟𝑓𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒 ) ∙ (1 − 𝑤𝑓𝑙𝑖𝑝𝑖𝑑 ) ∙

𝐶
𝑀𝑆 ∙ 𝑁𝐴𝑣𝑜 ∙ 1000

Where fSurfLiposome is the fraction of surfactant, which is again fitted, and MS is the molecular weight of
the surfactant.
The number of scatterers are then added to get the total number of scatterers in a liposome

𝑛𝑆𝑐𝑎𝑡𝑡𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒 = 𝑛𝐿𝑖𝑝𝑖𝑑𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒 + 𝑛𝑆𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒

Equation 68

We then calculate the fraction lipids in a liposome
𝑓𝐿𝑖𝑝𝑖𝑑𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒 =
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𝑛𝐿𝑖𝑝𝑖𝑑𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒
𝑛𝑆𝑐𝑎𝑡𝑡𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒

Equation 69

These fractions can then be used to calculate the SLDs and volumes of the head and tail-region of the
liposome. Both the volumes and the SLDs are calculated for what can be imagined as a
pseudomolecule of the surfactant and liposome together. The head, tail and total volume of the
liposomes are calculated separately. The total liposomal volume is given by

𝑉𝑡𝑜𝑡𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒 = 𝑓𝐿𝑖𝑝𝑖𝑑𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒 ∙ 𝑉𝑡𝑜𝑡𝐿 + (1 − 𝑓𝐿𝑖𝑝𝑖𝑑𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒 ) ∙ 𝑉𝑡𝑜𝑡𝑆

Equation 70

Where VtotL is the total volume of the lipid molecule, and VtotS is the total volume of the surfactant
molecule. The head and tail group volumes are calculated similarly, using the volumes for the lipids
and surfactants.
Then in a similar fashion the head and tail SLDs were calculated. The SLD for the head group of the
liposome is given by
𝜌𝐻𝑒𝑎𝑑𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒
𝑓𝐿𝑖𝑝𝑖𝑑𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒 ∙ 𝑉ℎ𝑒𝑎𝑑𝐿 ∙ 𝜌𝐻𝑒𝑎𝑑𝐿 + (1 − 𝑓𝐿𝑖𝑝𝑖𝑑𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒 ) ∙ 𝑉ℎ𝑒𝑎𝑑𝑆 ∙ 𝜌ℎ𝑒𝑎𝑑𝑆
=
𝑓𝐿𝑖𝑝𝑖𝑑𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒 ∙ 𝑉ℎ𝑒𝑎𝑑𝐿 + (1 − 𝑓𝐿𝑖𝑝𝑖𝑑𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒 ) ∙ 𝑉ℎ𝑒𝑎𝑑𝑆

Equation 71

Where VheadL is the volume of the lipid head group and VheadS is the surfactant head group. headL and
headS are the SLD of the lipid and surfactant head group, respectively.
These calculations are done completely analogously for the ellipsoidal and disc-like micelles in the
mixture, by defining a fraction of lipid in detergent and then defining the total volume of the micelle
and the volumes of its head groups and tail groups, as well as its scattering length densities.
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3. Method
Two kinds of solutions were prepared for the sample measurements; the liposome solution and the
micelle solution. This section outlines the preparation of these two solutions and their subsequent
handling for the SAXS measurements.

3.1.

Sample preparation

3.1.1. DMPC liposome preparation
The protocol for liposome preparation can be found on Avanti lipids’ website[71]. For the
preparation of the DMPC liposomes a rotary evaporator and a sonicator was used. The DMPC lipids
were purchased from Avanti Lipids. In addition, chloroform and methanol were used as a solvent,
both obtained from Sigma Alrich, as well as a tris buffer (pH 7.4) for the final solution. A mini
extruder from Avanti lipids with accompanying syringes, stand, filter supports and 50 nm
polycarbonate membranes were used for the extrusion of the liposomes.
Equipment such as round bottom flasks, Teflon tape, ethanol and clamps were used throughout the
preparation of liposomes as aids for attaching the round bottom flask or cleaning agent.

Figure 17: Simplified illustration of the liposome preparation method

Lipid vesicles are created by first measuring the desired concentration of lipids in a round bottom
flask and dissolving it in a 1:3 methanol:chloroform solution. Using a rotary evaporator, the lipid
solution is evaporated in a water bath at approximately 10C higher than the lipid melting
temperature. When all the solution is evaporated a thin film should be left on the bottom of the
round bottom flask. This solution is rehydrated at the same at the same temperature as before for
approximately one hour, using the desired buffer. The buffer used for our liposome solution was a
tris-buffer with a pH of 7.4. After rehydration, the solution is sonicated for approximately 15 minutes
and then extruded to the desired size. In our case the membrane used in the extruder contains 50
nm holes. The extruder is kept on a heating pad if the lipid melting point is above room temperature.
The sample was either immediately used for measurements or put in the fridge for later
measurements.

3.1.2. DDM and SDS micelle preparation
DDM and SDS were bought from Sigma Aldrich.
For booth SDS and DDM the preparation of micelles is the same. Only the detergent, buffer and
magnetic stirrer is required. The desired amount of detergent is measured out into a beaker, along
with the buffer. AS previously, the buffer used for the micellar solutions was a tris buffer with pH 7.4.
The micellar solution is then left to stir for approximately an hour with a magnetic stirrer. After
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mixing the solution was left to rest to make sure no bubbles were present. It was either used
immediately for measurements or be stored at room temperature.

Small Angle X-ray Scattering
All measurements were done using the Nanostar Small Angle Scattering instrument at the University
of Oslo Chemistry Department.
Typically, SAXS data is converted to the differential scattering cross section

𝛿Σ
𝛿Ω

from the scattering

intensity I(q)[72]. This makes it possible to compare SAXS data from different sources and makes it
possible to extract information from the data set more efficiently. Calibration of the differential
scattering section is done by comparing the scattering from a reference sample with the scattering of
the same sample from an already calibrated instrument. The instrument used in this thesis uses
glassy carbon as a reference sample. The empty cell is also measured.
If

𝛿Σ
is
𝛿Ω𝑠

given as the differential scattering cross section from the sample as measured by the local

instrument, and

𝛿Σ
is
𝛿Ω𝑠𝑡

(

the standard, the absolute intensity can be found by the relation

𝛿Σ
𝛿Σ
(𝐼𝑠 (𝑞) − 𝐵𝐺𝑠 ) (𝐼𝑠𝑡 (𝑞) − 𝐵𝐺𝑠𝑡 )
) (𝑞) = ( ) (𝑞)
÷
𝛿Ω 𝑠
𝛿Ω 𝑠𝑡
𝑑𝑠 𝑇𝑠+𝑐𝑒𝑙𝑙
𝑑𝑠𝑡 𝑇𝑠𝑡+𝑐𝑒𝑙𝑙

Equation 72

All factors donated s are values for the sample measured at the local instrument, while those
denoted st are the same values for the standard. I(q) is the scattered intensity of the sample, BG is
the background, d is the sample thickness and T is the sample transmission and standard in the cells.
This function gives us a scale factor with which to multiply the intensity with to obtain the differential
scattering cross section

𝑆𝑐𝑎𝑙𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 = (

𝛿Σ
(𝐼𝑠𝑡 (𝑞) − 𝐵𝐺𝑠𝑡 )
)
𝛿Ω 𝑠𝑡 𝑑𝑠𝑡 𝑇𝑠𝑡+𝑐𝑒𝑙𝑙

Equation 73

To ensure that there is an interaction between the components of mixed samples, the calculated
average of the interaction upon absence of interaction was compared to the scattering pattern of the
mixed detergent and liposome measurements. This entailed adding the measurements with the
corresponding final concentration together. For example, to obtain a scattering pattern without
interaction the scattering intensity of a 10 mg/mL sample was added to the scattered intensity of a 5
mg/mL liposome sample to obtain the equivalent scattering pattern of 20 mg/mL detergent and 10
mg/mL liposome solution mixed together.
Finally, after reducing the data, the scattering pattern was fitted using the models described in the
theory section. The software used for this was QtiKWS-10 (2018-09-11), developed by Vitaliy
Pipich[73]. Two different iterative numerical methods, as already implemented by the software, were
used for the fitting of the models; Nelder-Mead and Levenberg–Marquardt. While the Nelder–Mead
method can give a significant improvement in fit in few iterations, it can also get stuck making a very
large number of iterations with negligible improvements far from a minima[74]. The LevenbergMarquardt method on the other hand does not have this problem[75], but does however tend to
only find local minima. Both methods were used as a supplement to each other.
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4. Results and discussion
Here the results from the SAXS measurements and their fits are presented and discussed. The fits
have been achieved using the models described in section 2.7, and det behaviour of the detergents
and lipids will be discussed using the theories presented in chapter 2.1 through 2.4.

4.1.

Characterisation of neat vesicle and micellar solutions

To be able to say conclusively whether there are interactions between the components in a mixture
one must compare the mixed measurements with individual measurements.

4.1.1. DMPC
When considering the scattering pattern from a liposome, there are three principle areas we extract
information from: Firstly, at low q we see the size of the liposome. Secondly, at the peak we see the
scattering from the liposome bilayer, and thirdly, the minima is sensitive to the contrast and the
individual size.
DMPC was measured at 25 and 20C and at a concentration of 5 mg/mL. The sample was measured
for an hour. The measurements were fitted by use of a three-shell model, as explained in theory
section 2.7.4.

Figure 18: Charachterisation and fit of 5 mg/mL at 25 and 20C.

In figure 18 we compare the 5 mg/mL measurements of DMPC at both temperatures. The three-shell
model fits both the scattering patterns reasonably well. We see clearly that there is a difference in
the slope of the scattering pattern for the two measurements at low q, with the measurement at
20C having a steeper incline than the measurement at 25C. This may be due to the phase transition
of DMPC from a lamellar gel phase to liquid crystalline lamellar phase, which occurs at approximately
24C[76]. In a phase transition from a gel phase to a liquid crystalline phase we expect to see changes
in the fit parameters that are governed by the density and the flexibility of the bilayer, and these will
be the main focus of the discussion here
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First and foremost, a transition to a crystalline-liquid structure causes a higher volume of the
liposome overall[30]. This should be visible through a slight increase in radius and lipid volume for
the 25C measurement. The liposomes were extruded through a membrane with 500 Å pores.
Therefore, the initial assumption was that the liposomes would not have a radius much larger or
smaller than 250 Å. The 25C measurement gives a radius of approximately 270 Å, while the 20C
gives a radius of approximately 250 Å, consistent with the volume increase of a phase shift. The total
lipid volume also increases for the 25C measurement, but the lipid head volume seems to decrease
somewhat.
The increased volume of the liposomes is partially possible due to lateral expansion of the lipids. This
will lead to thinning of the bilayer for higher temperatures, which should be observable in the fits for
the bilayer parameters. This is, however, not the case. Both the 25C and the 20C have a total
bilayer thickness of approximately 40.5 Å, with the micelle core being approximately 0.5 Å longer in
the case of the 25C measurement, and the outer head group being approximately 0.5 Å thicker for
the 20C measurement. This aligns with the previously mentioned larger head group for the lower
temperature measurement.
Finally, with a phase shift the bilayer becomes more flexible and permeable. We therefore also
expect a higher fraction of water, in the outer head group especially, for the more disordered phase.
The fraction of water is calculated from other fitted values, such as head group size and smearing,
and is therefore a unphysical negative value for the inner head groups. However, the error exceeds
the value of the negative head group fraction. Both temperature measurements do however have a
high degree of water in the outer head group, at approximately 40% water. The value is slightly
higher for the lower temperature group, the opposite of what is expected.

4.1.2. SDS
All measurements of SDS are modelled with an ellipsoidal two shell model, a well-used and usually
very accurate model for the fitting of SDS-micelles.

Figure 19: Characterisations of SDS at various concentrations at 20 and 25 C.

The above figure (figure 19) shows the measurements of different concentrations of SDS at 20 and
25C. For all measurements a good fit is achieved with the ellipsoidal two-shell model. For the 2.5
mg/mL measurement of SDS, however, the data points are quite diffuse, and a poorer fit is achieved.
The CMC of SDS is approximately 8 ∙ 10-3 M[43, 77], or 2.3 mg/mL at both 20 and 25C, however, this
value can change with the addition of salts or other additives[78]. All our samples use a tris-buffer as
a solvent. The ions in the solvent may aid in either screening or enhancing the electrostatic repulsion
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between the anionic head groups of the SDS molecules in the micelle. Therefore, the use of trisbuffer as a solvent for our samples may possibly alter the CMC and lead to no micellar formation at
this concentration and temperature, which will give only the monomer scattering and thus a diffuse
scattering pattern.
When modelling an ellipsoidal micelle at least two axes have to be modelled. The main axis will be in
the size order of 23-31 Å depending on temperature, pH, concentration and method of
measurement, while the secondary axis is given in the size range of 16.3-18 Å.[16, 17, 44]
Realistically, a secondary axis cannot be longer than 16.7 Å long[79], as it does not include the SDS
head group but only the twelve carbon tail which has been measured to 16.7 Å at full extension. The
head group length lies between 4.4-6.9 Å, again depending on concentration, pH, etc. It must be
remarked that since SDS creates near-spherical micelles, the size of the micelles is relatively
concentration independent.[26]
For all measurements at 20C, the axial ratio and size of the micelles stay the same, at approximately
1.5 and 14.4 Å respectively. This means that our secondary axis is fitted somewhat shorter than the
literature values of 16.3-18Å. The same can be said for the primary axis. With 1.5 as the axial ratio,
the primary axis according to our model lies around 20.4-21.8 Å, on the shorter end and a little below
the literature values.
On the other hand, the head group sizes at this temperature are a little bigger than the literature
values of 4.4-6.9 Å, lying between 7.5-5 Å. This may again be because of the tris-buffer, or because
our model overestimates our head group sizes and underestimated the tail group size.
The slightly larger head group may offset the slightly smaller values for the primary and secondary
axes of the micelle. When looking at the total diameters for the micelles, our values will fall between
50.8-58 Å for the primary diameter and 42-44 Å for the secondary diameter. Calculating the same
diameters using the most extreme values from the literature gives a primary diameter between 54.875.8 Å, and a secondary diameter between 41.4-49.8 Å. This means that though our micelles may
have a slightly skewed head/tail ratio, they are still mostly within the sizes of the literature values.
This also confirms that the micelles are largely concentration independent. The only micelles that
deviate are those for the lowest concentration measurement, that are as already mentioned a poor
fit to the data.
The fitting parameters for the measurements at 25C to a large degree coincide with the fitting
parameters for the measurements at 20C. The measurements at 25C have axial ratios that lie at
approximately 1.5 and a primary axis around 14 Å. The head group is also slightly larger than
literature values at 7-5.6 Å. In short, both temperature measurements deviate from the literature
values as in the same way.
The only measurement that deviates from the usual parameters for 25C is the measurement at 5
mg/mL. The 5 mg/mL measurement has an axial ratio of 1.6, a primary axis of 15.4 Å and the smallest
head group out of the three measurements at 25C, at 5.9 Å. This might just be because lower
concentration measurements are less accurate than higher concentration measurements, due to the
low SLD of organic compounds and their poor contrast with the solvent. To investigate this further,
we compare the 5 mg/mL to the scattering data of only the same temperature measurement at 10
mg/mL. The intensity of this measurement has been halved to imitate the 5 mg/mL measurement.
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Figure 20: A graph comparing the characterization of 5 mg/mL SDS with the halved measurement of 10 mg/mL SDS.

As an illustration of the effects of poor data the halved intensity of the 10 mg/mL SDS measurement
and the actual 5 mg/mL SDS measurement is compared in the above graph. We see that the intensity
of the 5 mg/mL measurement is a little higher than expected. The fitted curve for the 5 mg/mL
measurement does also fit the halved measurement reasonably well, with a slight deviation at high
q, but with a peak that is more centred and in better agreement with the fitted curve than the actual
measurement. The minimum also falls somewhere in between the halved measurement and the
actual measurement, though this may be due to different amounts of background being added
during the treatment of the raw data. All this indicates that the measurement may be somewhat
imprecise, and that we should be cautious comparing the fit parameters extracted from this data
with the fit parameters extracted from the mixed measurements of SDS and DMPC at the same
concentration, as we do not know if the fit parameters are accurate.

4.1.3. DDM
Two models were used for fitting the scattering curves of the DDM measurements: The ellipsoidal
model as described for the SDS fitting, and a disc-like micelle model. Neither model completely
accurately describe the scattering pattern resulting from the DDM measurements, but each model
has its own strong suits and drawbacks that will be discussed in each section.
Except for at very low concentrations of DDM, all measurements including DDM will have a very clear
scattering pattern. This is because DDM has a higher electron density than SDS, with two aromatic
rings making up its head group, making the contrast between the solvent and the detergent greater
and the scattering pattern clearer. This makes the scattering pattern easier to precisely fit than for
example the DMPC scattering pattern, where the scattering pattern is diffuse and the fits are
approximate.
4.1.3.1.
Ellipsoid
The first model used for DDM is the ellipsoidal model also used for fitting the SDS measurements.
DDM and SDS are quite different detergents, especially with regards to DDMs head group being very
large and nonionic,and may therefore take on different structures.
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Again, the measurements were done at 20C and 25C. Again, as with the DMPC-liposomes, it is
important to keep in mind that at low q we observe the overall structure of the aggregate, its size for
example, while at high q we observe the finer structure of the aggregate such as head- and tail-group
placement.

Figure 21: Characterisation of DDM at various concentrations at 20 and 25 C.

The ellipsoidal model fits the scattering pattern well in low q-ranges and at the peak, however, we
get a poor fit at low q. The model fits the peak far narrower than the scattering pattern indicates,
and there is an additional oscillation visible as an extra peak after the minima. The same problem
also occurs for the disc-like model, which we will discuss in greater detail later. For both models,
however, this may indicate that while the size and overall shape of the micelle is accurately fitted,
the finer molecular structure is fitted inaccurately. This may be due to the large head group of DDM,
which may not order neatly in segregated head group and tail group layers as SDS does, and which a
two-shell ellipsoidal model assumes that the detergents do.
There is one less measurement for this for DDM at 20C than for DDM at 25C. This is because the
mixtures of DDM and DMPC at this temperature were not measured at a concentration higher than
10 mg/mL DDM, as this was the concentration seemingly required for full solubilisation. Therefore a
10 mg/mL measurement for DDM was the highest concentration measured at this temperature.
The fitting parameters of an ellipsoidal model are the same as for SDS; an axial ratio, a radius and a
head group thickness. The physical parameters for the DDM-micelles are hard to compare with
literature values, as different studies use different models and techniques for extracting the radius,
head group thickness and various other parameters.
The radius for all our fitted measurements of DDM fall at approximately a 25 Å. The axial ratio falls at
approximately 1.2, giving a secondary axis of 30 Å and a very pronounced ellipsoidal shape. This is
similar to the prolate shape parameters suggested by a study done by Ivanović et al. comparing a
prolate, oblate and triaxial ellipsoidal model[61]. This prolate shape has a principal axis of
approximately 34 Å and a secondary axis of approximately 20 Å, giving our fitting of the micellar
solution a slightly smaller principal axis and a larger secondary axis.
A prolate model however, is seen as unfavourable compared to an oblate model that disallows water
in the core and thereby removes the void energy. The oblate model gives a principal axis of 28.4 Å
and secondary axis of 16 Å. These values are supported by another study by Dupuy et al. also using
an ellipsoidal model and obtaining a principal axis of 28.2 Å and a secondary axis of 14.1 Å, with a
6.2Å head group[42]. A third study measuring only the hydrodynamic radius of DDM micelles using
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DLS found it to lie between 34.6-36.6 Å depending on temperature and concentration [12]. It should
be expected that this value is somewhat larger than in the other studies, however, it seems that this
value is very comparable to the values of the Dupuy et al. and Ivanović et al. studies if the head group
thickness is added to the principal axis.
Finally, the head group thickness is approximated at no more than 1 ∙ 10−4 − 1 ∙ 10−6 Å, a
vanishingly small head group. This can simply not be the case, as we know for a fact that the head
group of DDM is rigid and bulky and should by all accounts be far larger than 100 attometres (am),
and closer to 6 Å[12]. The head group for the prolate model from the previously cited Ivanović et al.
study is given a thickness of approximately 5.7 Å, and the oblate model from the same study gives a
thickness of 5.5 Å. The Dupuy et al. study puts the head group thickness at 6.2 Å, meaning that all the
studies using ellipsoidal models indicate a far larger head group than what is given by our
parameters.
To illustrate how the fitting pattern would look with more realistic fitting parameters, we artificially
fitted a scattering pattern with a larger head group and more appropriate axes:

Figure 22: An example of the more correct fitting parameters for the ellipsoidal model.

Here the head group thickness is set to 6.5 Å for the first and low q fitting, and to 6 Å for the second
fitting. The axial ratio, head group thickness and secondary axis for the three measurements are
given in table 1.

Table 1: Three fit parameters and the axial ratio for the three fits at a natural size for the head group.

Fitting 1
Axial ratio
Primary axis [Å]
Head group [Å]
Secondary axis [Å]

Fitting 2
1,1
23
6,5
24,

Low Q
1,3
23
6,0
30,

1,0
27
6,5
26,
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For the first fitting all three values were chosen from a fitting for 10 mg/mL DDM with the disc-like
model. While these values give a good fit for the peak, the oscillation at high q is still present and the
entire fitted curve is shifted downwards from the minima and towards low q. The second fitting gives
a slightly more elevated curve, at the expense of a smaller head group and a very large axial ratio.
This second fit did also not fit the maximum of the scattering pattern, being a little shifted to the left.
Finally, a fit was attempted for only the low q values, yielding a very good fit in the low q area but
giving a very poor fit for high q.
Ivanović et al. discusses the limitations of an ellipsoidal model in detail[61]. It suggests, among other
things, that a tri-axial model may be a more appropriate for the fitting of DDM-micelles. This is
because the ellipsoidal shape may be more variable than a two-axial model allows for, and as such a
tri-axial model may give a better overall fit. However, such a tri-axial model will still deviate from the
scattering pattern at low q. The study suggests that in order to get a satisfactory fit for the DDM
micelles at high q also, the model needs to include the discrete structure of molecule, something
which the current model does not include.
The fitted curves for DDM at 20C and 25C both exhibit the same problems, and similar axes. There
are no significant differences between the measurements at the two temperatures.
4.1.3.2.
Disc
The same DDM measurements as in section 4.1.3.1 were fitted using a disc-like model.

Figure 23: Characterisation of DDM at various concentrations at 25 C.

At both temperatures the model fits the scattering patterns very well at low q and at the peak of the
scattering pattern. It deviates only at high q, where an additional peak is suggested. This cuts off the
observed peak, making it narrower. This is the same problem as for the ellipsoidal model, albeit
slightly less exaggerated in this model. The disc-like model achieves both a broader peak, and a less
pronounced peak for the additional oscillation than the ellipsoidal model. However, the poor fit for
both models at high q further solidifies that it is the molecular ordering of the micelles that leads to a
poor fit, as previously discussed, and not the shape or size of the micelle.
The disc-like model has, as explained in the theory section, a radial axis and a longitudal axis, as well
as a parameter for head group thickness. These three main fitting parameters are presented as a plot
below.
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Figure 24: Three fitting parameters plotted as a function of concentration for the two temperatures fitted with the disc
model of DDM. R signifies the radius of the micelle, L the length, or the longitudal axis and dR the head group. a) shows the
measurements at 20C and b) shows the measurements at 25C.

For all measurements at 25C the radial axis gives an approximate length of 23 Å, with the same
length approximately for the longitudal axis. The longitudal axis is, however, for the most part a little
longer than the radial, suggesting a slightly more flattened shape than a perfect sphere. This is not as
clear for the measurements at 20C. For most measurements both axes are very similar in length,
varying between 22-24 Å and the longest axis differing for changing concentrations. A previous study
using a disc-like model agrees with these findings, putting the radial axis at 24.1  0.4 Å, and the
longitudal axis at 21.8  0.4 Å [13].
The head group thickness varies between 8.6 and 5.7 Å, but is usually stable around a value of 7 Å for
all concentrations and both temperatures. The same disc-like model as referred to previously gives a
head group thickness of 11.7  0.3 Å, far smaller than what our model indicates. The values we have
obtained are more in line with the values suggested for the ellipsoidal models as outlined in the
discussion in the section about the ellipsoidal model. However, even these values are not entirely
correct, being a little too small to agree with our findings.
The only concentration that deviates from the other measurements is the measurement at 1.25
mg/mL DDM at 25C, where the radial axis is 26 Å long, the longitudal axis is 22 Å long and the head
group is 5.7 Å thick. As has been discussed before, lower concentrations are expected to be the most
diffuse, and the one with the most inaccurate parameters. In this case however, the head group
thickness is very much in line with what is found in the ellipsoidal models of Dupuy et al. and Ivanović
et al., despite the other values not agreeing with neither these nor the Bäverbäck et al. study using
the disc-like model. The micelle size can otherwise be said to be relatively temperature independent.
To investigate whether there is any noticeable temperature shift, we compare two measurements at
the two temperatures.
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Figure 25: A comparison of the fits and measurements for DDM at 20 C and 25 C for two different concentrations.

Comparing the two temperatures visually, as in the plot above, there is not much discernible
difference between neither the scattering pattern nor the fitted curve. Though there seems to be a
small difference in fitting parameters between the two temperatures, the temperature difference is
probably not the reason for this difference.
Overall, the disc model appears to give a better fit for the radial and longitudal axes, as well as
visually giving a better fit for high Q. Both the ellipsoidal and the disc-model do however struggle
with the high Q fit, and the head group thicknesses are very variable when comparing both the
ellipsoidal model and the disc model to the ellipsoidal values. Especially the head group fitting for the
ellipsoidal model is far from realistic, and we therefore rely more on the values gotten from the
fitting of the DDM micelles with the disc like model when comparing the micelles before and after
mixing. As previously discussed in regard to the Ivanović, et al study, it seems that the key to
unlocking a good fit for DDM-micelles is atomic modelling.
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4.2.

Characterisation of lipid-surfactant measurements

More complicated models must be used for the characterisation of detergent and liposome mixtures.
A larger number of variables must be included when fitting the partially solubilised micelles, both the
parameters for liposome and micelle sizes, as well as parameters controlling the fractions of lipids in
micelles and detergents in lipids. Since many variables control the same part of the q-range, it
becomes harder to distinguish the features of our samples, and therefore also more difficult to
conclusively pin down a shape for the particles.
Measuring with SAXS allows us to obtain an average of all orientations of all the shapes that are
present in the sample. Measuring mixtures of liposomes and detergent at different detergent
concentrations will then give us a snapshot of the average shape at that concentration, and one may
be able to observe the transition from liposome to mixed micelle and the possible intermediates that
occur on the way.

4.2.1. SDS and DMPC mixtures
The mixtures of DMPC and SDS are measured at the same temperatures as the individual
components, and at the same concentrations. The model used for fitting is the mixed micelle –
liposome model that allows for the existence of mixed micelles, liposomes and pure detergent
micelles. The micelles in this model are ellipsoidal, as this was the model used to fit the SDS micelles
previously.
First, we consider the case that there is no interaction between the detergents and the liposomes.

Figure 26: Graph comparing the mixture measurement that contains the least amount of detergent (5 mg/mL) with the
calculated average for the mixture of SDS with DMPC at this concentration upon the absence of interaction. All
measurements used are taken at 20 C.

In figure 26 we see a graph comparing the scattering curves of the mixture of 2.5 mg/mL SDS and 5
mg/mL DMPC and two calculated averages. There are two scattering patterns showing the calculated
average of 2.5 mg/mL SDS and 5 mg/mL DMPC at 20C. Since the measurement for 2.5 mg/mL SDS is
poor and was later discarded, two averages have been calculated; one using the halved value of 5
mg/mL SDS at 20C, and one using the actual measured intensity of 2.5 mg/mL SDS at 20C.
It is obvious when comparing the mixtures to the calculated averages that there is an interaction
between the two constituents of the mixture. This is the mixture with the lowest concentration of
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detergent, and as there is an obvious interaction even at this concentration of detergent, we can
assume that higher detergent concentrations will have some degree of interaction as well.
For the mixed measurements four concentrations of detergent were used, for each temperature. As
usual, the measurements are made at 20 and 25C. All concentrations in the graph below are given
as the mixed concentrations.

Figure 27: Characterisation of SDS and DMPC measurements at different concentrations at 20 and 25 C. The concentration
of DMPC was kept constant at 5 mg/mL in the final mixed solution.

When characterising the mixtures of SDS and DMPC we see a very clear transition from a liposomal
to a more micellar-like shape with increasing concentration of detergent for both temperatures. At
the lowest detergent concentration measured for both temperatures, 2.5 mg/mL, we see a slope at
low q that is reminiscent of the slope seen at low q for DMPC-liposomes. At the highest
concentrations of SDS the slope is flat at low q, as in the micellar systems for SDS.
The transition to a fully micellar system seems to occur at a 10 mg/mL SDS concentration for the
measurements at 20C, and at a 15 mg/mL SDS concentration at 25C. Overall the solubilisation
seems to require a higher concentration of detergent to occur for the measurements at 25C, with
no marked increase in solubilisation when the detergent concentration is increased from 2.5 to 5
mg/mL, which can be seen for the measurements at 20C. At 20C there is a gradual change in the
slope at low q up to 10 mg/mL SDS, after which there seems to be no additional change in the
system. For 25C on the other hand, there is a difference between the two highest concentration
measurements and the scattering pattern is not completely flat before we reach a 15 mg/mL SDS
concentration, indicating that the solubilisation isn’t completely finalized before we reach this
concentration for this temperature.
This difference in the concentration of detergent required to solubilise the DMPC liposomes for the
two temperatures can be explained by the phase shift of DMPC at 24C. As explained in section 2.2, a
phase shift from gel to the liquid-crystalline phase makes the membrane thinner, more permeable to
water and more flexible. These attributes make the membrane able to accommodate the insertion of
detergent without deforming, and therefore it is harder to solubilise a lipid bilayer in the liquidcrystalline phase than in the gel-phase.
With increasing concentration of SDS we also see a shift in the minima to the right. This is both due
to the micellar shape having a minimum shifted far to the right compared to liposomes, and the
contrast difference between DMPC lipids and the detergent. As the liposomes and micelles become
mixed micelles the scattering power/contrast changes, and the minima shifts. The minima also
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become steadily shallower with increasing detergent concentration for 20C, but this is not as clear
for the measurements at 25C.
Visually comparing the measurements of DMPC, SDS and one of their mixtures illustrates the shift in
minima excellently.

Figure 28: A comparison of the measurements of DMPC at 5 mg/mL, SDS at 5 mg/mL and a mixture of SDS and DMPC. All
measurements are done at 20 C.

The above graph shows how the DMPC measurement has a minimum shifted far to the left
compared to the SDS measurement. The mixture with the equivalent concentration of both SDS and
DMPC shows a minimum directly in the middle of its two constituents. We can also observe that the
SDS measurement has a somewhat shallower minimum than both the mixture and the DMPC
measurement, which explains why the mixed measurements become shallower with increasing
addition of SDS: The mixture takes on a more micellar-like form, and with increasing concentration of
SDS the scattering contribution from SDS becomes more prominent in the mixture.
The model fits reasonably well for all concentrations, with slight oscillations at low q for some of the
samples. There is also a slight deviation for 2.5 mg/mL at 20C. The measurement and fit of only the
micelles at this temperature and concentration of SDS yielded uncertain results and were discarded,
making it impossible to compare the individual measurements and the mixed measurements.
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Figure 29: The change in liposomal parameters as a function of detergent concentration for the SDS mixtures at a) 20 and b)
25 C.

The fit parameters for the mixes at both 20C and 25C can seem to give confusing information about
the size and the shape of the liposomes in the mixtures. The fitting of the liposome parameters was
initiated by setting the parameter values to the values found during the initial fitting of the DMPC
liposomes and varied from this starting point until a good fit was achieved. For both 10 mg/mL and 5
mg/mL SDS, with the exception of 10 mg/mL SDS at 20C, the liposome radii all fall close to 250 Å.
For 10 mg/mL SDS at 20C the radius is fitted at approximately 200 Å. The length of the micelle core
chain is approximately 23 Å for all fits. Generally, the 20C measurements can be seen to have
slightly larger radius than the 25C measurements. For both temperatures the lower concentration
measurements seem to yield smaller hydrocarbon chains.
Both temperatures seem to have very variable values for the head group thickness, from 5.7 Å all the
way up to 8.6 Å. The inner and out head group sizes seem to be very similar for the same
concentrations, with the exception of the measurement at 5 mg/mL for both temperatures. Here the
inner and outer head group are different, though for the 20C the inner head group is the largest,
and for 25C the outer head group is largest. However, for the head group values the error is very
large, so the slight variance in head group size should not be considered significant.
The scattering contribution from the liposomes must be seen in context with the fraction of
liposomes present in the solution. If there are no lipids left as liposomes, the liposomal parameters
are arbitrary.
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Figure 30: Fractions of lipids in in micelles (F_L) and detergents in liposomes (F_D) as a function of concentration for a) 20
and b) 25 C. The fraction is unitless.

For 15 mg/mL SDS for both temperatures, and 10 mg/mL SDS at 20C the fraction of liposome in
micelle is one. For 10 mg/mL SDS at 25C the fraction of lipids in micelles is approximately 0.999.
while approximately a fraction of 0.001 of all detergents are in the liposomes. Seeing as the error for
both of these fractions is larger than 0.001, there might not be any lipid in solution. This means that
the scattering contribution from the liposomes is close to non-existent for the measurements with a
higher concentration of SDS. The only liposome parameters we therefore can consider fitted are
those from the measurements at 5 and 2.5 mg/mL, which are the mixtures that do still have
liposomes present, albeit only a small fraction.
For 5 mg/mL SDS at 25C the fractions lie approximately around 0.87 for lipids in micelles and 0.04
for detergent in liposomes, with the fractions slightly skewed in favour for lipids in micelles for the
same measurement at 20C. The same comparison can be made for the 2.5 mg/mL measurements as
well, where there is a slightly greater preference for liposomes at 20C. This slight preference for
lipids in micelles at 20C might be explained by solubilisation at a lower concentration of detergent at
this temperature, as remarked previously when observing the scattering curves.
From the fractions we see that there are mixed micelles present at all concentrations and both
temperatures. The micelles undergo a more significant change with an increase in concentration of
detergent than the liposomes.
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Figure 31: The change in micellar parameters as a function of detergent concentration for the SDS mixtures at a) 20 and b)
25 C. R indicates the radius of the micelle, dR the head group thickness and R2 the secondary axis derived from multiplying
the axial ratio with the radius.

Above the radius R, head group thickness dR and secondary axis R2 are presented in a scatter plot.
The secondary axis is derived by multiplying the axial ratio, the actual fitted parameter, with the
radius.
Comparing the micelle proportions before and after mixing presents a clear picture of the micelle
changes. The micelles first increase in size at low detergent to lipid ratios, and then gradually
decrease in size as more detergent is added. Before the addition of the liposomes the micelles have a
principal length axis that is approximately 21.5 Å long, and secondary axis of approximately 14.5 Å.
After mixing with the liposomes the micelles have a size of approximately 35 Å for the 2.5 mg/mL
mixture and 31 Å for the 5 mg/mL SDS mixtures, 29 Å for 10 mg/mL SDS and 24.5 Å for 15 mg/mL
SDS. The micelle radius decreases gradually with increased detergent concentration.
The same change can be observed for the axial ratio, it becomes smaller with increased detergent
concentration. If the longest axis is defined as the primary axis for both the mixed and unmixed
measurements, the axial ratios for the mixed measurements are larger than for the unmixed
measurements. The secondary axis does not show any such consistent change, and its length is very
variable lying in between 8.7-13.5 Å, and if anything can be said to be slightly shorter than the
unmixed secondary axes.
As explained in the theory section, there are three stages to solubilisation: Partitioning, coexistence
and solubilisation. As SDS is a slow solubilising detergent[54. 60], due in part to its very hydrophilic
head group, it cannot solubilise the bilayer by flip-flopping into the inner bilayer. We hoped to
observe the three stages of slow solubilisation at the different concentrations of SDS. At low
concentrations we expected insertion of the detergent into the bilayer to occur, which may lead to a
thicker bilayer and a change in the contrast of the vesicles. In the coexistence phase we expected to
see intermediate scattering patterns, somewhere between micelles and liposomes, indicating the
formation of mixed micelles but with liposomes still present in the solution. Finally, in the completely
solubilised stage we expected there to be only mixed micelles, with a flat scattering pattern in the
low Q area indicating only mixed micelles.
The very gradual change in micelle size and shape is very typical of gradual solubilisation as described
by the three-stage model. First there is the embedding of detergents in the outer bilayer of
liposomes, which we do not observe as a thickening of the bilayer. However, we do observe some
fraction of detergents in liposomes through the FD parameter.
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Secondly, there is the stripping of liposomes and creation of mixed micelles. We do not see a
decrease in liposome size that could indicate the stripping of the liposomes, except for in the 10
mg/mL SDS measurement at 20C, where the liposomes are fitted to have a radius of approximately
200 Å. This is the only measurement that could possibly indicate any kind of stripping, and thus we
do not consider it significant. We do, however, see the creation of large mixed micelles at the low- to
medium concentrations of SDS.
Finally, there is exchange of lipids and detergent between micelles accompanied with a decrease in
micelle size, which we can very clearly see as the reduction in the principal axis length. This occurs
when additional detergent is added to the solution. The mixed micelles more and more consist of a
larger fraction of SDS-micelles, leading to a scattering pattern that more resembles the micellar SDS
scattering pattern.
There are also changes in the other fit parameters of the micelles, most notably for the head group
size. For 15 mg/mL SDS the head group size lies at approximately 6.5 Å, and for lower concentrations
of SDS this length decreases. For the measurements at 10 mg/mL SDS, a lower limit of 4 Å was
implemented, because these measurements tended to an artificially low head group size of 2.8 Å. All
the values for the head group sizes under 15 mg/mL SDS varied between 3.8-4.5 Å approximately.
These values are smaller than the values for the head groups of unmixed DMPC and SDS. Some of
this shrinking may be explained by better packing. SDS is charged and the addition of DMPCmolecules may give slightly less repulsion between the head groups, and therefore a smaller head
group overall. However, it is likely that this very small head group is a result of the fits not being
altogether accurate in other ways, even when considering the dampening of SDS repulsion.
Generally, the model seems to accurately fit the scattering data, only having problems at the lowest
concentrations and at very low q. The earliest stage of the three-stage solubilisation process was not
observed through the thickening of the membrane, but the second stage was observed with the
formation of large micelles. The third stage was clearly observed as the large micelles gradually
became smaller with the addition of more detergent.

4.2.2. DDM and DMPC mixtures
The DDM and DMPC mixtures were fitted using a model nearly identical to the mixed micelle model
used for SDS. However, the DDM mixtures display multilammelarity, and the model is therefore
adapted to include this. The DDM molecules are modelled to insert into the liposomes as cylinders,
and the micelles are modelled to look like the disc-like micelles described in the theory section.
For DDM four measurements at different detergent concentrations were done.
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Figure 32: Characterisation of DDM and DMPC measurements at different concentrations at 20 and 25 C.

The three concentrations displayed are a mixture of 10 mg/mL DMPC and 20. 5 and 2.5 mg/mL DDM
respectively. The 1:1 mixture of 10 mg/mL DMPC and DDM contrast matched with the solvent and
the resulting scattering pattern was impossible to fit.
As with the SDS mixtures, we can see that the highest concentration of DDM gives a near micellar
scattering pattern. The lower concentrations show a characteristic multilamellar scattering pattern,
that causes Bragg peaks due to the ordering of bilayers next to each other. The minima for the lower
concentrations are shifted towards lower q with decreasing concentration. All the scattering curves
have some discrepancies between the scattered data and the fitted curve. At the highest
concentrations of DDM, we see an oscillation at the peak similar to the one previously seen at the
disc fits. The lower concentrations also display discrepancies at the peak. For example, the
measurement for 1.25 mg/mL DDM at 25C has a much more rounded peak for the fitted curve than
what the scattering pattern in reality displays.
While the highest concentration measurement seems to be very similar for 20 and 25C, there are
visual differences between the measurements at 20 and 25C. The higher temperature
measurements exhibit a concave peak, while the lower temperature measurements exhibit a flat
peak. Observing the two different measurements of 5 mg/mL we see that the slope is also lower for
the lower temperature. The slope is also far more curved for both the 2.5 mg/mL measurements
than the 5 mg/mL measurement, which has a more angular transition from the minima to the slope.
In the case of the 2.5 mg/mL measurements however, the slopes are aligned.
There are many fitting parameters for the DDM and DMPC mixtures. The most significant parameters
will be discussed here, but the full table for fitting parameters can be found in the appendix.
Some parameters have been limited to keep their values in a reasonable range compared to the fits
of the liposomes. The head group thicknesses for the liposomes were given an upper limit of 8 Å and
a lower limit at 5 Å, as certain data sets tended to far smaller and far larger values than these, or
values that indicate very uneven head group sizes. While some discrepancies can be tolerated,
especially for the lower concentration fits, all datasets were able to give adequate fits within the
limited head group size range. We can therefore assume that there is no significant change in the
head group thickness during solubilisation.
There are four parameter categories: The liposome fitting parameters, the micelle fitting parameters,
fractions designating lipid in micelle and detergent in liposome, and, where applicable, the
multilammelarity of the sample.
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The micelle and liposome parameters will have different effects depending on how plentiful the
micelles and liposomes are in the solution. Finding the fraction of lipids that are dissolved in mixed
micelles (FL) and the fraction of detergent that is embedded in liposomes (FD) is therefore imperative.

Figure 33: The fraction of lipids in micelles (F_L) and detergents in liposomes (F_D) as a function of concentration for
measurements at 20 C a) and 25 C b). The fraction is unitless.

The fraction of lipids in detergent micelles tends upwards with increasing concentration. For the
lowest concentrations FL ≈ 0.6 and FD ≈ 0.5, and increases up to FL ≈ 0.9 and FD ≈ 0.1 for the highest
concentrations. This is to be expected, as the liposomes being solubilised leads to the better part of
the lipids being part of a mixed micelle. However, we do observe a difference between the two
temperatures. At 20C we observe a lower FD for all concentrations, and a higher FL for the final
concentration. It seems that for DDM, as with SDS, the concentration of detergent required to fully
solubilise the liposomes is lower for 20C. Again, this is probably because of the phase shift of DMPC
making the liposome more rigid and less able to accommodate detergents. This leads to it being
easier to solubilise.
It must be mentioned that while the fit fractions of FL = 0.81 and FD = 0.15 was ultimately found to be
a good fit for the highest concentration of DDM, the fit fractions FL = 0.36 and FD = 0.21 make for
what is arguably a better fit. However, as it can be seen from the scattered curve, the mixture is
clearly more micellar in nature than liposomal and therefore the higher value of FL is more likely.
The impact of the liposome scattering varies with concentration as well, as higher concentrations of
detergent will lead to less liposomes in solution.

51

Figure 34: The change in liposomal parameters as a function of detergent concentration for the DDM mixtures at a) 20 and
b) 25 C. R indicates the radius of the liposome, ti the inner head group thickness, to the outer head group thickness and Dc
the hydrocarbon chain length.

The liposomal radius seems to keep stable for both temperatures and all concentrations, at around
250 Å. There may be a small fluctuation in radius with concentration, where the highest
concentration has a radius of approximately 260 Å, the middle concentration approximately 240 Å
and the lowest concentration approximately 250 Å. However, no such high-low-high pattern can be
discerned for the other liposome parameters, as we will see further on in the discussion.
Both temperatures have a peak in the core radius at approximately 32 Å. This peak occurs at 2.5
mg/mL for 25C, and at 10 mg/mL for 20C. The hydrocarbon region thickness keeps at
approximately 25 Å for the other measurements. This increase in hydrocarbon region thickness may
indicate detergent insertion. However, the 5 mg/mL measurement is visually very different from the
20 mg/mL measurement, as well as otherwise having very different fitting parameters. It is most
likely that this similarity is due to inaccuracy of the fitting parameter.
While the head group thicknesses vary between both concentrations and temperatures, the inner
and outer head groups thicknesses do overlap for the individual measurements. There is one notable
anomaly for this: At 5 mg/mL DDM the 20C measurement have a skewed inner and outer head
group thickness, with the outer head group being fitted near the lowest tolerable limit at 5.25 Å, and
the inner head group being fitted at 7.3 Å. However, as mentioned earlier, limits had to be put on
these fitting parameters. Again, it is highly likely that there is an error in the fitting of the parameters,
rather than the actual head groups varying a lot in size.
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Figure 35: The change in micellar parameters as a function of detergent concentration for the DDM mixtures at a) 20 and b)
25 C. L indicates the length of the micelle, Rsc the radius and dRsc the head group thickness.

The micellar sizes change somewhat from the earlier disc fits. The radius and length of micelles are
consistently larger for all the fits, with the exception of the measurement for 2.5 mg/mL DDM at
20C which has a L and R of 23 Å. This is similar to the sizes of the unmixed DDM micelles fitted with
the disc model. The head groups sizes are also slightly bigger than for the fits for only the DDM
micelles at 6-7.5 Å. Both the increase in the length parameters and the head group parameter are
consistent with mixed micelles, where the added lipids may cause a swelling of the micelles. Steric
repulsion between the head groups, and difficulty packing the head groups may cause the head
group region to be thicker.
The last stage of solubilisation, as explained in the section concerning the SDS mixtures, will be the
exchange of lipids and detergents that are already in mixed micelles to create smaller micelles.
Unfortunately, it is hard to observe this transition in the fitted parameters, as the lowest
concentrations have the highest values for the radius among the measurements. The measurements
at 1.25 mg/mL both have a larger radius than the other fitted micelles, at 31 Å for 25C and 39 Å for
20C. This also occurs for the micelle length at 2.5 mg/mL at 25C, where the measurement is at
approximately 31 Å. Seeing as this is the lowest concentration of detergent in the mixtures, these
high micelle values may be a result of inconclusive and hard to fit data. We have also lost the
measurement at a 1:1 ratio to contrast matching, and therefore only have the 2:1 concentration
measurement where the micelles are completely, or close to being completely solubilised. It is
therefore not possible to conclude through these measurements that there is an overall decrease in
mixed micelle sizes as a result of detergent and lipid exchange.
Finally, the multilamellarity that is very obvious for 2.5 mg/mL and 5 mg/mL DDM had to be fitted.
The highest concentration was also fitted for multilamellarity, but these fits did turn out somewhat
different than for the lower concentrations. The fitted parameters for the multilamellarity are
presented in table 2.
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Table 2: Table for the multilamellar parameters fitted for the DDM mixtures at 20 C and 25 C. Funi is the fraction of
unilamellar liposomes, Nu the number of uncorrelated scattering bilayers, N the number of layers in multilamellar
liposomes, σd is the Debye-Waller disorder parameter of the liposome bilayer,d the stacking separation of liposome bilayers,
δ is the Callie parameter.

Funi
Nu
N
σd
d
δ

10 mg/mL SDS + DMPC
2,5 mg/mL SDS + DMPC
1,25 mg/mL SDS + DMPC
20⁰C
25⁰C
20⁰C
25⁰C
20⁰C
25⁰C
0,602
0,789
0,000
0,000
0,000
0,100
1,283
0,071
1,311
1,000
6,146
1,173
3,237
2,553
4,500
3,506
5,367
4,000
2,9
0,0
7,0
1,0
5,2
0,0
72,02
72,73
67,88
62,24
71,58
61,33
1,2
0,0
0,0
2,9
13,1
2,8

For the two lowest concentrations all liposomes in solution were fitted to be multilamellar, while for
20 mg/mL DDM 60-80% of the remaining liposomes were fitted to be unilamellar, being higher for
the 20C. That means that the multilamellar scattering from the highest concentration is much less
significant to the scattering pattern than for the lower concentrations.
The number of uncorrelated scattering bilayers (Nu) in the liposomes were fitted at 1.3 for most of
the measurements. The discrepancies here are highest at 20C, where this parameter was fitted to 0.
and the lowest concentration at 25C, where the parameter was fitted to ~ 6. The fitting parameter
of 6 could be considered an anomaly for this measurement.
The number of layers in the multilamellar liposomes seems to increase with decreasing
concentration. At the highest concentrations of DDM the multilamellar liposomes are fitted to have
2-3 layers, while the lower concentrations have 4-5. This simply indicates that the mechanism of
solubilisation for DDM seems to create a multilamellar liposome as an intermediate, and with
increasing concentration of detergent strip away the layers of the multilamellar liposome.
The stacking separation d is a highly sensitive parameter that controls the peak of the fit. The
stacking separation keeps steady at approximately 70 Å for nearly all concentrations and
temperatures. However, there are two notable exceptions to this value for the stacking separation,
and that is for the two low concentration measurements at 20C. These two measurements display a
concave shape at the peak, as opposed to the flat shape for the same concentrations at 25C. It
seems then that the distance between the layers in the multilamellar liposomes is approximately 10
Å less for the 20C measurements than for the 25C measurements at approximately 61 Å, and that it
is this difference that makes one scattering pattern flat at the peak, and the other concave.
Since both DDM and SDS are unable to flip-flop though the bilayer of the DMPC-liposomes, we
expected a slow solubilising, gradual transition to micellar aggregates for DDM as we saw for SDS.
That is to say, we are expected that DDM would have to insert itself into the outer leaflet of the
bilayer and achieve solubilisation through mass imbalances across the bilayer and differences in
spontaneous curvature between it and the DMPC lipids the same way SDS did. However, since SDS
and DDM are very different, especially with regards to their head groups, the way they interact with
the membrane may possibly be different. DDM may, for example, not require as high concentrations
as SDS to solubilise the liposomes, due to its large head group that may not stack as well with the
DMPC lipids as SDS does.
In broad strokes, what we see for the solubilisation of DMPC that there is a possible large radius,
smaller radius then finally a larger radius for the liposomes from high to low detergent
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concentration, consistent for both temperatures. This may be because the remaining liposomes are
larger, and therefore harder to saturate and solubilise. There is also an increase in the unilamellarity
of the remaining liposomes for high concentrations, while the low concentrations are all
multilamellar.
The fraction of lipid in micelle generally goes up with increasing concentration and is somewhat
higher for the 20C measurements. This may again be because of the phase shift for DMPC at this
temperature, as discussed for SDS, leading to a less flexible liposome that solubilises more readily
with detergent insertion. This is also consistent with a gradual solubilisation as we saw for SDS.
However, there is obviously a difference in the mode of solubilisation for DDM compared to SDS as
one can see by the multilamellarity in the DDM mixtures.
Multilamellar intermediates are also found in solubilisation studies for Triton X-100 [80]. Here, Triton
solubilises the vesicle solution by creating pores and thus forces it to reorganise into multilamellar
layers[54]. This is reminiscent of how DDM solubilises DMPC. However, a big difference between
Triton and DDM is that Triton is a fast solubilising detergent that is able to flip-flop, while DDM is
not[54]. This means that while Triton achieves pore formation by saturating the vesicles in both
leaflets of the bilayer, this cannot be the mechanism for DDM. It is however possible that DDM
achieves pore formation by some other mechanism, perhaps simply from a packing imbalance.
Another factor that supports the theory of pore formation is the increase in multilamellarity with
decreasing detergent concentration. This may indicate that at low detergent concentration the
detergent is unable to fully solubilise the liposome, but it can create pores and force the liposome to
reorganise into a multilamellar liposome to avoid the edge energy of pores. It is, however, not
possible to draw any conclusions on the grounds of SAXS measurements alone. With SAXS it is only
possible to conclude that multilamellarity occurs, and not by which mechanism.
A study by Kragh-Hansen et al. [21] looks at the solubilisation of liposomes, both uni- and
multilamellar, when DDM is present under CMC. They do also specifically look at DDM solubilisation
of unilamellar DOPC liposomes not containing proteins. Their findings for solubilisation of liposomes
with DDM for this system essentially agree with the three-stage model already presented. The study
supports the likelihood that during the second stage of solubilisation we see the formation of the
multilamellar liposomes, as a way of phase transition, or structural change of the liposomes. There is
also evidence of the micelles “capping” the unstable exposed ends of the liposome fragments.
The study also remarks that when detergent has already saturated the system through cooperative
binding, non-micellar detergent has a hard time binding. Cooperative binding as a mechanism for
DDM is backed by a study by Le Maire, M., P. Champeil, and J.V. Møller[5] and Lichtenberg, D., H.
Ahyayauch, and Félix m. Goñi[18]. Cooperative binding is believed to happen because an
environment with a higher detergent content and thereby a different curvature might be easier to
bind to than a lipid membrane, or because already bound detergent exacerbates defects in the lipid
membrane and makes insertion easier for the detergent[18]. Here, cooperative binding in pure
liposomes without protein is described as being followed by fusion of small vesicles to larger vesicles,
which may be what we see at the highest concentration measurements for both our temperatures.
Both the Kragh-Hansen et al. study and Le-Marie et al. study consider the effects of micellar and nonmicellar concentrations of DDM. They both conclude that the presence of micellar DDM is imperative
for the solubilisation, maybe even the direct interaction of micelles with the liposomes themselves.
However, there is a very high activation energy for the direct interaction between the micelles and
liposome. It is therefore more probable that fragmentation occurs initially, that makes it possible for
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the micelles to attach, perhaps as caps on the ends of bilayer strings as previously mentioned. DDMs
very hydrophilic head group[60] may also aid in this.
To summarise, the SDS detergent follows a very classical three-stage process of insertion, partial
solubilisation and finally a stage of mixed ellipsoidal micelles.

Figure 36: An illustration showing the three-stage solubilisation of DMPC with SDS. 1) First, there is coexistence between the
micelles and the liposomes. 2) Then, the detergent saturates the liposomes and starts creating mixed micelles. 3) Finally, the
liposomes are completely solubilised.

DDM on the other hand seems to have a multilamellar liposome intermediate during the second
stage of solubilisation, before finally producing mixed disc-like micelles.

Figure 37: An illustration showing the three-stage solubilisation of DMPC with SDS. 1) First, there is coexistence between the
micelles and the liposomes. 2) Then, the detergent saturates the liposomes and we see the occurrence of multilamellar
liposomes as well as mixed micelles. 3) Finally, the liposomes are completely solubilised. In this case the created micelles are
disc-like.

Both detergents seem to solubilise at lower concentrations for the measurements made at 20C, this
likely because of the phase shift in the DMPC liposomes. DDM detergent solubilises more readily at
1.96 ∙ 10−2 mol/L at 20C, compared to 3.47 ∙ 10−2 mol/L for SDS. However, not enough DDM was
used for the measurements at 25C for the liposomes to be fully solubilised, so the concentration
required for solubilisation cannot be calculated for this measurement. The uses of SDS and DDM may
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be different according to the concentration of detergent desired, but overall both are slow
solubilising detergents that are unable to flip-flop and may be used for many of the same purposes.
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5. Conclusion and further work
In this study, the solubilisation of DMPC liposomes by the detergents DDM and SDS was studied using
SAXS measurements. Special emphasis was put on comparing the detergents’ mode of action to the
three-stage model. Interesting differences were noticed between the two detergents, where DDM
creates an intermediate stage of multilamellar liposomes when mixed with DMPC liposomes at low
to moderate concentrations. SDS on the other hand seems to gradually solubilise the DMPC liposome
in accordance with the three-stage model. Both detergents exhibited solubilisation at lower
concentrations for the lower temperature measurements, likely connected to the phase transition of
DMPC liposomes to the gel phase at his temperature. Analytical models were used both to describe
the neat measurements of the components and their mixtures.
The DMPC measurements were analysed using a three-shell model which fitted the scattering
pattern well. DMPC was confirmed to have a phase transition above 20C. DMPC liposomes were
fitted to have a radius of approximately 250 Å and a hydrocarbon region thickness of approximately
26 Å, and headgroups varying between 6 Å and 8 Å.
SDS micelles were fitted using a core-shell ellipsoidal model, which fitted the scattering patterns well.
The micelles were fitted to have a secondary axis varying between 14.1 Å and 15.4 Å, but mostly
varying around 14.4 Å. The axial ratio lay around 1.5 for almost all measurements, the head group
thickness varied between 7.6 Å and 5.6 Å for both temperatures.
When mixing the SDS with DMPC a mixed micelle model was used, using ellipsoidal core-shell
micelles as the micelle shape. SDS seems to solubilise DMPC gradually and in accordance with the
three-stage model. It is possible to observe the three phases of solubilisation: At lower
concentrations the fraction of detergents in liposomes is higher, and gradually makes way for mixed
micelles. At in the final stage there are no liposomes present in the solution, and the mixed micelles
decrease in size as more SDS is added.
For DDM both an ellipsoidal and a disc-like model was used. Both models fit the scattering pattern
well at low Q, but deviated at higher Q. The disc-like model fit the scattering pattern better than the
ellipsoidal model, and gave parameters in the range of 22 Å to 26 Å for the radius, mostly lying at
approximately 23 Å. The head group was fitted between 5.6 Å to 8.5 Å, and the length was fitted
between 21.7 and 24.5 Å. It is possible that a model utilising atomic resolution is necessary to fit the
scattering pattern adequately, as is suggested by a study by Ivanovic et. al[61].
For DDM and DMPC mixtures a mixed micelle and liposome model utilising disc-like micelles was
used. The model fit reasonably well for low Q, but had trouble fitting the peak, especially for the
models displaying multilamellarity. It appears that DDM does follow a traditional three-stage
solubilisation but creates a multilamellar intermediate during stage two of solubilisation, possibly
through the creation of pores. An increase in detergent seems to decrease the multilamellarity of the
sample, and there seems to be a noticeable difference in the stacking separation of the multilamellar
liposomes at 20C and 25C. Based on previous studies it also seems that DDM is required in its
micellar form in order to be able to solubilise effectively.
Finally, both SDS and DDM seem to solubilise DMPC at lower concentrations at 20C than at 25C.
This is theorised to be due to the phase transition DMPC goes through at 24C. A gel phase liposome
is less flexible than a liquid-crystalline liposome, and allows less detergent to insert into the bilayer
before it fractures.
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While most of the models fit the scattering pattern adequately, additional work needs to be done on
the DDM model to achieve a satisfactory fit at high q. Following that, the mixed micelle model fitting
the mixtures of DDM and DMPC must be amended in line with the changes in the disc-like model.
The transition between unilamellar and multilamellar structures for the DDM and DMPC
measurements remains somewhat unclear. Additional work attempting other concentrations of
detergent for the DDM and DMPC measurements might be useful to help further elucidate the
transition from unilamellar to multilamellar liposomes, as the mixture containing 5 mg/mL DDM
contrast matched with the buffer. It could also be possible to attempt a different buffer to achieve
measurements of these intermediate concentrations of DDM. In addition, it could also be useful to
supplement the SAXS measurements with other techniques, such as imaging techniques, to ensure
the visible structures are in line with the SAXS measurements.
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6. Appendix
6.1.

Error estimation

Error was estimated from the built-in calculation of χ2 in the Qtikws. A 10% deviation from χ2 was
calculated, and each fit parameter manually altered until the value fell outside of the accepted
deviation. For co-dependent parameters, the original parameter was changed until a 10% deviation
was achieved and change in the dependent value was taken as the error estimate. The error is given
as the last significant digit the tables.

6.2.

Fit parameter tables

The SDS unmixed fitting parameters.
Tabell 1: SDS fitting parameters for all concentrations and temperatures. ε signifies the axial ratio, R the radius, dR the head
group thickness, Mtot is the total mass, Densitysurf is the density of the surfactant, Vtail is the volume of the tail, Vtot is the
total volume, tail, head and solvent are the SLDs of their respective surfactant parts, Vhead is the head group volume, CMC is
the critical micellar concentration, mean is the mean SLD, Nagg is the aggregation number and RHS is the hard sphere radius.

Parameters
ε [Å]
R [Å]
dR [Å]
Concetration of
surfactant
[mg/mL]
Mtot [M]
Densitysurf
[g/cm3]
Vtail [cm3]
Vtot [cm3]
tail
head
solvent
Vhead [cm3]
CMC
CMC in vol%
mean
Nagg
RHS
Scaling of
volume fraction
Background
Standard
deviation

Error
± 0,28
± 0,39
± 2,1

± 0,12
± 1,6
± 0,0060
± 14
± 2,9E+09
± 8,4E+10
± 1,8E+11
±1,4E-23
± 7,3
± 1,8E-01
± 5,8E+08
± 27
± 1,8

± 0,002

15 mg/mL
SDS +
DMPC
25⁰C
20⁰C
1,52
1,49
14,13
14,42
7,7
7,6

1,10
288,4

1,30
288,4

10 mg/mL
SDS +
DMPC
25⁰C
20⁰C
1,51
1,51
14,36
14,36
7,1
7,1

0,88
288,4

0,88
288,4

5 mg/mL
SDS +
DMPC
25⁰C
20⁰C
1,60
1,50
15,39
14,56
5,6
6,5

0,49
288,4

0,51
288,4

1,1620
1,1620
1,1620
1,1620
1,1620
1,1620
352
352
352
352
352
352
4,1E-22
4,1E-22
4,1E-22
4,1E-22
4,1E-22
4,1E-22
7,77E+10
7,77E+10
7,77E+10
7,77E+10
7,77E+10
7,77E+10
2,77E+11
2,77E+11
2,77E+11
2,77E+11
2,77E+11
2,77E+11
9E+10
9E+10
9E+10
9E+10
9E+10
9E+10
6,0E-23
6,0E-23
6,0E-23
6,0E-23
6,0E-23
6,0E-23
4,1
4,1
3,8
3,8
4,1
4,4
0,10
0,10
0,09
0,09
0,10
0,11
1,0667E+11 1,0667E+11 1,0667E+11 1,0667E+11 1,0667E+11 1,0667E+11
51
53
53
53
69
55
47,9
45,7
51,2
51,2
133,8
49,8
5,94
1,00E-04

4,43
7,56E-04

5,32
8,00E-04

5,32
8,00E-04

4,66
5,00E-04

0,00
0,0016

0

0

0

0

0

0
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The fitting parameters for the disc model for the unmixed DDM measurements.
Tabell 2: DDM fitting parameters for all concentrations and temperatures using the disc-like model. Rsc signifies the radius, L
signifies the length and dRsc signifies the head group thickness, Nagg is the aggregation number,

Disc
Parameters
Rsc [Å]
L [Å]
dRsc [Å]
Surfactant
concentratio
n [mg/mL]
Nagg
btail
bhead
Mtot [M]
Mtail [M]
Vtail
Densitysurf
[g/cm^3]
σi [Å]
Densitysolvent
[g/cm^3]
tail
head
Vhead [cm^3]
σo [Å]
mean
Background
Scaling of
volume
fraction

Error
± 0,45
± 1,1
± 0,16

± 0,27
± 5,6

± 0,70
± 4,4
± 0,002
± 0,95

15
mg/mL
SDS +
DMPC
25⁰C
23,00
24,4
7,35

10
mg/mL
SDS +
DMPC
25⁰C
20⁰C
22,97
23,76
23,1
23,6
7,11
6,73

5
mg/mL
SDS +
DMPC
25⁰C
20⁰C
22,98
23,57
23,0
23,4
7,08
6,83

2,5
mg/mL
SDS +
DMPC
25⁰C
20⁰C
22,48
21,92
22,8
21,8
7,42
8,56

1,25
mg/mL
SDS +
DMPC
25⁰C
20⁰C
25,98
24,60
22,0
24,6
5,69
6,14

15,00
115,2
5
7
510,62
169
352,4

10,00
108,7
5
7
510,62
169
352,4

10,00
118,8
5
7
510,62
169
352,4

5,00
108,3
5
7
510,62
169
352,4

5,00
115,8
5
7
510,62
169
352,4

2,50
102,6
5
7
510,62
169
352,4

2,50
93,2
5
7
510,62
169
352,4

1,25
132,6
5
7
510,62
169
352,4

1,26
132,8
5
7
510,62
169
352,4

1,2
0,20

1,205
0,20

1,205
0,20

1,205
0,20

1,205
0,20

1,205
0,20

1,205
0,20

1,205
0,20

1,205
0,20

1
1
1
1
1
1
1
1
1
±
7,756E+ 7,756E+ 7,756E+ 7,756E+ 7,756E+ 7,756E+ 7,756E+ 7,756E+ 7,756E+
9,6E+08
10
10
10
10
10
10
10
10
10
±
1,440E+ 1,452E+ 1,452E+ 1,452E+ 1,452E+ 1,452E+ 1,452E+ 1,452E+ 1,452E+
1,8E+9
11
11
11
11
11
11
11
11
11
± 4,4E24
4E-22
4E-22
4E-22
4E-22
4E-22
4E-22
4E-22
4E-22
4E-22
0,25
1,00
1,00
1,00
1,00
1,00
1,00
0,02
1,00
1,00E+1 1,00E+1 1,00E+1 1,00E+1 1,00E+1 1,00E+1 1,00E+1 1,00E+1 1,00E+1
1
1
1
1
1
1
1
1
1
0,0000 0,0000 0,0009 0,0000 0,0003 0,0000 0,0002 0,0009 0,0008

0,00

0,00

0,00

0,00

61

0,00

0,00

0,00

0,00

0,00

The fitting parameters for the ellipsoidal model for the unmixed DDM measurements.
Tabell 3: DDM fitting parameters for all concentrations and temperatures using the ellipsoidal model. Eps signifies the axial
ratio, R the radius, dR the head group thickness, Nagg is the aggregation number, Mtot is the total mass, Densityhead is the
density of the surfactant head, Densitysolvent is the density of the solvent, Vtail is the volume of the tail, Vtot is the total volume,
tail, head and solvent are the SLDs of their respective surfactant parts, Vhead is the head group volume, CMC is the critical
micellar concentration, mean is the mean SLD, Nagg is the aggregation number and RHS is the hard sphere radius, Zhead and
Ztail is the number of electrons in the head of tail.

Ellipsoid
Parameters
ε [Å]
R [Å]
dR [Å]
Concetration
of surfactant
[mg/mL]
Mhead [M]
Densityhead
[g/cm3]
Densitysolvent
[g/cm3]
Vtail [cm3]
Vtot [cm3]

Error ±
0,28
0,39
2,1

0,12

14

tail

2,9E+09

head
solvent
Vhead
CMC
CMC in vol%

8,4E+10
1,8E+11
1,4E-23
7,3
1,8E-01

mean
Nagg
RHS
T

5,8E+08
27
1,8

Salt
Zhead
Ztail
Background
Scaling of
volume
fraction

0,0024

15
mg/mL
SDS +
DMPC
25⁰C
1,22
25,26
1E-06

10
mg/mL
SDS +
DMPC
25⁰C
20⁰C
1,21
1,38
25,06 24,56
1E-06 1E-06

5
mg/mL
SDS +
DMPC
25⁰C
20⁰C
1,26
1,20
24,80 25,26
1E-04 1E-06

2,5
mg/mL
SDS +
DMPC
25⁰C
20⁰C
1,22
1,30
24,77 23,19
8E-06 1E+00

1,25
mg/mL
SDS +
DMPC
25⁰C
20⁰C
1,27
1,44
26,71 25,92
1E-06 1E-06

1,50
341,6

1,00
341,6

1,00
341,6

0,50
341,6

0,50
341,6

0,24
341,6

0,24
341,6

0,13
341,6

0,13
341,6

1,43

1,43

1,43

1,43

1,43

1,43

1,43

1,43

1,43

1
353
7,5E-22
8,13E+
10
1,25E+
11
9E+10
4E-22
0,0
0,00
1,0443
E+11
233
50,0
298
1,00E05
176
102
0,0000

1
353
7,5E-22
8,13E+
10
1,25E+
11
9E+10
4E-22
0,0
0,00
1,0443
E+11
226
50,0
298
1,00E05
176
102
0,0000

1
353
7,5E-22
8,13E+
10
1,25E+
11
9E+10
4E-22
0,0
0,00
1,0443
E+11
241
50,0
298
1,00E05
176
102
0,0005

1
353
7,5E-22
8,13E+
10
1,25E+
11
9E+10
4E-22
0,0
0,00
1,0443
E+11
228
50,0
298
1,00E05
176
102
0,0000

1
353
7,5E-22
8,13E+
10
1,25E+
11
9E+10
4E-22
0,0
0,00
1,0443
E+11
229
50,0
298
1,00E05
176
102
0,0005

1
353
7,5E-22
8,13E+
10
1,25E+
11
9E+10
4E-22
0,0
0,00
1,0443
E+11
220
50,0
298
1,00E05
176
102
0,0000

1
353
7,5E-22
8,13E+
10
1,25E+
11
9E+10
4E-22
0,0
0,00
1,0443
E+11
192
50,0
298
1,00E05
176
102
0,0000

1
353
7,5E-22
8,13E+
10
1,25E+
11
9E+10
4E-22
0,0
0,00
1,0443
E+11
287
50,0
298
1,00E05
176
102
0,0006

1
353
7,5E-22
8,13E+
10
1,25E+
11
9E+10
4E-22
0,0
0,00
1,0443
E+11
296
50,0
298
1,00E05
176
102
0,0007

0,01

0,00

0,00

0,00

0,00

0,00

0,00

0,00

0,00
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The fitting parameters for the SDS mixtures.
Tabell 4: Mixed SDS and DMPC fitting parameters. Ri signifies the inner lipid radius, ti and to the inner and outer head group
of the lipid, Dc the hydrocarbon region thickness, σc is the smearing of the hydrocarbon region, σti is the smearing between
the inner head group and solvent, σto is the smearing between the outer head group and solvent, FL the fraction of lipids in
micelles, FD the fraction of detergent in liposomes, ε the axial ratio of the micelle, R the micelle radius, dR the head group
thickness of the micelle, σint is the smearing of the interfaces in the micelle, η is the volume fraction of the structure factor,
Fions fraction of undissociated ions, Nagg is the aggregation number of the micelle, NaggL is the aggregation number of the
liposomes , fwi and fwo the inner and outer fraction of water, V totL is the liposome volume and VheadL is the liposome head
volume.

Parameters
Total conc
[mg/mL]
Weight fraction
lipid
Ri
ti
to

Error ±

15 mg/mL SDS +
DMPC
25⁰C
20⁰C

10 mg/mL SDS + 5 mg/mL SDS +
DMPC
DMPC
25⁰C
20⁰C 25⁰C
20⁰C

2,5 mg/mL SDS +
DMPC
25⁰C
20⁰C

19,15

20,00

15,00

15,00

10,00

10,00

7,50

7,50

45
7,2

0,27
250
6,5

0,25
245
8,3

0,33
233
6,0

0,33
231
6,0

0,50
252
6,8

0,50
203
5,8

0,66
252
6,5

0,66
257
8,0

6,8

6,5

8,6

6,0

6,0

5,7

7,5

6,5

8,0

Dc

1,6

27,2

30,6

29,8

30,7

24,1

22,8

26,3

27,4

σc

3,2

4,4

5,0

5,0

3,0

2,3

0,9

1,2

2,5

σti

11

3

5

5

3

2

3

5

3

σto

6,2

2,5

5,0

5,0

3,0

2,2

3,9

5,0

5,0

FL

0,040

1,000

1,000

0,999

1,000

0,875

0,953

0,939

0,954

FD
ε
R
dR
σint
Hard sphere
radius
Effective charge

0,0080
0,050

0,0000
0,430

0,0000
0,479

0,0010 0,0000 0,0430
0,421 0,421 0,420

0,0354
0,438

0,0858
0,376

0,1113
0,353

1,6
1,8

24,5
6,9

24,6
6,6

29,1
4,6

29,1
4,4

31,3
4,0

30,9
4,0

34,9
3,9

35,0
3,5

0,30

3,82

3,79

3,80

3,71

3,88

3,80

2,81

5,12

48,31
20,03

47,56
12,37

47,65
25,01

71,07
1,09

0,00
0,00

0,00
0,00

0,00
0,00

0,00
0,00

0,07

0,07

0,04

0,05

0,00

0,00

0,00

0,00

4,39

4,34

3,43

3,82

0,00

0,00

0,00

0,00

0,72

0,72

0,72

0,67

0,72

0,72

0,72

0,72

64,64

73,98

100,73 100,66 110,73

110,41

114,60

107,24

32465

36096

31486 32046

28946

18065

31816

34830

η
Scaling of volume
fraction
Fions
Nagg
NaggL

13

Fwi

0,40

0,01

0,11

-0,19

-0,23

0,17

0,06

0,06

0,22

Fwo

0,30

0,23

0,36

0,10

0,08

0,21

0,45

0,26

0,39

Total radius [Å]
VtotL

6,8

290,2

292,6

275,1

274,1

288,8

239,0

291,5

300,4

13

1089

1089

1089

1089

1089

1089 1082,71 1076,76

VheadL
Background
Scaling of volume
fraction

10
0,0019

319
0,0000

319
0,0000

319
319
319
0,0008 0,0001 0,0000

319 315,327 308,344
0,0000 0,0004 0,0000

0,090

0,000

0,000

0,000
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0,240

0,330

0,239

0,312

0,400

The fitting parameters for the DDM mixtures.
Tabell 5: Mixed DMPC and DMPC fitting parameters. Ri signifies the lipid radius, ti and to the inner and outer head group of
the lipid, Dc the hydrocarbon region thickness, σc is the smearing of the hydrocarbon region, σti is the smearing between the
inner head group and solvent, σto is the smearing between the outer head group and solvent, Funi is the fraction of
unilamellar liposomes, Nu the number of uncorrelated scattering bilayers, N the number of layers in multilamellar
liposomes, σd is the Debye-Waller disorder parameter of the liposome bilayer,d the stacking separation of liposome bilayers,
δ is the Callie parameter, FL the fraction of lipids in micelles, FD the fraction of detergent in liposomes, L the length of the
micelle, Rsc the radius of the micelle and dRsc the thickness of the micelle head group, σint is the smearing of the interfaces
in the micelle, fwi and fwo the inner and outer fraction of water, Nagg is the aggregation number of the micelle, NaggL is the
aggregation number of the liposomes, VtotL is the liposome volume and VheadL is the liposome head volume.

Parameters
Concentration
[mg/mL]
Volume
fraction lipid
Ri [Å]
ti [Å]
to [Å]
Dc [Å]
σc [Å]
σti [Å]
σto [Å]
Funi
Nu
N
σd [Å]
D
δ
FL
FD
L [Å]
Rsc [Å]
dRsc [Å]
σint [Å]
fwi
fwo
NaggL
Nagg
SQ
VtotL [cm3]
VheadL[cm3]

Error

± 58
± 1,6
± 1,1
0,44)
0,87
3,6
1,1
0,06
0,060
0,080
5,3
0,62
3,7
0,002
5
0,002
0
4
3,5
3,6
1,5
0,10
0,020

0,70
19
0,000
60

Background
Scaling of
volume fraction 0,085

2,5 mg/mL SDS +
10 mg/mL SDS + DMPC DMPC
25⁰C
20⁰C
25⁰C
20⁰C

1,25 mg/mL SDS +
DMPC
25⁰C
20⁰C

15

15

7,5

7,5

6,25

6,25

0,33
262
5,3
5,3
24,32
3,05
0,5
0,5
0,602
1,283
3,237
2,9
72,02
1,2

0,33
259
6,0
6,0
32,63
5,77
2,3
1
0,789
0,071
2,553
0,0
72,73
0,0

0,66
241
8,0
8,0
31,62
9,66
2,5
2,5
0,000
1,311
4,500
7,0
67,88
0,0

0,66
244
7,3
5,3
24,91
4,30
2,5
2,5
0,000
1,000
3,506
1,0
62,24
2,9

0,8
266
5,0
5,0
25,39
4,30
2,5
2,5
0,000
6,146
5,367
5,2
71,58
13,1

0,8
255
6,5
6,5
26,47
4,30
2,5
2,5
0,100
1,173
4,000
0,0
61,33
2,8

0,8161

0,9999

0,7860

0,7741

0,6821

0,6179

0,1545
28
28,5
7,5
2,4
-0,89
-0,528
50190
154
1,4
1095,70
344

0,0529
27
28,3
8,0
2,6
-2,10
-1,354
91941
149
0,2
1070,84
319

0,5237
31
28,1
6,0
0,2
-0,62
-0,200
54503
119
1,3
1120,03
344

0,2904
23
23,0
7,5
5,1
-0,12
-0,226
36671
61
1,3
1150,00
344

0,5549
27
30,7
7,7
0,2
-0,53
-0,234
40997
110
2,1
1122,07
333

0,4328
28
39,6
6,7
0,0
-0,25
0,020
39235
215
1,3
1090,53
344

0,00000

0,00150

0,00150

0,00210

0,00000

0,00100

0,400

0,500

0,400

0,500

0,500

0,800
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The fitting parameters for the DMPC liposomes.
Tabell 6: Table over fitting parameters for DMPC. Ri signifies the lipid radius, ti and to the inner and outer head group of the
lipid, Dc the hydrocarbon region thickness, σc is the smearing of the hydrocarbon region, σti is the smearing between the
inner head group and solvent, σto is the smearing between the outer head group and solvent, fwi and fwo the inner and
outer fraction of water, VtotL is the liposome volume and VheadL is the liposome head volume, Vtail is the tail volume, tail, head
and solvent are the SLDs of their respective lipid parts.

Parameters
Error [±]
25⁰C
20⁰C
Ri [Å]
37
251

ti [Å]
0,95
6,05
6,00
to [Å]
2,5
8,0
8,5
Dc [Å]
1
27
26
σc [Å]
1,4
5,0
5,0
σti [Å]
1,8
2,0
3,5
σto [Å]
2,6
5,0
3,5
fwi
0,14
-5,9E-05
-4,9E-02
fwo
0,14
4,0E-01
4,2E-01
Concentration of
lipid [mg/mL]
5
5
VtotL [cm3]
1,3
1087,6
1070,2
VheadL[cm3]
1,3
314,2
320,7
3
Vtail [cm ]
1,3
773,4
749,6
head
1,45E+11
1,42E+11
tail
7,65E+10
7,89E+10
solvent
37
312
291
Background
45636
45636
Scaling of
volume fraction
0,00014
0,00021
0,00000
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