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Abstract

Lipid dispersions with planar regious enriched in long chain lipids and highly curved
regions enriched in short chain lipids can exhibit complex phase behaviour. Such
“bicellar” mixtures provide insight into how the morphology of self-assembled soft
structures are determined by component heterogeneity. Bicellar dispersion proper-
ties can be affected both by surface charge and the application of pressure. Vari-
able pressure deuterium nuclear magnetic resonance (*H NMR) studies were car-
ried out on bicellar lipid mixtures comprising the short chain lipid 1,2-dihexanoyl-sn-
glycero-3-phosphocholine (DHPC), the long chain lipid 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMIPC) and the anionic lipid 1,2-dimyristoyl-sn-glycero-3-phospho-
(I'-rac-glycerol) (sodium salt) (DMPG). Samples of DMPC-ds,/DMPG/DHPC (3:1:1),
DMPC/DMPG-d5,/DHPC (3:1:1) and, for comparison, DMPC-d5; /DHPC (4:1) were
prepared and hydrated in HEPES buffer at lipid weight fractions of 10%. DMPC-
ds4/DMPG/DHPC (3:1:1) sample was also prepared with the same sample prepara-
tion protocol but the sonication and freeze-thaw omitted. Spectra and quadrupole
echo decays were obtained, between 4°C and 65 °C, for both warming and cooling at
ambient pressure, 41.4 Mpa, and 82.7 Mpa. At ambient pressure, all mixtures form
isotropically rcorienting small particles at low temperature. Oun warming past the
DMPC gel-to-liquid erystal transition temperature, the particles coalesce into larger

structures that can be magnetically oriented. At higher temperatures, the disper-
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sions form more randoimnly oriented lamellar phases. On cooling at ambient pres-
sure, the lamellar phase persists to lower temperature where it transforms directly
to the isotropic phase. Application of pressure raises the transition temperatures
for DMPC-d5;/DHPC (4:1) but does not significantly change the phases observed.
For DMPC-d5, /DMPG/DHPC (3:1:1), pressure can stabilize the isotropically reori-

enting phase to higher temperature on warming. On cooling under pressure, DNPC-

ds3/DMPG/DHPC (3:1:1) can reorganize into a highly ordered gel phase with spectra

similar to those of the high pressure interdigitated gel phases of some phospholipids.

The same phase behavior was observed for non-sonicated DMP C-d5,/DMPG/DHPC
(3:1:1) and for DMPC/DMPG-d54/DHPC (3:1:1). Once nucleated, the highly or-
dered gel phase appears to be stable even at ambient pressure. These observations
demonstrate the sensitivity of dispersion morphology to details of mixed-lipid sample’s

thermal and pressure history.
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Chapter 1

Introduction

Lipid bilayers are the main structural element of cell membranes. There are 108 lipid
molecules in a 1 ym? area of lipid bilayer in the plasma membrane of an animal’s
cells [1]. Lipids are amphiphilic molecules. In amphiphilic structures, one end asso-
ciates with water and is called hydrophilic whereas the other end avoids water and is
called hydrophobic. One of the most abundant types of lipid in a cell is phospholipid
which has a glycerol backbone, acyl chains, a phosphate group, and a simple organic
group such as choline in the headgroup. The hydrophilic part of a phospholipid is the
headgroup which can be zwitteronic or charged depending on the chemical structure
of the headgroup. The hydrophobic end consists of the hydrocarbon chains which can
have different lengths depending on the type of phospholipid. Such molecules form
bilayers in cells and when dispersed in water. Phospholipids are important parts of
biological systems and a deeper understanding of them provides insights into biologi-

cal processes involving cell membranes or lipid assemblies.

Lipids play significant roles in a variety of cell functions including cell division or

fusion, transport, energy storage, hormone biosynthesis, provision of a structured en-



vironment for enzymes and so ou [1, 6, 7, 8]. The ability of some bilayer dispersions,
namely bicellar mixtures, to align in magnetic fields also makes them excellent plat-

forms for NMR studies of mmembrane-associated proteins [1, 2,4, 8].

The studies of bilayered micelle properties and phase behavior described in this thesis
provide information not only about specific model systems but also give some insight
into the conditions under which lipid assemblies can reorganize. Accordingly, the
results reported here may be more broadly relevant to biological processes involving
bilayer or membrane structure. They are also relevant to the understanding of this

particular class of self-assembled soft material.

1.1 Bilayers structures

1.1.1 Dispersions in water

Although dry phospholipids are crystalline, they form bilayer vesicles or micelles spon-
taneously upon hydration due to their amphiphilic nature [9]. The dominant force
in self-assembly is hydroplobic. The mode of assembly upon hydration can vary
with degree of hydration and composition of the dispersion. Hydrated dispersions
of lipids with longer lipid chains (more than 10 carbons on each chain), such as
1,2-dimyristoyl-sn-3-phosphocholine (DMPC), form bilayers or lamellae. Lipids with
shorter lipid chains (6 carbons per chain or shorter), such as 1,2-dihexanoyl-sn-glycero-
3-phosphocholine (DHPC), form micelles for a wide range of temperature [10, 11, 12].
Molecules in bilayers are arranged in a way that hydrocarbon chains are roughly par-
allel to each other. The hydrophilic part of the bilayer is formed by a monolayer of

polar liead group(s). Two monolayers, each arranged as described, face toward each



other to form a bilayer. Other morphologies, such as micelles and hexagonal phase

can be formed by varying temperature, pressure, hydration and composition.

1.1.2 Synthetic lipid assemblies

Cell membranes are made of bilayered lipids. Studying syuthetic lipid assemblies
adds to our understanding about their respouse to physical parameters as well as

their structural characteristics and roles in biological processes. Thesce lipid assein-

blies can be used as models for biological membranes [1].

Due to the abilitv of lipids to form different assemblies, some structures they form
can be used for specific purposes. For example, vesicles can be formed spoutaneously
after dispersion i a water based solution. This structure is a lipid bilayer rolled into
a spherical shell with water enclosed in the vesicle. These vesicles can be used for the
purpose of encapsulation by substituting the enclosed water based solution by any
desirable solution. For example vesicles made of synthetic lipids can be used as drug

delivery agents [18, 49].

Lipid mixtures containing two or three different phospholipid components can he used
to study the interactions among the components. One important class of lipid mix-
tures is one in which one or more long chain lipid component(s) is mixed with one short
chain component. Such mixtures are commonly called "bicellar mixtures" [9, 18, 24].
The mismatch between components’ chain lengths results in very interesting nor-
phologies and phase behaviors. In such mixtures, at low temperatures, lipids with
longer chains (more than 10 carbons) can locate on planar parts of the lipid assem-

bly while lipids with shorter chains locate preferentially in highly curved areas or



edges. [18, 21, 22, 23, 24]. The low temperature, bilayered micelle structures are rel-

atively small, planar particles between 10 nm to 100 nm in diameter.

1.1.3 Phases

The norphologies of lipid phases reflect the balance between interactions in the head-
group and chain regions. Lipid assemblies are thermotropic meaning that the phase
depends on temperature. For longer chain lipids(~10 or more carbons per acyl chains)
bilayers are found to be in the lamellar gel phase at lower temperature and in the

lamellar liquid crystalline phase at higher temperature [20].

In the lamellar gel phase, hydrocarbon chains are nostly ordered in all-trans config-
urations. This phase exists mainly at low temperatures or high pressure. As lipid
bilayers enter this phase on cooling, the area per lipid decreases as a result of the
increase in chain order. Full extension of chains in this phase results in an increased
bilayer thickness [61]. Some specific gel phase structures are described below. Figure

1.1 shows a general schematic representation of ordered lipids in the gel phase.

SRR RIRIAIAL
J400040000

Figure 1.1: Gel Phase

The ripple gel phase happens at low temperature. It results from a mismatch between



acyl chain and head group area. Figure 1.2 shows a schematic representation of the

ripple gel phase.

T rent!
L

Figure 1.2: Schematic representation of the rippled gel phase.

The tilted lamellar gel phase is also known as Ly, It occurs for lipids with relatively
larger head groups such as PCs [61]. The tilt angle is measured to be ~ 32° for a
wide range of temperature [61, 62]. In this sub-phase, lipids are tilted with respect
to the membrane normal [7, 59]. A schematic representation of the tilted gel phase is

shown as Figure 1.3.

Ny
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Figure 1.3: Schematic representation of the tilted gel phase.

The lamellar liquid crystalline phase is characterized by fast, axially symnetric reori-
entation of acyl chain segments and is typical of bilayer dispersions at high tempera-

ture and ambient pressure. In this arrangement, chains are disordered by trans-gauche




isomerisation around carbon-carbon bonds. In this phase, lipid molecules diffuse lat-
erally through the bilayer. Such fluidity is characteristic of membranes under biolog-
ically relevant conditions (7, 59]. The liquid crystalline phase is denoted as L,. The

schematic representation of liquid crystal phase is shown as Figure 1.4.

Figure 1.4: Schematic representation of the liquid crystalline phase.

1.2 Bicellar mixtures

In this thesis, the term "bicellar mixture' refers to a mixture of phospholipids com-
posed of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) as the long chain lipid
and 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) as the short chain lipid. Bi-
cellar mixtures doped with lipids having anionic head groups will be referred to
"anionic bicellar" or 'doped bicellar’. The anionic lipid used in this work is 1,2-
dimyristoyl- sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) or DMPG. Figure 1.5
shows the chemical structures of DMPC, DHPC and DMPG. DMPC and DMPG each
have 14 carbons in their acyl chain. These are used as long chain lipids in this work.

For bicellar mixtures in this work DHPC, with 6 carbons in the acyl chain, has been



Figure 1.5: Schematic structures for (a) DMPC, (b) DHPC, and (c) DMPG.

used as the short chain lipid.

The interesting morphologies and phase behaviors in bicellar materials result from
competition between the entropic cost of separating long chain and short chain lipids
and the enthalpic cost of accommodating substantial chain length mismatch [77].
Oune important determinant of bicellar mixture morphology and phase behavior is the
specific set of components contained in the lipid mixture. Bicelle particle size and

morphology depend on the molar ratio of long and short chain lipids, Q) = 1&%]1

Several different experimental methods such as NMR spectroscopy, IR spectroscopy,
neutron scattering, light scattering, x-ray diffraction, Ranmian spectroscopy, and fluo-
rescerice based techniques, have been employed to study either lipid bilayers or bicellar
mixtures [28, 29, 30, 31, 32, 33, 34, 56, 57, 59]. 2H NMR gives us very useful infor-

mation about molecular orientation in bicellar assemblies due to bicellar mixtures’



be magnetically oriented.

Previous NMR studies of DMPC-d;,/DHPC bicellar dispersions, where DMPC-d 5,
denotes chain-perdeuterated DMPC, have shown the formation of bilayered disks with
fast isotropic reorientation at lower temperatures, axially-symmetric rcorientation
about an axis oriented perpendicular to the applied magnetic field over a small range

of intermediate temperatures and axially symmetric reorientation about spherically-

distributed bilayer normal orientations at high temperature [18, 21, 23].

Small angle neutron scattering, SANS, has confirmed these observations [38'. Stud-
ies employing SANS showed that the morphological phases of a mixture of long-
chain phospholipid/short-chain phosplolipid (i.e. DMPC/DHPC) encountered on
warming from low to high temperature are an isotropic phase, consisting of bicellar
disks experiencing rapid thermal reorientation, a magnetically alignable chiral ne-
matic phase consisting of entangled worm-like micelles, and a multilamellar bilayer
vesicle (MLV) phase [35, 37]. The progression of isotropic, nematic and lamellar
structures for mixtures of long-chain lipids and short-chain lipids is now widely ac-
cepted [18, 23, 24, 35, 37, 38, 43, 44, 45]. However, some studies have suggested that
bicellar materials pass through phases with different morphologies under some specific

circuunstances [15, 16, 17].

Bicellar mixtures containing three lipid components can also be studied. One of
the most interesting candidates for a third bicellar lipid component is a lipid with a
charged headgroup but with the same chain length as the longer chain zwitteronic
lipid component. For instance, bicellar mixtures with 25% of DMPG or DMPS which

have negative and positive headgroups respectively, are used to study myristoylated



peptides [39, 40]. Anionic lipids (e.g. DMPG) are of interest as a component of hicel-

lar mixtures for use as surfactant lipid models in NMR studies of hydrophobic lung
surfactants proteins [41]. Such mixtures can also be used to study the interaction
among headgroups in the kinds of structures formed by bicellar mixtures. In terins
of anionic bicellar mixtures, another parameter must be defined in addition to Q to
denote the molar ratio of the third lipid component. This parameter is the molar

: : . : . [DMPG o
ratio of charged to zwitteronic long-chain component (i.e. I[W]l) and it is called R.

1.2.1 Phases and arrangements

As noted above, small angle neutron scattering studies have provided important in-
sights into the properties of bicellar phases observed at different temnperatures {35, 46,
80]. In particular. various bicellar dispersion phases have been identified with specific

lyotropic liquid crystal symmetries.

For Q > 2. bicellar mixtures experience three distinct ranges of behavior as follows.
For temperatures below the gel-to-liquid erystal temperature of DMPC, long-chain
and short-chain components are strongly separated to form small bilayered disk mi-
celles with fast isotropic reorientation. In other words, at a particular instant in time.
bilayered disks are uniformly oriented in every direction [26, 27]. Figure 1.6 shows a
schematic representation of a bicellar mixture in the isotropic phase. The blue regions
(lighter color in black and white copies) represent short chain lipids while red arcas

(darker in black and white copies) represent long chain lipids.

In the bicelle disk phase mentioned above, the chains of long-chain lipids (c.g. DMPC)

are ordered or extended. The parameter Q determines the ratio between planar area
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Figure 1.6: Isotropically oriented bicellar disks. This figure is modified and reprinted
with the permission of its creator, Dr. Michael Morrow.

and disk perimeter. Area per lipid in planar regions is constrained by the perimeter.
These disks have no long range positional or orientational order which, in additional

to their size, results in low viscosity and transparency [78].

When temperature increases through the main gel to liquid transition temperature
(T)), area per lipid for the long chain component exceeds the disk perimeter con-
straint imposed by Q [77]. As a result, larger assemblies form with long-chain and
short-chain components still largely separated [36]. In this phase, lipid segments are
worm-like micelles or bilayer sheets. These structures are magnetically alignable.
The schematic representation of a bilayer sheet is shown in Figure 1.7. The resulting
aggregates form a nematic phase [80]. This phase exhibits long range orientational
order. One characteristic of this aggregation is higher viscosity than the isotropic
phase which is the result of entanglement of the elongated bilayers micelles which still

maintain some fluidity [37]. In addition to temperature, composition also affects the
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Figure 1.7: Bilayer sheets that may be aligned parallel or perpendicular to B,. This
figure is reprinted with the permission of its creator, Mohammad Hassan Khatami.

properties of lipid assemblies. Studies have shown that magnetic orientation occurs

when 2<Q<6 [18, 23, 25].

At temperatures higher than the magnetic orientation phase temperature range,
DHPC molecules start to interact with the other components more strongly [63]. This
can cause instability of the edges. In other words, the short-chain lipids (e.g. DHPC)
may migrate into the planar bilayer regions. This instability can cause the bilayered
sheets to fold into spherical bilayered shells of perforated lamellae [19, 35, 37, 81]. The
rims of pores in this arrangement are formed by short chain lipids. This arrangement
can contain a single bilayered sphere or multiple spheres. The first arrangement is
called unilamellar vesicle and the latter one is called multilamellar vesicles. An MLV
is larger in size compared to ULV. In either case, the thickness of bilayer is smaller
than the size of either MLV or ULV. Viscosity drops slightly in this phase [37]. Figure

1.8 shows a schematic representation of a multilamellar vesicle.



Figure 1.8: A schematic representation of a multilamellar vesicle. This figure is
reprinted liere with the permission from its creator Dr. Michael Morrow.

1.3 Hydrostatic pressure

Amphiphilic structures are known to be very sensitive to pressure. Studying the
respouse of lipid and surfactant svstems to pressure can vield new information on
their structure. energetics and phase behavior and on the transition kinetics between
mesophases. Pressure increases the order of membranes, thus simulating the effects
of cooling [45]. Hydrostatic pressure is known to be a parameter that can affect the
structure. energetics. phase behavior and dynamics of biomolecules [45]. Studying
bilayers at high pressure can contribute to better understanding of thie role of bilaver
composition in deep-sea marine organisms living at high-pressure (up to 0.1 Gpa)
habitats [47]. Hydrostatic pressure influences plivsiology of cells in every level. How-

ever, the biological membrane is the most pressure sensitive cellular component [45].



The effects of pressure on bicellar structures have been previously studied extensively.

A tentative pressure-temperature phase diagram for the DMPC/DHPC systemn has
been found employing X-ray scattering [45]. This shows that applying pressure raises
the isotropic-uematic and nematic-lamellar transition temperatures. In addition to
this, it has been observed by SANS studies [45, 31] and deuterimin NMR studies [17]
that applying pressure can lead to a highly ordered phase for bilayer membranes with
more than 16 carbons in their acyl chains. This phase is referred to as the interdig-
itated gel phase in this thesis and it is shown schematically in Figure 1.9. In other
words, hydrostatic pressure contributes to the formation of arrangements which are

not accessible at ambient pressure(e.g. interdigitated gel phase).

Figure 1.9: Schematic representation of an interdigitated gel phase. In this Figure, it
is assumed that the mixture contains one species of lipid.

H NMR studies at high pressure have been employed to examine both phase be-
haviour [17, 56] and head group orientation [55] of bilayers. An interdigitated gel
phase has been reported for bitayers under a variety of experimental conditions [13,

14, 15, 16, 17]. Based on the literature review done in this work, interdigitated gel
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phase has only been observed after being exposed to high pressure [17, 51, 52, 56, 59]
or the presence of simall molecules that perturb the order of headgroups [13, 16]. If
bilayers in the liquid crystalline phase are cooled under pressure, chain orientational
order increases until the transition to a more-ordered plase [50, 17]. Chain orienta-

tional order is described in detail in the second chapter.

The sensitivity of phospholipid chain ordering to pressure in mixtures containing a
single phospholipid species depends on the proximity of the temperature to T,, for
that phospholipid [54]. For mixtures composed of two non-identical phospholipids,
however, both species show sensitivity to ordering caused by pressure. This sensitivity

falls between the values of either species individually [50].

At fixed temperature, increasing pressure increases mean lipid chain orientational or-
der [17, 50, 54, 56, 57]. Thus, hydrostatic pressure increases the temperature for the
main transition from gel to liquid crystalline, isotropic-nematic and nematic-lamellar
if present [63, 17, 54, 56, 57, 58, 59]. *H NMR studies have reported the pressure sen-

sitivity of the main transition temperature for DMPC mixtures as 0.19 °C/MPa [54].

[ addition to the influence of hydrostatic pressure on lipid chains and their orienta-
tional order, studies have shown different responses to pressure for bilayers coniposed
of lipids with different headgroups. Comparison between DPPC and DPPG bilayers
have shown that DPPG tend to undergo a transition to an interdigitated gel pliase
at a lower pressure than DPPC bilayers. The lowest pressure at which DPPG bilay-
ers undergo a transition to an interdigitated gel phase is approximately 60 MPa. For
DPPC bilayers, this pressurce is approximately 150 MPa [17]. The lower interdigitation

pressure for DPPG might be due to electrostatic interactions between the negatively




charged DPPG lheadgroups. The same study reported that, above the lowest pressure

at which interdigitation is observed for each lipid, both DPPC-dgy and DPPG-dgy dis-
play an interdigitated gel phase at high temperature, a non-interdigitated gel phase
at internlediate temperature and a chain-iiminobilized ordered phase at low tempera-

ture [17].

DSC and variable pressure NMR have also been used to study bicellar mixtures
(DMPC/DHPC) [35, 64, 63]. It has been reported that the isotropic-nematic tran-
sition rises by ~ 0.19°C/MPa for DMPC/DHPC (4.4:1) and by ~ 0.15°C/MPa for
DMPC/DHPC (3:1). The pressure sensitivity of nematic-lamellar transition has also
been reported to be ~ 0.18°C/MPa for DMPC/DHPC (4.4:1) and ~ 0.14°C/MPa
for DMPC/DHPC (3:1) [63]. This study reported that DMPC/DHPC (4:1) mixtures
do not undergo a trausition into an interdigitated gel phase at pressures up to 135

MPa while being warmed.

1.4 This work

Bicellar mixtures, containing one long chain lipid and one short chain lipid, have
shown very interesting morphology and phase hehavior and have been studied exteu-
sively [21, 22. 24, 25, 39]. The effects of hydrostatic pressure on bicellar properties
have only recently been examined [63]. Studies of DMPC/DHPC with molar ratios
between 2 to 4 and either perdeuterated DMPC or DHPC have shown no sign of

interdigitation [63] at different pressures up to 135 MPa.

This work is partially motivated by previous observations of how bilayers with different
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headgroups respond to hydrostatic pressure. Previous observation of gel interdigita-
tion at lower pressure for anionic lipids than for zwitteronic lipids provides some clues
about thie sensitivity of bilaver structure to the balance between headgroup and chain
interactions. It has been observed that lipid mixtures with a PG headgroup tend
to transform to an interdigitated gel phase at a pressures higher than 60 MPa while
lipids with a PC' headgroup undergo the transition into an interdigitated phase at 150
MPa and higher. [17]. The effect of aunionic lipids on the respouse of bicellar mixtures

to pressure has not been studied.

Adding anionic lipid components to a bicellar mixture is of iterest due to the mor-
phology of bicellar structures. Studies have shown that adding 25% of DMPG to
DMPC/DHPC (Q=3, R=0.33) modifics the behavior of the bicellar mixture and bi-
layer dynamics in the high temperature phase. The DMPC/DMPG/DHPC (3:1:1)
mixture, however, displays the sane progression of phases as DNPC/DHPC (Q=4) [77].
Ou the other hand, SANS studies using oscillating shear to induce magnetic aligniment
have been interpreted as showing that DMPC/DMPG/DHPC with R=0.02 and R=1
trausforms directly from isotropically reorienting disks to a smectic lanellar phase
whereas DMPC/DHPC 1ixtures pass through the intermediate ncmatic ribbon-like
phase [12]. The apparent discrepancy between the behaviours inferred from the NMR

and SANS observations has not been resolved.
The work reported in this thesis is motivated by the question of how the presence of

charged lipid affects the response of bilavered micelle structures to hyvdrostatic pres-

sure. Specific objectives are :

1. To examine how the presence of DMPG in DMPC/DMPG/DHPC (3:1:1) disper-
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sious aflects the dependence of observed transition temperatures on hyvdrostatic

pressure:

2. To deterniine whether the presence of DMPG in the bilayered micelle dispersion
results in the observation of pressure stabilized phases that arc not observed at
alubient pressure :

and

3. To determine whether the presence of DMPG in the bilayered micelle dispersion

allects the morphology of phases observed at high pressure.

For these purposes. several bicellar mixtures were prepared with the following compo-
sitions: DMPC-d;,/DHPC with molar ratio Q~ 4: DNPC-d;,/DMNPG/DHPC, with
Q~ 1 and R~ 0.33; and DMPC/DMPG-d;,/DHPC (3:1:1) (the samme molar ratio
but different perdeuterated carbon chains). The ratio of long chain to short chain
lipids was kept. constant at the value used for previous DMPC/DHPC studies [63].
Samples containing cither perdeuterated DMPC or DMPG were prepared to study
the response, participation and morphology of either DMPG or DMPC under various
experimental circumstances in different assemblies. Variable pressure ?H NMR has
been employed to study either perdeuterated DMPC or DMPG iu cach doped bicellar
mixtures. An anionic bicellar mixture was also prepared using an alternative sample
preparation protocol in order to determine how sensitive observed behavior was to

salple preparation methods.

This thesis is organized in the following way. The objective of the present work, a
brief review of carlier works and a broader image of lipid assciuiblics and phases are

presented in chapter 1. Chapter 2 gives a brief background about 2H NMR theory
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relevant to this work including some necessary technical information about magnets

being used. Experimental techniques and methods used are described in chapter

3. Results and discussions are presented in chapter 4. The last chapter includes a

sununary of this work and conclusions.




Chapter 2

NMR background

Nuclear Magnetic Resonance (NMR) is a common method of studying phospholipid
dispersions containing a single species, or a binary or bicellar mixture. One reason
that NMR is popular among different methods of studying bicellar mixtures is that
bilayers in bicellar mixtures can be magnetically orientable over a particular range of
temperature. This characteristic makes magnetic-based metliods ideal for these types

of studies.

Nuclei with angular momentum and magnetic moments precess with a specific fre-
quency in the presence of a magnetic field. If a current flows to a coil perpendicular
to the magnetic fleld with the same frequency as the nuclear precession, it can tip
the magnetic moments away from the applied field. If the duration of this radio fre-
quency (RF) pulse is chosen in such a way as to leave the moments precessing in a
plane perpendicular to magnetic field, the precessing magnetization can be detected
via an oscillating voltage induced in the coil. Information about the motions and en-
vironment of molecules containing the nuclei can be obtained from interactions that

perturb the precession frequency [66]. This is a very simplified way to describe how

19
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NMR works.

NMR can be used for any isotopes that contain an odd munber of protons and/or
neutrons. These isotopes have a natural magnetic moment and angular inomentun.
In other words. a nonzero spin is required for the purpose of NMR. Among the most
commounly used nuclei are 'H, 3C and "N, 'H is comnion due to its high natural
abundance and can provide information about organic molecules and the hydrocar-
bon chains. This high natural abundance can cause issues. For example, the proton
NMR spectruun of a large organic molecule can be very complex and consist of many
resonances. 3C'is not highly abundant but is a very useful isotope for studies of or-
ganic structures [66]. NMR methods have heen developed for isotopes of many other
elements ,e.g. 2H, L, 1B, UB, "N, 170, 'F, #Na, 2951, 3'P, %CI, 'BCd, Xe . and
195pt. The advantages and disadvantages in using each isotope will not. be discussed

further in this thesis in any detail. The focus, in this thesis, is on “H NMR.

2H NMR has been widely employed to study partially ordered svstems containing
deuterated organic molecules especially lipid memmbranes. The deuterium nucleus has
spin=1 (one proton and one neutron) and its natural abundance is 0.016%. In order
to take full advantage of 2H NMR, synthetically deuterated molecules are required.

Based on the tyvpe of required information, the chain or headgroup can be deuterated.



2.1 Theory of solid-state “H NMR

2.1.1 Theory of deuterium NMR in the absence of molecular
motion
The Hamiltonian of a 2H nucleus in presence a magnetic field, H,, has four terms and

it is given by

H=Hz+Ho+Hcs+ Hp (2.1)

where Hz stands for the Zeeman effect, Hq for the quadrupole energy, Hes for the
anisotropic chemical shift due to shielding by electron density around the ?H nucleus
and Hp is the dipolar coupling resulting fromn the interaction between two magnetic
dipoles. The approximate magnitudes of the perturbations caused by each interaction
to the deuteron precession frequency can differ significantly. It is known that chemical
shift for deuterium is less than 1 kHz for typical magnetic fields and that the dipolar
interaction perturbation is approximately 4 kHz in the case of two deuterons. These
magnitudes can be neglected in comparison to quadrupolar coupling splitting which
is ~ 250 kHz for deuterium in a static C-D bond. Thus, the total Hamiltonian of this

svstem can be written as

H=Hz+ Ho. (2.2)

The Zeeman effect is the splitting of energy levels corresponding to different azimuthal
quantum numbers and it is caused by external magnetic field. For deuterium. there
are three azimuthal quantum numbers, m=-1,0,1. Deuterium with I=1 has a non-
spherical charge distribution and consequently an electric quadrupole moment. This
non-splierical nuclear charge distribution causes an electrostatic interaction between
the nuclear quadrupolar moment and the electric field gradient (EFG), due to the

carbon-deuterium bond, at the position of nucleus. As shown in Figure 2.1. the de-



generacy between the transitions is removed resulting in two allowed transitions.
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Figure 2.1: Perturbation of the Zeeman energy levels by the quadrupole interaction.
The resulting 2H NMR spectra are shown with and without quadrupole interactions,
respectively, at right and left

The Hamiltonian associated with the Zeemau interaction hetween the magnetic no-

ment and the static magnetic field can be expressed as [65]

HZ = _A/h(f-H_'()) — _IlVOIZ (23)

where [ is the spin angular moment, 4 is the gyromagnetic ratio and v, = vH, is
tlie Larmor frequency [66]. The corresponding eigenvalue for this Hamiltonian can be
written as

Em - —ﬂ/hu(ﬂnu (24)

On the other hand, the quadrupole Hamiltonian can be written as [65, 70]

_e%Q

Ho = ]h 312 — I(I + 1)][(3cos® 0 — 1) + nsin® 8 cos 2¢)] (2.5)

where 6 and ¢ indicate the orientation of the EFG tensor with respect to the external
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magnetic field (H,), and n is the asymmetry parameter which reflects departures of
the electric field gradient from axial symmetry. In the case of C-D bonds, The EFG
tensor is known to be approximately symmetric (n < 0.05) which causes the last term

to vanish. Thus, Eq. 2.3 becomes

Ho = ()Q%Q[dlf — I(I + 1))[(3cos*0 — 1)

Therefore, the total Hainiltonian for deuterium nucleus is expressed as

e*qQ

H = _’YhH()[Z + —8—

[312 — I(I + 1)][(3cos” 6 — 1)

And the total energy for a deuteron with spin=1 is correspondingly

2
>

E,, = —vhH,m + e [(3m* — 2)(3cos® 8§ — 1)] (2.8)

where different energv levels due to different values of m are

2
E. | = —hH,+ ¢ gQ(S cos® § — 1), (2.9)
2
B =° ZQ(gcosﬂe —1) (2.10)
and
2
E ,=~hH,+ ‘ gQ(3C0820 —1). (2.11)

Selection rules ! result in the resonance energies

3e2qQ

hwy = E_y — By = vhH, + (3cos?0 — 1) (2.12)

LAm = +1



/1,1/+ = E(; - E+1 = ‘YhHo -

2
3¢ 8qQ(300529 1). (2.13)

The quadrupole splitting, Avg = v, — 1/5 can be written in terms of constants and
A as
or

Avg = (3cos?f — 1) (2.14)

3eqQ)
4h

,2

where , also known as the static deuteron quadrupole coupling constant, is mea-

P
sured to be ~ 167 kHz for a single deuterium nucleus in a C-D bond [65, 68].

2.1.2 ?H NMR spectrum associated with molecular motion

In this section, the effects of molecular motions such as reorientation about the hi-
layer normal and chain conformational fluctuations, will be taken into account. The
H NMR spectrum of a deuteron on a lipid chain is affected by fast motions of the
C-D bond about the bilayer normal. This can include rotations, fluctuation and trans-
gauche isomerization. The instantaneous orientation of the boud can be characterized
by the angle, ¢, between C-D bond and bilayer normal. The observed spectrum also
depends on the angle between bilayer normal and the applied magnetic field, 3, which
changes only slowly. These two angles are shown in Figure 2.2. After two different
transformations and choosing Euler angles appropriately [66, 69, 70|, the mean value

of Hamiltonian over time can be expressed as

e*qQ

16 [3cos® 3 — 1]((3cos? B, — 1) + nsin®f cos® #)[31% — 2] (2.15)

(Hq) =




where the angular brackets indicate a time average over chain motions in the time

scale of the experiment and 6, is the angle between the bilayer normal and the n”

C-D bond in the bilayer chain. For axially symmetric chain reorientation, n is very

close to zero and thie term with n can be neglected.

If the chain reorientation is axially symmetric with respect to the bilayer normal, the

quadrupole splitting is then given by the following equation

or
3e2qQ

n (3cos® 3 — 1)Sep (2.16)

(rg) = Dvg =

where Sqp) is the orientational order parameter and is defined as

1
Sep = 5<3 cos®f — 1). (2.17)

Figure 2.2: Schematic representation of the orientation of the magnetic field direction
H,, bilayer normal, N and the C-D bond orientation relative to the magnetic field
direction, H,.

The average in Eq. 2.18 is over chain motions that modulate the quadrupole Hamil-

tonian on the time scale (~ 107%s) of the 2H NMR experiment.



The average in the orientational order parameter reflects the motions of the CD bond,

with respect to the bilaver normal, in the hydrocarbon chaius of the lipid molecules.

If all of the C-D bonds on a lipid acyl chain are deuterated, the resulting spectrun
is superposition of different doublets with splittings corresponding to different values
of Sep. As shown in Figure 2.3 each doublet splitting indicates a specific C-D bhond.
The number of resolvable doublets depends on tlie resolution of a given spectrum and

on the transverse relaxation time for that doublet.
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Figure 2.3: Deuterium NMR spectrum of predeuterated DMPC-dgy in DMPC-
d51/DMPG/DHPC(3:1:1) at 34°C in the oriented phase.

The smallest quadrupole splitting comes from methyl (CDs) groups at the end of eacli
chain. The motions of methyl groups are the least constrained. Therefore, they result
in the smallest quadrupole splitting. The greatest quadrupole splitting corresponds to
the niethyvlene (CDy) groups near the headgroup. Motious are the most coustrained

for these methylene groups. Quadrupole splitting decreases from the C-D bonds near



the headgroup to the methyl groups located furthest fron the headgroup.

2.2 Spectra for bicellar dispersion phases

2.2.1 Isotropic reorientation

At temperatures lower than the main transition temperature (T,,) of the longer chain

lipid conmponent in the bicellar mixture, bilayered disk micelles reorient isotropically
when viewed over the 2H NMR timescale. This averages the quadrupole interactions
for all chain deuterons to zero. For this reason, the spectruin for a typical bicellar
mixture dispersion in this range of temperature has a high intensity at v, and approx-
imately zcro intensity everywhere clse. An example of the spectrum corresponding to

isotropically reorienting bicelle disks is shown in Figure 2.4.
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Fignre 2.4 Lipids  with  isotropically  reorientation  for  DMPC-
ds5;/DMPG/DHPC(3:1:1) at 18°C.



Figure 2.5: H NMR spectra for bilavers with nornial directions oriented (a) perpen-
dicular to the magnetic field and (b) parallel to the magnetic field.

2.2.2 Oriented bilayers

Bilavered micelles at intermediate temperature can orient in a magnetic field. Thus.
there is oue single value for .3 whicl results in a superposition of sharp doublets. rather
tlian Pake doublets (or powder patterus). corresponding to the deuterons contributing
to the deuterium NMR spectrun. The corresponding spectrun. obtained when hilaver
normal is perpendicular to the magnetic field, is shown in Figure 2.5.a whereas the
one for bilayer normal alignment parallel to the applied magnetic field is shown in
Figure 2.5.h. Such a difference in the angle between bilaver normal and magnetic field
changes 7 by 90° whereas the range over which €, varies for eacli CD bond remains
the same. The splitting of the doublet for the perpendicular orientation is scaled
by a factor of —% while this factor is 1 for the parallel aligimment. An example of a

deuterinm NMR spectrum for DAMPC-d5; /DNPG/DHPC(3:1:1) in oriented phase is

shown in Figure 2.6.

2.2.3 High temperature bicellar dispersion phase

In the high temperature bicellar phase, the observed spectra resemible those for multil-

amellar vesicles with hilaver normals directed in every direction with equal probability.
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Figure 2.6: ?H NMR spectrum of DMPC-dys/DMPG/DHPC(3:1:1) in the oriented
phase at 34°C with 3 =90°.

# can take all values in the range of 0 and 180°. The weighting of contributions from

different orientations is proportional to the fraction of a spherical surface correspond-
ing to that orientation. Thus, the intensity of each contribution to a spectrum is a
function of the value of 3 corresponding to that contribution. A schematic represen-

tation of such a spectrum is shown in Figure 2.7.
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Figure 2.7: A) Separation of the deuterium powder spectrum (solid and dashed lines)
corresponding to the two deuteron transitions.B) Schematic spectrun of lipids in
lamellar vesicle phase.

This spectrum is a superposition of quadrupole doublets with different values cor-

responding to different values of g with different weights. This shape is called a
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Pake-doublet. It is symimetric about the Larmor frequency. The highest doublet
Intensity indicates the regions of the spherical vesicle whose bilayer normals are per-
pendicular to the magnetic field. The lowest intensity represents the region of the
spherical vesicle with the bilayer normals parallel to the applied magnetic field. The
doublet splitting for regions with = 90° is half of that for the regions with 3 =0°

as shown in Eq.2.15.

The weights for these two regions are also not equal. The abundance of lipids with

# = 90° is maximum in spherical vesicles. The number of lipids with 3 = 0° (con-

tributing to intensity in spectral region is shown by the arrows in figure 2.8) is min-
inmn.  In this thesis, the quadrupole splitting is defined as the doublet splitting
corresponding to regions with g = 90°. Figure 2.8. shows an actual spectrum for
DMPC-d5,/DMPG/DHPC (3:1:1) at 40°C which corresponds to the lamellar vesicle
phase. This spectrum is a superposition of doublets which are corresponding to dif-

ferent values of /3.

A T i
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Figure 2.8: A 2H NMR spectrum collected from DMPC-ds4/DMPG/DHPC (3:1:1)

at 40°C which corresponds to the MLV phase for this sample. The red arrows show

the spectral segments which represent lipids with 5 = 0°.
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2.2.4 Interdigitated gel phase

At high pressure, some samples displayed spectral characteristics of lipid chains in a
highly ordered phase [17]. This was interpreted as an interdigitated gel phase based
on comparison with previously observed spectra of DPPC-dg, and DPPG-dg, in the
interdigitated gel phase [17]. In this phase the C-D bonds are more constrained. A
spectrum for lipids in this phase is shown in Figure 2.9. The doublet splitting is

double the oriented phase spectrum for the same sample.
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Figure 2.9: A 2H NMR spectrum collected from DMPC-ds,/DMPG/DHPC (3:1:1)
at 48 °C and applied pressure of 85 MPa. The sample is in the interdigitated phase.

Note that the doublet splitting corresponding to methyl (CD3) groups is also two times
bigger than the methyl doublet splitting for the same sample in a non-interdigitated
phase. Overlap of chains, which are more ordered in the interdigitated phase, from
opposite sides of the bilayer packs the lipids. This reduces the available area per lipid
acyl chain that in a way increases the order parameter. Therefore, the quadrupole

splitting will be approximately doubled according to Eq. 2.16 or Eq. 2.17.



2.3 Quadrupole echo decay

An RF pulse is employed, in a pulse NMR experiment, to excite nuclear spins in
the sample. For deuterium NMR, the RF pulse must contain energy over a broacd
spectral range. For this reason, this RF pulse must be a short, high power pulse. For
the purpose of protecting the spectrometer, which is designed to detect weak signals,
the spectrometer switches from its "protected" state to "collecting” state using diodes.
This, along with oscillations iu the react of components in the preamplifier (ringing),
takes longer than the free induction decay time. Thercfore, to obtain a broad spec-
trum, an echo experiment using two pulses is required so that signal acquisition cai be
delayed until after the spectrometer receiver has recovered from the pulse effects [71].
The first pulse is a g pulse. After a delay time of 7, a second g pulse, shifted by
90° in phase, is applied. After the second pulse, the spins which precess faster than
average are behind tlie net magnetization but converging with the net magnetization.
The spins that precess slower than average are ahead of the net magnetization. These
two spin populations refocus to form an echo at a time 27 after the initial pulse. This
process allows the spectrometer to recover to the collecting state and collect a signal
that, except for relaxation effects, is the same as the signal after the first pulse. For
spint 1 nuclei, a sequence of g pulses is used to obtain echo whereas m pulse sequece
is used for spin 1/2 nuclei. Further information about this process and using g pulse
sequence for spin 1 nuclei can be found here [67]. A schematic representation of

quadrupole echo decay pulse sequence is shown in Figure 2.10.

The amplitude of the echo can be expressed as [71]

-2
S2ry=A= A4, exp(T—qZ) (2.18)
2
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Figure 2.10: Schematic representation of quadrupole echo decayv pulse sequence intro-
duced by James Davis and co-workers [71]

where T4 is the echo decay time. Eq. 2.19 can he rewritten as

A - —27
4, T

In( (2.19)

0

Therefore. % is the slope of the plot of l()g(i) versus 27, T4 vields useful informa-
2 g

tion about the motions that cause the quadrupole signal to decay in different phases.

The echo decay rate, R. depends on the second moment (AA). This second mioment

correspond to a portion of the quadrupole Hamiltonian which is resulted by a given

motion with a specific correlation time (7). Slow motions can be characterized as

having correlation times that satisfies the coudition [72. 73]

1
T S ——— 2.20
VAN, ( )
and contributions to the echo decay rate,
1
R x = (2.21)
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For fast motions,

1
< 2.22
T{<<\/m (2.22)

and

Rxr.. (2.23)

The echo decay times pass through a minimun during a phase transition from a
phase with echo decay dominated by fast motions to a phase with echo decay domi-
nated by slow motions. Through this minimum, the echo decay time is dominated by

the motions with correlation times that are closest to the timescale of the experiment.

In the liquid crystalline phase of multilamellar vesicle dispersions, echo decay is in-
fluenced by both slow long-range motions and fast short-range motions. This gives
a plateau region with long decay times [74]. Motions are slower for a lipid assembly
in the gel phase which occurs at low temperatures. These slow motions have longer
correlation tintes and the echo decay time increases as the correlation times inerease
with decreasing temperature of bicellar mixtures. Thus, T3 reaches a minimum at
the transition where the dominant motions are at an intermediate timescale. In other

words, T3 reaches a minimun because fast iotions related to the liquid erystal phase

approach the timescale of the experiment while passing through this transition.



Chapter 3

Materials and method

3.1 Sample preparation

Chain perdeuterated DMPC and DMPG along with non-deuterated DMPC, DMPG,
and DHPC were purchased from Avanti Polar Lipids (Pelhain, AL). These lipids were
used without any further purification. The molecular weight and molecular formula of
used lipids are shown in Table 1. A solution of 10 mM HEPES with pH=7.0 was used

as the buffer solution. This solution was prepared by Donna Jackman (Department

of Biochemistry, Memorial University of Newfoundland).

lipid Molecular formula | Molecular weight
DMPC C3sH72NOgP 677.933
DMPC-dss | Cs6H1sNOgPDsy 732.265
DMPG C34HgsO10PNa 688.845
DI\’IPG—d54 C34H12010PN&D54 743.178
DHPC CooH4oNOgP? 453.507

Table 3.1: Lipids molecular formulas and their molecular weights. These inforniation

have been obtained from Avanti Lipids website.
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3.1.1 Preparation of bicellar mixtures

Dry, powder, chain perdeuterated 1,2-dimyristoyl-sn-glycero-3-phosphocholine-ds,
(DMPC-d54) and non-deuterated dry 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC) were combined for the purpose of making the bicellar mixture. DMPC-d5;,
with 14 carbons in its chain, was utilized as the long chain lipid. DHPC with 6 car-
bons in its chain was used as the short chain lipid component. They were combined
with the molar ratio of (4:1) at lipid weight fractions of ~0.1 g of lipid per ml of

water. Details of the samples preparation follow.

To prepare DMPC-ds,/DHPC (4:1), 20 mg of chain perdeuterated DMPC and 3.1
mg of DHPC were weighed into different culture tubes. Each lipid was dissolved in
adequate chiloroform/methanol (2:1) (v:v) solution (few milliliters) to completely dis-
solve all of the lipids. The dissolved lipid solutions were combined in a round bottom
flask. The solvent was removed by rotary evaporation at 40°C. The sample was then
held under vacuun in a desiccation chamber for about five hours. This sample was
then hydrated by using 250 pL of 100 mM HEPES buffer (pH=7). The hydrated
mixture was then sonicated in a sonicating bath at room temperature for 15 minutes.
The sample, still in the round bottom flask, was frozen and was thawed for 5 cvcles

by placing it in liquid nitrogen and 40°C water bath respectively.

A deformable polyethylene container was made by heat-sealing the ends of a short
seguient cut from a disposable polyethylene pipette. Finally, about 200 uL of sample
was transferred to the polyethylene container which was then sealed with a Clamco
heat sealer. Samples were placed in a freezer at about —18 °C overnight. The samples

were placed in the probe when they were below room temperature.
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Samples of DMPC-d5,/DMPG/DHPC (3:1:1) were prepared by following the same
protocols but with 25 % of the DMPC-ds4 replaced by the anionic lipid DMPG. Sam-
ples of DMPC/DMPG-d5,/DHPC (3:1:1) were also prepared in the saime way.

For comparison, one sample of DMPC-d5, /DMPG/DHPC (3:1:1) was also prepared

with the sonication and freeze-thaw steps omitted.

3.2 NMR spectrometers

In this work. wideline deuterium NNR observations were perforied using locally-

built spectrometers with either a 3.5 T or a 9.4 T superconducting magnet.

3.2.1 3.5 T variable-pressure deuterium NMR. spectrometer

For the purpose of variable-pressure NMR spectroscopy, which was the main part of
this work. the locally-coustructed solid state spectrometer was used [76] in conjunc-
tion with a 3.5 T superconducting solenoid (Nalorac Cryogenies, Ca) corresponding to
a deuteriuin resonance frequency of 23.2 MHz. The spectrometer consisted of a com-
puter for data acquisition, storage, and initial pulse sequence programming, a 1 kW
radio transmitter, and a quadrature detection section with a 12 bit digitizing oscillo-
scope. The samiple capsule and the cylindrical coil were inserted into a high pressure
beryllium-copper cell which may be pressurized with hydraulic oil (AW ISO grade32).
For this purpose, tlie NMR probe was connected to a manual oil puunp. The schematic
picture of the variable pressure probe [54] is shown in Fig. 3.1. Two gauges which

were calibrated against a dead-weight gauge were emploved to measure pressure. A
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microprocessor-based proportional-integral-diffrencial controller (PID controller) in
conjunction with a thermocouple sensor embedded around the pressure cell was used
to control the temperature with an accuracy of 0.1°C. Samples were leld at each

temperature for at least 20 minutes to equilibrate before the start of data acquisition.

Spectra were obtained by applying a quadrupole echo pulse sequence [71] with a %

pulse length of 3.5 ys. The pulse separation was 35 js. Each spectruin was obtained

by averaging 2,000 to 40,000 transients prior to Fourier transformation. Quadrature

detection with repetition time of 0.8 s was employed for this purpose. Oversan-
pling [75] was used to obtain effective dwell times of 4 us in the free induction decays.
Echo amplitudes were measured with typical pulse separations of 35, 50, 75, 100, 150,

200 ps for echo decay measurements.

3.2.2 9.4 T deuterium NMR spectrometer

For comparison, one sample was studied using a 9.4 T superconducting magnet in
which the *H Larmor frequency is 61.4 MHz. This setup also uses a locally asscmbled

spectrometer. Spectra were acquired using a quadrupole echo sequence [71] with

[eIE]

us
2

pulses of length from 4.25 to 4.5 us. The separation time (7) between I pulses in
the quadrupole echo sequence was 35 us, and 2000 to 4000 transients were averaged
for each free induction decay. For quadrupole echo decay measurements, 400 to 1000
transients were averaged. The repetition time for acquisition was 0.9 s. Oversam-
pling [75] was used to obtain effective dwell times of 4 us in the free induction decays.
Echo amplitudes were measured with typical pulse separations of 35, 75, 100, 150,

200, 300 and 400 us for echo decay measurements.



3.2.3 High pressure probe

A locally built high-pressure probe was used to apply pressure [53]. This probe is
designed to sustain pressures up to 270 MPa and temperatures between —30°C and
70°C [53]. A schematic representation of this probe is shown in Figure 3.1. This
schematic diagram is adapted fromn an article by Bonev and Morrow and more detail

can be found there [53].

Schematic drawing of the high pressure deutermam
NMR probe.
1) High pressure chamber
2} sample‘coil module
3) thin walled stainless steel support tubes
4} suspension plate
3} brass suspension rods
6) top plate
7) top plate bolts
8§} threaded brass anchor ring
9) outer aluminum tube
10) upper positioning ring
11) positiomng studs
12) lower posttioning ring
13) magnet and dewar
14} of connecting wire
Y 15) tf feed through
“““ 16} coupling capacitor
17) tuning capacttor
18) and 19) top and bottom msulatng capacitor
support plates
20) capacitor adjustment rods
21} stvrofoam msulation
A} Stainless steel pressurizing tube
B) and () cooling gas outlet and mlet tubes

=
.
kY
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t
1
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Figure 3.1: A schematic representation of the variable pressure NMR probe. Reprinted
with periission from [53]. ©1997, American Institute of Physics.

The interior of the probe is separated from the magnet wall by an aluminium tube.
Supports (5-12) can be adjusted to allow the sample to be located in the region with

the highest magnetic field. The high pressure chamber (1) is suspended on three thin
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walled stainless steel tubes (3). These tubes provide thermal insulation between the
pressure chamber and the support. A schematic drawing of the high pressure chamber

is shown in Figure 3.2.

High pressure chamber.

1) The bervihum—copper chamber body
2} if feed through
3} of connecting pin
f 4} of connecting =ire
I 53 PTFE annarcing insulator cap
6} sample capsule
7t cooling gas channels
§} heater wire
. 9 berylium—copper plug
 18) quenched copper gaskets
11} PTFE gasket washer
| 1Dy beryllium—copper spacer
i 13) berylium—copper support nut
; 14} washer
[ 13y nut
A% Thin walled stainless steel support tubes
B} and €} coolant outlet and inlet tubes
D; heater connecting wire
E} thermocouple connecting wire.

P

Figure 3.2: A schemnatic representation of the high-pressure chainber. Reprinted with
permission from [53]. ©1997, American Institute of Physics.

All the components of this probe are attached to the top plate (6) in Figure 3.1 except
the external aluminium tube and the Styrofoamn insulation (21). The brass rods (5)
are used for this purpose. The sample is placed in a coil mounted in a removal teflon

plug. This eoil assembly is shown in Figure 3.3.




The coil module

1} PTFE module body

2y of connector socket

3) DELRIN lock screw

43 NMR of coil

2y sample

6} polvettiviene capsule

7} coil positioning plug

8} coll ground wire

9} cotl support screw counter bar
10} coil positioning phug support screw.

Figure 3.3: A schematic representation of the removable coil agsembly. Reprinted
with permission from [53]. ©1997, American Institute of Physics.

3.3 Experimental details

Every sample was stored in a freezer at —18°C for between 8 and 48 hours prior to
heing placed in the NMR probe. The temperature of sammple and probe were decreased
to 8 °C by air circulating through a liquid nitrogen heat exchanger. The samnples were
held at 8°C for at least one hour to equilibrate in the isotropic bicellar phase. Spectra
were obtained over a series of temperatures between 4°C and 65°C. After ambient
pressure runs, samples were recooled to 8°C before increasing the pressure. Data
were obtained at ambient pressure, 41.4 MPa and 82.7 MPa . Depending on the type

of data required, temperature was raised in steps of 2 to 10°C.



3.4 Probe adjustment

Over the course of the experiments, it was necessary to perform some repairs on the
high pressure probe. At one point it was found that the range of adjustment on the
probe capacitors was insufficient to achieve the required 50 €2 probe input impedance.
[t was found that both the tuning capacitor (17) and coupling capacitor (16) were
moving non-axially. The coaxial teflon walled pistons, which are designed to work as
the dielectric, liad loosened over time. Teflon tape was used to fix these pistons to
the insulating capacitor support plate (19). The teflon tubes surround brass cylinders
which are connected to nylon rods (20) by a long screw made of brass. The capacitor
brass cylinders were originally made with holes to hold small spacers. These holes
were filled with soldered brass plugs which were filed to make a smooth, uniform
surface. The rods were also found to be bent. This could cause a non-axial motion
and consequently the tuning issue. These rods were straightened. To open the rods
and capacitors, all of the insulation around the cooling gas outlet and inlet tubes was
unwrapped. This insulation was replaced by new thermal insulating foam layers. The

probe was found to tune more easily after these repairs.

Prior to acquisition of transients, spectrometer frequency and other paraineters were

carefully adjusted to maximize the signal-to-noise ratio.



Chapter 4

Results and Discussion

Variable pressure 2H NMR experiments were performed on DMPC-ds,/DHPC (4:1),
DMPC-d5,/DMPG/DHPC (3:1:1) and DMPC/DMPG-d5,/DHPC (3:1:1) lipid mix-
ture dispersions in order to study the effects of pressure on lipid chain order and
bilayer orientation in bicellar mixtures containing anionic lipids. Mixtures were pre-
pared as described in Chapter 3. These molar ratios were chosen in order to match
those used in previously reported observations of bicellar mixtures at either ainbient

pressure (23] or high pressure [63].

Spectra were acquired over different ranges of temperature depending on the applied
hydrostatic pressure which was held constant as detailed below. These samples were
studied at ambient pressure, 41.4 MPa and 82.7 MPa. In this thesis, 41.4 MPa is
referred to as intermediate pressure and 82.7 MPa is referred to as high pressure.
The upper limit pressure of 82.7 MPa was chosen because it is higher than the lowest
pressure at which lipid mixtures containing one single anionic lipid species (DPPG)
display interdigitation [17] and lower than the pressure at which interdigitation occurs

for DPPC. After evidence of an interdigitated phase was first observed at 82.7 MPa,

43
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subsequent anionic bicellar mixtures were studied at the intermediate pressure to de-
termine if interdigitation occurs at lower pressure for the anionic bicellar mixtures.
For some samples, the procedure for increasing the pressure from ambient or interme-
diate pressure to high pressure was to cycle the pressure to 110 MPa a few times before
setting the sample pressure to 82.7 MPa. The details of the pressurization procedure

will be explained for each sample while discussing the result for that particular sample.

Data acquisitions started from a temperature lower than the main transition temper-
ature for DMPC and DMPG which is ~ 23°C. If a specific initial temperature is
not mentioned, the initial temperature for that experiment is 8°C. This procedure
ensured that every temperature series started with the sample in the same state (i.e.
isotropically reorienting bicelles). As detailed below, additional steps were taken to
match thermal histories for somme sainples studied at different pressures. The tein-
perature ranges at which data were acquired were chosen such that transitions from
isotropic to nematic and from nematic to lamellar phase were observed, if present, for

each pressure.

4.1 Zwitterionic bicellar mixtures (DMPC-d;,/

DHPC)

4.1.1 DMPC-d;/DHPC(4:1) at ambient pressure

In order to establish a basis for comparison, experiments were also performed on
bicellar mixtures containing no anionic lipid. Spectra were collected over a range

of temperature at ambient pressure for a DMPC-dsq/DHPC (4:1) mixture by us-
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ing both the 9.4 T and 3.5 T magnets. Spectra at selected temperatures are shown
in Figure 4.1. The complete set of spectra can be found in appendix A as Figure
A1, One mixture, denoted as ARO1L, was cooled to 12°C and equilibrated at this
temperature for one hour. At 12°C, the spectrun displays a narrow peak whiclh is

characteristic of isotropic reorientation on the quadrupole echo experiment time scale

(~107%). Small angle neutron scattering and pulsed field gradient NMR studies [46],

and time-resolved synchrotron X-ray diffraction studies [45] suggest that the isotrop-
ically reorienting particles are disks with DMPC headgroups on the planar surfaces

and DHPC molecules on highly curved edges.

The main gel to liquid crystal phase transition for DMPC is ~ 23°C. Full chain
deuteration is known to lower this temperature by a few degrees [60]. Based on
the picture that has been suggested in some studies, upon increasing temperature
of DMPC-ds;/DHPC (4:1) mixture, the small isotropically reorienting disks might
fuse and form nematic ribbon-like or worm-like micelles, presumably with short chain
lipids at the edges and long chain lipids on the planar surfaces [35, 37]. At 15°C, in
thie series of spectra collected at 3.5 T, most of the sample is still undergoing isotropic
reorientation but a small fraction gives rise to a broader spectrum which indicates par-
tial orientational order and thus incomplete averaging of the quadrupole interaction.
At 22°C, the spectra for DMPC-d5,/DHPC (4:1) obtained in both magnets indicate
orientational ordering of molecules with respect to the bilayer normal. The spectra at
22°C, particularly at 9.4 T, though, do not display the sharp edge features character-
istic of the Pake doublet spectra seen for axially symmetric molecular reorientation
about the bilayer normal. The rounding of shoulders in these spectra indicates that

molecular reorientation is not axially symmetric on the 2H NMR timescale (~107"s).
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Figure 4.1: Deuteriuin NMR spectra for DMPC-ds,/DHPC (4:1) obtained with (a)
the 3.5 T superconductive magnet and (b) the 9.4 T magnet at ambieut pressure for
a range of temperatures. The sample is denoted as AROL. The noisy baseline for the
spectrum at 34 °C comes from a technical issue related to ampifier which resulted a

lower number of effective scans.
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At 24°C, the spectrum in Figure 4.1b, which was collected in the 9.1 T magnet, shows
characteristics of bilayer orientation, particularly the approximately zero intensity in
the centre of the spectrum as well as sharp splitting. However, the spectium collected
in the 3.5 T magnet at 24°C, as shown in Figure 4.1a, is more characteristic of lipids
undergoing axially symmetric reorientation about a randomly oriented distribution of

bilayer normal directions.

As can be seen from Figure 4.1b, the ambicent pressure spectra of DMPC-dsy/DHPC
(4:1) obtained in the 9.4 T magnet show characteristics of bilayer orientation from
26°C to 10°C. Within this range of temmperature, the spectra shown in Figure 1.1h
display characteristics of complete bilayer orientation with respect to the applied mag-
netic ficld. The bilayer normals are perpendicular to magnetic field in this phase and
the sharp doublets corresponding to 3 = 90° are characteristic of axially symmetric
chain reorientation about the bilayer normal. As shown in Figure 4.1a, though, the
ambient pressure spectrum of DMPC-ds, /DHPC (4:1) collected in the 3.5 T magnet
at 34°C shows bilaver normal orientation but the other spectra between 28°C and
10°C are more characteristic of partial, but not complete, bilayer orientation. This
lack of complete orientation at 3.5 T is consistent with an earlier variable pressure
deuterimn NMR study of DMPC-d5, /DHPC (4:1) done at 3.5 T [63]. It was sug-
gested in that work that the incomplete orientation observed was a result of the low
magnetic ficld or an orientational metastability in the highly viscous wormi-like micelle
phase [63]. By comparing the spectra collected in this work using the 3.5 T and the
9.4 T maguets, it can be concluded that the lack of complete orientation at 3.5 T is

due to the weak magnetic field.

On increasing temperature, the saple at 3.5 T begins to form vesicles around 12 °C
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as can be scen, in Figure 4.1a, frown the change of the observed spectrum from a su-
perposition of sharp doublets to a superposition of Pake or powder pattern doublets.
Examples of these two spectra are shown in Figure 2.6 and Figure 2.8. The doublet
splitting also decveases slightly with increasing temperature, as seen in Figure 1.1a.
At temperatures higher than 42°C. the bilayers are likely closed into vesicles with
DHPC molecules forming the edges of pores distributed over the vesicle surfaces. It
has been reported that DHPC molecules begin to interact with DMPC molecules at

about 30 °C and coutinue to mix more completely with increasing temperature [63, 81].

4.1.2 DMPC-d;,/DHPC(4:1) at 82.7 MPa

For the purpose of comparing with observations on bicellar mixtures containing an-
ionic lipids, the same mixture of DMPC-dzy/DHPC(4:1) was also studied at 82.7
MPa. After obtaining data during the first cycle of heating, this mixture was cooled
at ambient pressure. The process of decreasing temperature took few hours. This
sample was then pressurized to 82.7 MPa while in the low teinperature, isotropically
reorienting disk-like phase. A set of sclected spectra for DNPC-ds;/DHPC at ambi-

ent pressure and at 82.7 MPa is shown in Figure 4.2.

On warming at ambient pressure, DMPC-d5,/DHPC follows the expected pattern [35,
37] of an isotropic phase, consisting of disks with fast isotropical thermal reorienta-
tion. a wmagnetically alignable (nematic) worm-like micelle phase and multilamellar
bilayer vesicles. At high pressure its phase transitions are shifted. However, it still
shows the characteristic of isotropic reorientation at temperatures below the main

transition temperature of DMPC.
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Figure 4.2: Deuterium NMR selected spectra at 3.5 T for DMPC-d54/DHPC at (a)
ambient pressure and (b) at 82.7 MPa for a range of temperatures. Spectra were

collected from low to high temperature.



50

The transition from disks with isotropical reorientation to worm-like or ribbon-like
niicelles increases by ~ 17°C at 82.7 MPa relative to ambient pressure. The pressure
sensitivity of the isotropic-nematic transition teinperature is thus % ~ 0.21°C/MPa.
This value is in agreement with previous results from ?H NMR studies for DMPC-
d54/DHPC mixtures [63] and is comparable to the value that can be inferred from the

pressure-temperature phase diagram obtained by using small angle X-ray scattering

(SAXS) which is 0.19°C/MPa [15].

Figure 4.2b shows spectra for DMPC-d5y/DHPC (4:1) at 82.7 MPa in the 3.5 T mag-
net. Based on the lower intensity of sharp double edges observed in the oriented phase
spectruim observed for this sample at 82.7 MPa, it appears that applying hydrostatic
pressure decrease the proportion of DMPC-dss molecules that align with respect to
the magnetic field. Although this makes it difficult to determine the precise temper-
ature at which the 82.7 MPa spectra arc most characteristic of bilayer orientation.
This appears to be about 46 °C based on the sharpness of the spectruin edges as can

be seen in Figure 4.2h.

As will be discussed below, the formation of an interdigitated gel phase, identified by
the larger quadrupole splittings resulting from the high degree of chain order in that
phase, was observed on cooling some DMPC-d54/DMPG/DHPC (3:1:1) samples from
high temperature at 82.7 MPa. In some cases, formation of the interdigitated gel
phase was seen only on cooling the DMPG-containing bicellar mixture for a second
time. In order to determine whether the same behavior could be seen in the absence
of DMPG., a second series of experiments were performed on the DMPC-dsy/DHPC
(4:1) sample. In this set of experiments, spectra were collected through warming and

cooling cycles at both ambient pressure and at 82.7 MPa. For this series of experi-
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ments, the DMPC-ds5,/DHPC (4:1) sample was designated as ARM1 for the ambient
pressure observations and ARMBI for the observations at 82.7 MPa. The ambient
pressure spectra for this experiment are shown in the Appendix (Figures A.3 and
A.4). 2H NMR spectra obtained from this sample during the warming and cooling

cycle at 82.7 MPa arc in Figure 4.3.

Because this experiment was primarily intended to test for the formation of the highly
ordered gel phase under specific conditions, spectra were collected at selected temper-
atures only. While no evidence of interdigitation, which would be characterized by
specific spectral features as discussed in Chapter 2, was observed in this cxperiment,
additional experiments would be needed before the possibility of interdigitation at

82.7 MPa in DMPC-d5;/DHPC (4:1) could be conclusively ruled out.
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Figure 4.3: Deuteriuin NMR selected spectra for DMPC-ds, /DHPC collected during
the second cycle of (a) warming and (b) cooling for a range of temperatures at 82.7

MPa. This sainple was labeled ARMBI.



4.2 Anionic bicellar mixture with chain perdeuter-

ated DMPC

In order to study the influence of anionic lipids on the phase hehavior and mor-
phologies of bicellar mixtures at ambient pressure and their response to hydrostatic
pressure, variable pressure 2H NMR experiments were performed on bicellar mixtures
containing anionic lipid components by using the 3.5 T magnet. The molar ratio of
long chain lipids to short chain lipid was kept constant at about 4, but 25% of the

DMPC-d5y was substituted with DMPG. DMPC-d5,/DMPG/DHPC(3:1:1) mixtures

were prepared as described in chapter 3.

Multiple samples of DMPC-ds,/DMPG/DHPC (3:1:1) were prepared. While each
sample was prepared following the same protocol as closely as possible, minor dif-
ferences in the sample preparation process can influence phase behavior of bicellar
mixtures. For the initial DMPC-d5,/DMPG/DHPC(3:1:1) samples prepared, the ap-
proach was to collect data, sequentially, at ainbient pressure, 41.4 MPa, and then at
82.7 MPa. In sowme cases, pressure was changed at high temperature prior to equi-
libration at low temperature and in sone cases the sainple was cooled back to 8°C
prior to the pressure being changed. Spectra obtained from these samples are shown

in the appendix and referred to, as needed, in the text.

To eliminate the effect of iinor differences in preparation process, another sample was
prepared which was four times larger in quantity than the previous samples and por-
tions of it were used for experiments at different pressures. This sample was divided
and packed in four high pressure polyethylene containers each containing approxi-

mately 200 pL of mixture. After each portion of this sample was placed in the probe,



the coil and the high-pressure chamber were cooled to 8 °C before the initial pressure

was set for that series of experiments. Figures 4.4, 4.5 and 4.6 show spectra for por-
tions of this sample at different pressures but with the same thermal history in the
sense that the series of spectra for each pressure were collected on the first run from
8°C for that portion of the sample. After the initial heating run at a specific temper-
ature, the first two portions of this sample were also used for additional observations
at higher pressure. Spectra from these additional runs are included in the Appendix

and noted, as needed, in the text.

4.2.1 DMPC-d;;/DMPG/DHPC (3:1:1) at ambient pressure

Figure 4.4 shows a set of spectra at selected temperatures for DMPC-d5,/DMPG/DHPC
(3:1:1) at ambient pressure. The complete corresponding set of spectra can be found
in Appendix A as Figure A.16. This sample was labeled as AR11. This mixture was
cooled to 8°C and equilibrated at this temperature for one hour. At 8°C, the spec-
truin displays a narrow peak which is characteristic of small disks undergoing isotropic
reorientation on the quadrupole echo experiment time scale (~ 107 s) as mentioned
previously. Upon increasing the temperature of the DMPC-ds,/DMPG/DHPC (3:1:1)
wixture, the small disks start to fuse and form nematic ribbon-like or worin-like 11i-
celles, presumably with short chain lipids at the edges and long chain lipids on the
planar surfaces [45, 46]. At 18 °C the spectrum indicates that most of the DMPC-d;,
niolecules are arranged with partial orientational order but a small fraction is still
undergoing isotropic reorientation. At 22°C in Figure 4.4a, the spectrum for DMPC-
dsy/DMPG/DHPC (3:1:1) indicates orientational ordering of molecules with respect
to the bilayer normal but reorientation about the bilayer normal is not fully axially

symietric on the experimental time scale. The spectrum at 24 °C, is becoming more



characteristic of lipids undergoing axially symmetric reorientation about a randomly

oriented distribution of bhilayer normal directions.

At 28°C and 29°C, the spectra in Figure 4.4a show characteristics of complete bilayer
orientation with respect to the magnetic field. The bilayer normals are perpendicular
to the magnetic field at this temperature. At 32°C, the spectrum shows the super-
position of two different phases. The presence of sharp edges, the low iuteusity in
the centre and the doublets within suggest that oriented nematic phase and lammel-
lar vesicles coexist at this temperature. Therefore, this spectrum suggests that this
transition is first order and it provides a good indication of the nematic-to-lamellar

transition temperature for DMPC-ds;/DMPG/DHPC (3:1:1) at ambient pressure.

From studies using per-deuterated DHPC, it has been suggested that DHPC molecules
begin to move from edges to planar regions above the oriented nematic-to-lamellar
vesicle transition temperature [63]. Worm-like micelle edges become unstable near
the upper end of nematic phase temperature range. Studies suggest that around this
temperature, individual ribbons begin to fuse and form extended lamellar sheets [46].
These bilayered sheets fold into multilamellar vesicles as temperature increases [16].
The transition from magnetically alignable phase to lamellar phase is demonstrated
by the 32°C spectrum in Figure 4.4a which shiows a superposition of spectral conipo-

nents characteristic of both phases.

At temperatures higher than 34 °C, the DMPC-ds4 molecules begin to form vesicles
as cai be seen, in Figure 4.4a, from the change of the observed spectrum from a su-

perposition of narrow doublets to a superposition of Pake or powder pattern doublets.
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Figure 4.4: Deuterium NMR selected spectra for DMPC-dss/DMPG/DHPC (3:1:1)
collected during the cycle of (a) warming and (b} cooling for a range of temperatures
at ambient pressure. Spectra in (a) and (b) were collected in order from the bottom

to the top of each stack. This sample was labeled AR11.



On decreasing the temperature from 40 °C, the spectra for this sample, shown in Fig-
ure 4.4D, are characteristic of axially syuunetric reorientation about bilayer normals

with a spherical distribution of directions. This indicates persistence of the lamellar

vesicle phase over a wide temperature range (~ 22°C) on cooling. The doublet split-

ting increases slightly with decreasing temperature. This is due to the rise in chain
order with decreasing temperature which causes Scp to increase. At 18°C, a sharp
transition from lamellar vesicle state to the isotropic reorientation state causes the

spectruin obtained at that temperature to display a narrow peak in the centre.

One significant observation about the influence of anionic lipids on bicellar mixtures
is that DMPC-ds,/DMPG/DHPC(3:1:1) mixtures display bilayer orientation over a
range of temperatures at 3.5 T while bilayer orientation is more difficult to ohserve
for DMPC-dy5,/DHPC (4:1) at 3.5 T. DMPC-d5,/DHPC (4:1) mixtures do display
bilayer orientation in higher magnetic fields as shown in Figure 4.1b. The signifi-
cant orientation shown, in Figure 4.4a, by DMPC-d5,/DMPG/DHPC (3:1:1) at 3.5 T
suggests that anionic lipid, particularly DMPG, facilitates bilayer orientation uneer

conditions where bilaver orientation may be more dificult to obscrve in the absence

of DMPG.

4.2.2 DMPC-d;;/DMPG/DHPC (3:1:1) at high pressure

In order to study the response of the anionic bicellar mixture to hydrostatic pressure
and to compare that response to the response of DMPC-ds,/DHPC (4:1), a portion
of the sample with the same preparation and thermal history as the one shown in
Figure 4.4 was studied at 41.4 MPa while warming and cooling. After equilibrating

at 8 °C for one hour, the sample was pressurized to 41.4 MPa. The corresponding sct
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Figure 4.5: Deuterium NMR selected spectra for DMPC-ds,/DMPG/DHPC (3:1:1)
collected during the cycle of (a) warming and (b) cooling for a range of temperatures
at 41.4 MPa. Spectra in (a) and (b) were collected in order from the bottom to the
top of each stack. This sainple was labeled ARA11.



of spectra obtained while warming is shown in Figure 4.5a.

From 8°C to 28 °C, the narrow central peak in the spectra of Figure 4.5 indicates the

preseuce of bilayered disks undergoing isotropic reorientation on the quadrupole echo

timescale. From 26°C to 32°C, the spectra in Figure 4.5a show that the amount of

orientationally ordered lipid increases but reorientation about the bilayer normal is
not axially symietric. The spectrum at 34 °C displays more vertical edges around
£ 12 kHz and thus does indicate axially symmetric reorientation about the bilayer

normal but without complete orientation with respect to the magnetic field. At 37°C,

bilayer normals are mostly oriented with respect to the magnetic field. This temper-
ature is about 9°C higher than the onset of complete orientation at ambient pres-
sure which corresponds to a % of ~ 0.21°C/MPa for the onset of orientation in
DMPC-d5,/DMPG/DHPC (3:1:1). This is a slightly higher sensitivity to pressure
than displayed by the corresponding behaviour in DMPC-d5,/DHPC (1:1) in previ-

ous studies[63, 45].

The sharp transition from oriented bilayers to multilamellar vesicles at 41.4 MPa oc-
curs at ~ 40 °C as seen in Figure 4.5a. This is ~ 8 °C higher than the nematic-vesicle
transition seen in Figure 4.4a at amnbient pressure. Based on the comparison of the
ambient pressure and 41.4 MPa values of this transition temperature, the pressure
sensitivity of the nematic-vesicle transition for DMPC-ds,/DMPG/DHPC (3:1:1) can

thus be estimated to be ~ (0.19°C/MPa.

From the comments above, it can be seen that DMPC-ds;/DMPG/DHPC mixtures
show the expected scquence of phases on warming namely an isotropic phase, con-

sisting of disks with fast isotropically thermal reorientation, a magnetically alignable
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worm-like micelle phase and multilamellar bilayer vesicles. The transitions, though,

occur at higher temperatures as mentioned above.

The set of spectra for DMPC-d54/DMPG/DHPC (3:1:1) recorded while cooling at
41.4 MPa is shown in Figure 4.5b. At 44°C and 40°C, the spectra are typical of
vesicles at high pressure. The increase in intensity toward the centre of the spectrun
may reflect a slight difference in the dependence of orientational order paraincter on
position along the chain at high pressure compared to the case for ambient pres-
sure. At 36 °C, the spectruin in Figure 4.5b appears to be a superposition of oriented
nematic and lamellar vesicle spectral components. Partial or complete orientation,
thougly, has not been observed while cooling at DMPC-d5,/DMPG/DHPC (3:1:1) at

high pressure.

Upon cooling to 32°C, the narrow spectral components in Figure 4.5b show that,
most of the sanple is undergoing isotropic reorientation but with a small fraction
still giving rise to a broader spectrum which indicates partial orientational order and
thus inconmiplete averaging of the quadrupole interaction. At 28 °C, the narrow peak
indicates that tlie sample is in a state with complete isotropic reorientation and this

phase continues to exist until 8 °C.

A fresh portion of the commmonly prepared DMPC-d;,/DMPG/DHPC (3:1:1) sample
was then placed in the probe and cooled to 8°C. After equilibrating for one hour,
this sammple was pressurized to 82.7 MPa while in the isotropically reorienting disk-like
phase. Spectra obtained while warming this sample at 82.7 MPa are shown in Figure

1.6a.
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Figure 4.6: Deuterium NMR selected spectra for DMPC-d54/DMPG/DHPC (3:1:1)
collected during the first cycle of (a) warming and (b) cooling for a range of temper-

atures at 82.7 MPa. This sample was labeled ARB11.
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As was the case for all other anionic bicelle samples observed in this study (see Fig-

ures A.db, A.8a, A.1la, A.14b and A.22a in the Appendix A), this sample did not

enter an oriented nematic phase at 82.7 MPa. Between 38°C to 42°C, the spectra in
Figure 4.6a are characteristic of lipids with some orientational order but not undergo-
ing axially symmetric reorientation about the bilayer norial. For some samnples, this
partially ordered nematic phase was not observed and the transition occurred directly

from the isotropic orientation phase to the lamellar vesicle phase.

Figures 4.6a and 4.6b show that this sample of DMPC-ds,/DMPG/DHPC (3:1:1)
did not display clear evidence for an oriented nematic phase on either warming or
cooling. This was typical of other DMPC-d5,/DMPG/DHPC (3:1:1) samples studied
(sce Figures A.4b, A.8a, A.lla, A.14b and A.22a in the Appendix A) and some
samples even showed a direct transition from isotropic reorientation to laniellar vesicle.
For this reasou it was not possible to include 82.7 MPa observations in an cstimate
of the seusitivity to pressure of the oriented nematic to lammellar vesicle transition.
However, if a linear dependence of transition temperature on pressure is assumed,
extrapolating from the ambient pressure and 41.4 MPa nematic-to-vesicle transition
temperatures suggests that the onset of the vesicle phase should be around 48 °C at
82.7 MPa. The spectra in Figure 4.6a and 4.6b do show changes between 45 °C and
16°C on warming (Figure 4.6a) and between 48 °C and 46 °C on cooling (4.6 b) that

may indicate this transition.
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Figure 4.7: Deuterium NMR selected spectra for DMPC-ds5,/DMPG/DHPC (3:1:1)

collected during the second cycle of (a) warming and (b) cooling for a range of temn-
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4.2.3 Thermal history dependence of bicellar mixture be-

haviour and observation of interdigitated gel phase

In this work and in previous studies [24, 63], it has been observed that the occurrence
of bilayer orientation, the temperature at which traunsitions occur, and observation of
specific pliases can be sensitive to the mixture’s thermal history. Figure 4.7 shows
spectra obtained during a second warming and cooling cycle, at 82.7 MPa, of the sam-
ple from which the spectra of Figure 4.6a were obtained. Figure 4.7a shows that on
warming for the second time, the isotropic phase persists to 52 °C. For example, Fig-
ure 4.8 compares the spectra obtained at 40 °C on the first and second warming cycle
for this sample at 82.7 MPa. When the mixture, at 82.7 MPa, was warmed through
10°C for the first time, a fraction of DMPC-d54 molecules formed nematic worm-like
micelles without magnetic alignment. When it passed through 40°C for the second
time, however, the spectrum was dominated by a narrow central peak characteristic
of bilayered disks undergoing isotropic reorientation. This suggests that cycling the
sample temperature while holding it at high pressure changed some property of the
sample that affected its equilibrium morphology at high temperature and high pres-
sure. One possibility is that this cycling affected the size of particles into which the

bilayers disintegrate on cooling back to the isotropic phase.

In Figure 4.7a, some inconsistencies in spectral shape were observed between 52°C
and 60 °C. The similarity of the shapes at 52°C and 60°C, and their difference from
the shapes at 54 °C and 56 °C suggests that this inconsistency may reflect difficulties

with probe tuning at high pressure and high temperature.
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Figure 4.8: Deuterimun NMR selected spectra for DMPC-ds4/DMPG/DHPC (3:1:1)
collected at 40 °C during of (a) first cycle of and (b) second cycle of warming at 82.7

MPa.

Spectra obtained while cooling this sample of DMPC-ds,/DMPG/DHPC (3:1:1) for
the first and second time, at 82.7 MPa, are shown in Figure 4.6b and 4.7 b respectively.
This sample was cooled from 60 °C to 50°C in few steps without data acquisition. At
50°C, the spectra for both runs are mostly characteristic of the lamellar vesicle phase
but there is also a broad component present in the 50°C spectrum for the second
cooling run (Figure 4.7b). From 48 °C, the spectra observed during the second cool-

ing cycle are very different for those seen during the first cooling cycle.

The spectral component with a splitting of about 54 kHz is attributed to an interdig-
itated gel phase as described in Chapter 2. The doublet with a splitting of about 12

kHz is due to the methyl groups at the chain ends in this phase. The asymmetry in
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the spectra shown in 4.7b is because of the difficulty in adjusting a single phase appro-
priate for both broad component and narrow component. As mentioned in Chapter
2, the large splitting in the interdigitated gel phase is seen because overlap of chains
from opposite sides of the bilayer reduces the available area per lipid acyl chain by
a factor of about a half. Evidence for an interdigitated phase with a similar doublet

splitting was seen previously in DPPC-dg, and DPPG-dg, at high pressure [17].

Although this wide component persists over a wide range of temperature, the doublet
splitting increases slightly as temperature is reduced. This is due to the increase in
chain orientational order with decreasing temperature. In Figure 4.7b, the doublet is
nch sharper at 48°C than at lower temperatures and intensity is concentrated at
+27 kHz rather than being spread into a Pake doublet. This doublet is also sharper
than that attributed to the interdigitated phase in DPPC-dgy and DPPG-dg, [17].
This suggests that the acyl chains, while very highly ordered, are still able to undergo
axially symmetric reorientation in the interdigitated phase at higher temperatures.
The concentration of intensity at + 27 kHz may indicate that the interdigitated bi-

layers are also partially oriented in the magnetic field.

It should be noted that the DMPC-d54/DMPG/DHPC (3:1:1) mixtures in this work
have not been seen to return to a non-interdigitated lipid structure at lower tem-
peratures after undergoing the transition into the interdigitated gel phase. Previous
studies showed that DPPG bilayers and DPPC bilayers pass from an interdigitated
gel phase at high temperature, through a non-interdigitated gel phase at intermedi-
ate temperature and to a chain-imnobilized ordered phase at low temperature [17].
In contrast, DMPC-d,/DMPG/DHPC (3:1:1) mixtures show characteristics of an

interdigitated gel phase over a wide range of temperatures after entering this phase.
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Examples are shown in the Appendix A (Figures A.5, A.11, A.17, A.18, A.22, A .24 and

A.26). It has been observed that spectral features characteristic of the mmterdigitated

gel phasc disappear at high temperatures and that the DMPC-ds,/DMPG/DHPC

(3:1:1) mixture can display spectra characteristic of a multilamellar vesicle phase at
high temperature after having been in the interdigitated gel phase. However, these
samples consistently return to the interdigitated gel phase on cooling either at ainbient
pressure or at high pressure as detailed below. There have also been some indications
that entry into the interdigitated gel phase at high pressure may also alter the ob-
served phase behaviour at ambient pressure but further experiments are required to

fully characterize this behaviour (see Figures A.6b, A.11 and A.12 in the Appendix A).

The observed interdigitated gel phase for anionic bicellar mixtures exhibits metasta-
bility. After cooling the mixture down to 8 °C, which is much lower than the gel-liquid

crystal transition temperature for DMPC-ds4 and DMPG, and allowing two hours for

equilibration, the spectra obtained are still characteristic of interdigitated gel phase
at high pressure as shown in appendix A (Figures A.6b, A.12a, A.17a and A.17Dh,
A18, A.24b). Mixtures of DMPC-ds;/DMPG/DHPC (3:1:1) which had entered the
interdigitated gel phase were also placed in a freezer at —18 °C for several days. The
mixture was then returned to the NMR probe and data were acquired for a range
of temperatures at ambient pressure and high pressure. The resultant spectra still
showed evidence of chain interdigitation. These spectra are shown in Figure A.Gb
of the Appendix A. This mixture was also sonicated and subjected to freeze/thaw
cycles after interdigitation. This treatment was not found to break the altered disper-
sion into small bicellar disks. The corresponding set of spectra after sonication and

frecze-thaw can be found in Appendix A in Figures A.6b and A.18.
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4.2.4 Non-sonicated DMPC-d;;/DMPG/DHPC (3:1:1) mix-

tures

As described in Chapter 3, most of the lipid mixtures in this study were sonicated
for 15 minutes and subjected to five freeze-thaw cycles before they were transferred
to polyvethvlene NMR sample containers. The sonication and freeze-thaw cycles are
intended to shear larger structures into smaller fragments. Sonication at tempera-
tures lower than the main gel to liquid crystalline transition temperature of DMPC
followed by 5 cycles of freeze-thaw, perforined as the last step in the sample prepara-
tion protocol, was used in this work to produce small bicelles with long-chain lipids

ou the planar regions and short-chain lipids on the edges.

The observation of an interdigitated gel phase only on cooling of the anionic bicel-
lar mixture at 82.7 MPa and the persistence of that phase once encountered led to
questions regarding the possible effect of initial particle size on whether or not the
sample was likely to display interdigitation at high pressure. In order to determine the
influence of initial bicelle size on the phase behaviour of the anionic hicellar mixtures,
a DMPC-d5,/DMPG/DHPC (3:1:1) mixture was prepared following the same prepa-
ration protocol as for other samples but with the sonication and freeze-thaw steps
omitted. Spectra obtained in the first cycle of warming and cooling of this sample at

ambient pressure are shown in Figure 4.9a.

The spectra obtained indicate that the non-sonicated mixture displays the same se-
quence of isotropic-nematic-lamellar phases as that displayed by mixtures prepared

in the normal way using sonication and freeze-thaw cycling.
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Figure 4.9: Deuteriiin NMR spectra of non-sonicated DMPC-dsq/DMPG/DHPC
(3:1:1) for selected temperatures while increasing temperature at (a) ainbient pressure
and (b) 82.7 MPa. The sample used for these experiinents was designated as AR13

at ambient pressure aud ARA13 at high pressure.
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The spectrum at 8 °C in Figure 4.9a displays a narrow peak whicli is clhiaracteristic of
disks undergoing isotropic reorientation. At 32 °C, the bilayered particles arc partially
aligned with respect to the magnetic field. At 34 °C, the spectrun is a superposition
of partially oriented and lamellar vesicle phases spectral components indicating the
nematic-to-lamellar transition. At 38°C, the spectrum is characteristic of lamellar

vesicles. Spectra for this sample obtained during cooling at ambient pressure are

shown as the two upper spectra in Figure 4.9a. The spectrum for this mixture is

characteristic of isotropic reorientation when the sample is re-cooled to 8 °C. It should

be noted that the small negative intensity in the baseline of the spectrum at 31°C

is due to a spectrometer tuning problem during the acquisition of this spectrum. It
does not alter the conclusion that this sample displays the typical bicellar mixture

sequerice of phases on warming.

The spectra obtained when this sample is first warmed at 82.7 MPa are shown in
Figure 4.9b. The isotropic-nematic transition temperature is raised as expected. The
nematic-lamellar transition at 82.7 MPa occurs about 10°C higher than the corre-
sponding transition at ambient pressure. Although the temperature resolution of this
experiment is low, the sensitivity of the oriented to lamellar vesicle transition to pres-
sure appears to be roughly consistent with that seen for the sonicated anionic bicellar

mixtures.

Figure 4.10 displays a set of spectra obtained during a cycle of cooling, warming,
and then cooling from the non-sonicated DMPC-ds4/DMPG/DHPC (3:1:1) niixture
at 82.7 MPa. The spectra are characteristic of lamellar vesicles at high tempera-
tures. Starting from the bottom of the stack of spectra. the first four spectra were

obtained on the first cycle of cooling at 82.7 MPa (second cycle of cooling overall).
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As shown in Figure 4.10, these spectra are characteristic of the lamellar vesicle phase
at temperatures between 52°C and 40°C. At 34°C, the spectrum is characteristic of

isotropically reorienting disks.

After the initial cooling to 34°C, the mixture was warmed to 60°C in steps of a few

degrees with adequate time to equilibrate at each temperature. Spectra were obtained
at 51°C and 60 °C during this warming process. These spectra were again typical of

the lamellar vesicle phase.

Finally, spectra were obtained at 50 °C, 40°C, and 30°C as the temperature was de-
creased for the second time. As shown in Figure 4.10, no evidence of a broad spectral
component, characteristic of the interdigitated gel phase, was observed. At 30°C,
the spectrum was again characteristic of isotropically reorienting disks. This suggests
that the initial size of the lipid particles does not change the observed morphologies of
the anionic bicellar mixtures significantly. It also suggests that the appearance of the
interdigitated gel phase on cooling from high temperature at 82.7 MPa is not simiply
a result of the sample having "forgotten' the effects of sonication and freeze-thaw

cycling as a result of cooling from high temperature at high pressure.
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Figure 4.10: Deuterium NMR spectra of non-sonicated DMPC-d5,/DMPG/DHPC

(3:1:1) for selected temperatures at 82.7 MPa. This sample is designated as ARA13.
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4.3 Anionic bicellar mixture with chain perdeuter-

ated DMPG

Previous studies have characterized the morphologies and phase behaviour of bicellar
mixtures containing DMPC and DHPC. These studies have suggested that long chain
lipid, such as DMPC, molecules occupy planar arcas in either disks or sheets whereas
short chain lipid molecules (i.e. DHPC) preferentially locate at edges preferab-

ley [45, 46]. This picture has been suggested for the mixtures containing one long chain

species (DMPC) and one short chain lipid (DHPC). In order to examine if DMPG
molecules locate in the same environment as DMPC molecules in anionic bicellar
mixtures at both ambient and high pressure, a mixture of DMPC/DMPG-d;,/DHPC
(3:1:1) was prepared. The deuterated lipid component constitutes 25% of lipid con-
tent whereas 60% of the lipid component is deuterated in DMPC-d54/DMPG/DHPC
(3:1:1).  The lower abundance of deuterated lipid component in DMPC/DMPG-
dsy/DHPC (3:1:1) mixture significantly reduces the signal to noise ratio. To obtain

high resolution spectra, 20000 to 40000 transients were averaged at each temperature.

4.3.1 DMPC/DMPG-d;;/DHPC(3:1:1) at ambient pressure

The spectra obtained at selected temperatures for DMPC/DMPG-dss/DHPC (3:1:1)
are shown in Figure 4.11a. For comparison, selected spectra for DMPC-d5,/DMPG/
DHPC (3:1:1) from the same series of spectra as used to construct Figure 4.1a are
shown in Figure 4.11b. The complete sets of spectra for DMPC/DMPG-d5,/DHPC
(3:1:1) and DMPC-d5,/DMPG/DHPC (3:1:1) can be found in appendix A as Figures
A.25, A.26, and A.19-23 respectively. Comparison of Figures 4.11a and 4.11 b shows

that DMPC/DMPG-d54/DHPC (3:1:1) passes through specific transitions at higher
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Figure 4.11: selected deuterium NMR spectra for (a) DMPC/DMPG-d;,/DHPC
(3:1:1) and (b) DMPC-d5,/DMPG/DHPC (3:1:1) at ambient while increasing the
temperature. The DMPC/DMPG-ds5;/DHPC (3:1:1) sample used here (panel a) is
designated as AR12. The DMPC-d5,/DMPG/DHPC (3:1:1) spectra uscd here are se-
lected from the same series of spectra as those used in Figure 4.4a. The corresponding
DMPC-d5,/DMPG/DHPC (3:1:1) sample is designated as AR11.



temperatures than DMPC-dsy/DMPG/DHPC (3:1:1). This is expected due to the

lowering effect of deuteration on bilayer phase transition temperatures [60] and the

lower level of sample deuteration in the DMPC/DMPG-ds,/DHPC (3:1:1) mixture in

comparison to the mixture with per-deuterated DMPC.

Both samples start from a state with isotropically orienting disks at low temupera-
tures. At 18 °C, the spectrum for the mixture containing DMPG-ds,4 is characteristic

of isotropic reorientation whereas the sample containing DMPC-ds,4 is partially or-

dered but undergoing reorientation that is not axially symmetric with respect to the

bilayer normal.

The nematic-lamellar phase transition occurs ~ 4 °C higher in the sample containing
DMPG-dg4 compared to the sample containing DMPC-ds54. As shown in Figure 4.11,
the nematic-lamellar phase transition is sharp for both mixtures. The lamellar spec-
tra for these two samples are slightly different. The high temperature spectra for the
sample containing DMPG-ds4 show a higher intensity at the centre than those for the

sanmple containing DMPC-ds,.

4.3.2 DMPC/DMPG-d;,/DHPC (3:1:1) at 82.7 MPa

The spectra obtained from DMPC/DMPG-d5,/DHPC (3:1:1) at 82.7 MPa for selected
temperature while warnting and cooling are shown in Figure 4.12a and b respectively.
DMPC/DMPG-d5, /DHPC (3:1:1) shows the same spectral characteristic as DMPC-
ds;/DMPG/DHPC (3:1:1). This implies that the DMPG-dyy molecules participate
in phase behavior and morphologies of anionic bicellar mixtures in the same way as

DMPC-d54 and that both long chain lipids are in the same environment in the bicellar
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dispersions. The high pressure transition from isotropically reorienting disks to the

lamellar phase is a sharp transition and occurs at high temperature.

During the cooling process, the sample containing DMPG-d54 molecules starts in the
lamellar vesicle phase at high temperature and undergoes a transition into the inter-

digitated gel phase cooling through 50°C. The observations made for DMPC/DMPG-

d54/DHPC (3:1:1) mixture are consistent with the ones made for DNPC-d5,/ DMPG/

DHPC (3:1:1). It can be concluded that DMPG and DMPC molecules participate

equally in phase behavior and morphologies. It is significant that both long chain

lipids arc in the same enviromment in the interdigitated gel phase. This demonstrates
that interdigitation is not the result of the two long chain components becoming sep-

arated as a result of temperature cycling at high pressure.

The observations made for DMPC/DMPG-d54/DHPC (3:1:1) mixture are consistent
with the ones made for DMPC-ds,/DMPG/DHPC (3:1:1). It ean be concluded that

DMPG and DMPC molecules participate equally in phase behavior and morphologies.
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4.4 Summary of observations on the interdigitated

gel phase in DMPC/DMPG/DHPC

This section includes a summary of the observations done in this work about the inter-
digitated gel phase. It has been observed that both DMPC-ds,/DMPG/DHPC (3:1:1)
and DMPC/DMPG-d;;/DHPC (3:1:1) may form an interdigitated gel phasc at 82.7
MPa on cooling. This indicates that an anionic bicellar mixture in an interdigitated
gel phase contains both DMPC molecules and DMPG molecules. In other words, the
interdigitated gel phase is not formed as the result of a separation of DMPC and

DMPG molecules (Compare Figures A.22 and A.24 to A.26 in Appendix A).

[t has been found that after the interdigitated gel phase is formmed at 82.7 MPa on
cooling, it can be observed under other experimental conditions. The conditions under
which the interdigitated gel phase hias been observed in this work include a wide range
of temnperatures at either ambient pressure or 41.4 MPa, and subsequent treatment by
of freezing, sonication, and cycles of freeze-thaw. See Figures A.5, A.11, A.17, A.18,
A22, A24, A.26 for additional observations of the interdigitated gel phase. Figure
A.Ga contains a set of spectra obtained after freezing the interdigitated gel nixture,
and sets of spectra obtained after freezing, sonication and cycles of freeze-thaw are
shown in Appendix A, Figures A.6b and A.18. [t should be noted that the pres-
ence of an interdigitated gel phase has not been observed under these conditions for

DMPC/DHPC (4:1).

Applying hydrostatic pressure to bilayers in multilamellar vesicle samples generally
increases chain order [56] which causes bilayer thickness to increases slightly [31].

However, the volume per lipid must decrease in response to increased pressure [58§].
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In effect, bilayers respond anisotropically to hydrostatic pressure. Interdigitation must
also reduce the volume per lipid but involves a different balance between changes in

the plane of the bilayer and in the direction of the bilayer normal.

Formation of the interdigitated gel phase appears to be facilitated by presence of a
charged (anionic) lipid component. Interdigitation requires a slightly higher scpara-
tion among headgroups to accommodate the overlap of chains. This mmay be promoted
by interactions between charged headgroups. Previous studies showed that the mix-

tures of DPPG form an interdigitated gel phase at a lower pressure than those of

DPPC [17].

L this work, it has been observed that interdigitation in DMPC-ds,/DMPG/DHPC
(3:1:1) occurs predominantly after cycling to high temperature and then starting to
cool at high pressure. This suggests that it may reflect the increased mixing of DHPC
with the long chain lipids which has been reported to be an iimportant aspect of bicel-
lar mixture behaviour at high temperatures [81, 63]. Interdigitation at low pressures
is known to be promoted by the presence of small molecules at the bilayer surface

such as methanol and ethanol [13, 16].

[t is possible that cycling to high temperature at high pressure modifies the dis-
tribution of DHPC in the lamellae such that a decrease in volume per lipid can be
accommmodated by interdigitation rather than by reversing the structural changes that
occurred on warming. Further experiments, at different compositions and under dif-

ferent conditions, may help to clarifv the details of interdigitation in these samples.



4.5 Quadrupole echo decay time measurement

The echo decay time can be determined by measuring echo amplitudes while vary-
ing the delay between the first and second pulse in the quadrupole echo sequence.
As described in Section 2.3, the echo decay time at any given temperature provides
helpful information about the motions of the deuterated molecules that niodulate
the orientation-dependent quadrupole interactions. Measured quadrupole echo decay
times are plotted against temperature and shown in Figure 4.13. The black triangles

represent the quadrupole echo decay times at ammbient pressure. The quadrupole echo

decay time was not. obtained when the mixture was in the isotropic phase. Therefore,
the echo decay time measurement, shown in Figure 4.13, was started from the tem-
perature at which the sample is partially ordered. All fittings were done using Origin.

The error bars were also calculated with Origin.

As shown in Figure 4.13, DMPC-d;5,/DMPG/DHPC (3:1:1) displays echo decay times
of approximately 150 us to 200 ps at low temperatures, with a sudden increase be-
ginning around 26 °C. T3 passes through a minimum while the mixture experiences
a transition from oriented nematic phase to lamellar phase at 30 °C. There is then a
sharp increase at approximately 38 °C corresponding to the transition from the ori-

ented nematic phase to the lamellar vesicle phase.

For the mixture at high pressure identified as being in the interdigitated gel phase,
on the basis of the large doublet splittings observed, the echo decay times are very
short as shown in Figure 4.13. The echo decay times are between 150 ps and 250 s

over the range of temperatures from 50°C to 64 °C.

The measured echo decay times for another sample of DMPC-ds;/DMPG/DHPC
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Figure 4.13: The quadrupole echo decay time for DNPC-d5, /DMPG/DHPC (3:1:1)
at ambient (black triangles) and at 82.7 MPa while warming (blue circles). It should
be noted that the echo decav times at 82.7 MPa were collected while the sample was
in the interdigitated gel phase. The corresponding set of spectra can be found in
appendix A as Figure A.5a and Figure A.3D.

(3:1:1) are shown in Figure 1.14. The black triangles indicate the echo decay time
at ambicnt pressure whereas the red squares represent the echo decay times at 41.4
MPa. The corresponding spectra can be found in appendix A as A.16 and A.18.
At ambient pressure, this sample of DMPC-d5,/DMPG/DHPC (3:1:1) also displays
short ccho decay times at low temperatures. with a sudden increase bheginning around
29°C. the temperature at which the corresponding spectra (Figure 1.1a) show char-
acteristic of the oriented nematic phase. 75 passes through a minimum at 32°C. the

temperature at which the sample spectrum is a superposition of oriented nematic and
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lamellar phase components. This is the temperature at which the mixture undergoes
a transition from the oriented nematic phase to the laniellar phase. The echo decay

time increases with increasing the temperature up to 800 us at 42°C.

As shown by red squares in Figure 4.14, this sample of DMPC-d5,/DMPG/DHPC
(3:1:1) at 41.4 MPa displays short echo decay times at temperatures for which the
spectra are characteristic of partial orientational order. The echo decay time gradu-
ally increases until it reaches a maximum at 39°C. The corresponding spectrum is
characteristic of oriented nematic phase at this teruperature. This maximum is about
600 ps whereas it is ~ 950 us for the oriented nematic phase at ambient pressure.
The echo decay time decreases until 46 °C. The echo decay times at 41.4 MPa are

generally smaller than the ones at ambient pressure.

The echo decay times in the magnetically-oriented temperature range for DMPC-
ds4/DNMPG/DHPC (3:1:1) found in this work are smaller than those previously ob-
served for DMPC-dyy/DHPC (4:1) [77]. Those values are larger than the echo decay
times observed for DMPC-ds4 [77]. This might suggest that the presence of DMPG
can decrease the mechanical effect of DHPC which has been reported to increase
echo decay times in the lamellar vesicle phase [77]. It has also been reported that
by increasing the ratio of DMPG in the bicellar mixtures, >H NMR spectra at high
temperature become similar to those for the multilamellar dispersion of DMPC-dg,

in the liquid erystalline phase [77].
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Figure 4.14: The quadrupole echo decay time for DN[PC-d5,/DNPG/DHPC (3:1:1)
at ambient (black triangles) and at 41.4 MPa while warming (red squares). The
corresponding spectra can be found in 4.4 a and 4.5 h. This sample is designated as
ARI11 at ambient pressure and ARA11 at 41.4 MPa.

4.6 Phase diagram

Temperature-composition phase diagrams have been previously reported for hicellar
mixtures [24. 78. 79, 80]. Based ou *'P NMR studies of DMPC/DHPC mixtures in
80 wt% D,0O. it was reported that for DNPC concentrations lower than ~70%. the
onlyv observed phase is isotropic. If DNPG and DMNPC are considered together as the
long chain component, the mixture at Q=4 and 10% lipid by weight is expected to
be in the isotropic, oriented. or lamellar vesicles phases. depending on temperature.
at ambient pressure [79]. This is consistent with the ambient pressure observations

made here.




Temperature-pressure phase diagrams for bicellar mixtures with different molar ra-

tios, obtained using 2H NMR spectroscopy, have been reported [63]. The nematic
phase has been observed for bicellar mixtures with Q=3 and Q=4.4 between 23 °C to

52°C at different ranges of pressures from ambient to 135 MDPa.

Figure 4.15 shows a temperature-pressure phase diagram derived from inspection of
the spectra obtained from1 DMPC-d5,/DMPG/DHPC (3:1:1) at ambient, 41.4 MPa
and 82.7 MPa. This sample was denoted as AR11, at ambient pressure, ARAI11
at 41.4 MPa, and ARBI11 at 82.7 MPa. As mentioned earlier, differences in sam-
ple preparation, concentration, and thermal historv can influence the temperatures
at which the DMPC-d54/DMPG/DHPC (3:1:1) mixture undergoes transitions. This
nlay have contributed to some variation in the temperature ranges within which the
spectra are characteristic of specific phases. Thus, the perimeter of each phase region

shown in Figure 4.15 could vary by a few degrees.

The black squares represent temperatures at which the spectra are characteristic of
the isotropic phase. Although spectra were obtained at many temperatures within
the observed temperature range, not all are shown in Figure 4.15 to avoid clutter.

The temperatures for the upper and bottom limits of each phase are shown.

The red circles denote the phase in which bicellar disks have fused and formed worm-
like micelles showing either partial orientational order or partial orientation as shown
in Figure 4.15. The green triangles represent the temperatures at which complete bi-
layer orientation is observed. The olive star denotes the temperature at which oriented

bilayers and lainellar vesicles coexist. It should be noted that this superposition was
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Figure 4.15: Phasc diagrams based on the spectra obtained for DNPC/DNPG-
ds/DHPC (3:1:1) at ambient. 41.4 NMPa and 82.7 NMPa. (L) represents the isotropic
phase. Circles () indicate the temperatures at which the corresponding spectra
were tvpical of cither partiallv ordered phase or partiallv oriented pliase while {A)
represents completely oriented phase. The temperature at which the spectrunm was
characteristic of a superposition of oriented and lamellar vesicle spectra is shown with
a non-solid star. The lamellar vesicle phase is shown with (x).

ohserved at 41.4 NPa a few times (See Figures A.7h. A.8a and A.10D in Appendix A).
However. the spectral features of this superposition were not ohserved at 1.4 MDPa

for the sample on which this phase diagram is based.

The lamellar vesicle phase is represeuted with blue (x) symbols. Tt should he noted
that over the second cvcle of warming at 82.7 MDPa. the narrow peak which indicates

the presence of the isotropically reorienting disks was observed up to 46 °C. As can he
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seen the corresponding spectra of Figure 4.7, the anionic bicellar mixture underwent

a sharp transition from the isotropic phase to the lanellar vesicle phase in this case.




Chapter 5

Summary

Experiments were performed in order to study the phase behavior and morphologies
of bicellar mixtures containing a lipid component with a negatively charged headgroup
and the response of such anionic bicellar mixtures to hydrostatic pressure. Variable-
pressure 2H NMR spectroscopy provided information about the behavior of the long
chain and the short chain lipid components in the presence of the acidic lipid compo-

nent at amnbient and high pressure in comparison to bicellar mixtures.

Phase behavior was studied by comparing DMPC-ds,/DHPC (4:1) to DMPC-ds5,/
DMPG/DHPC (3:1:1) cither at ambient or high pressure, DMPC-ds,/DMPG/DHPC
(3:1:1) to DMPC/ DMPG-ds54/DHPC at either ambient or high pressure and DMPC-
d5,/DMPG /DHPC phase behavior at ambient pressure to its phase behaviors at 41.4
MPa and 82.7 MPa. These observations, in conjunction with previous studies provide
sowe insight into the influeuce of acidic lipid components in bicellar mixtures mor-

phologies at ambient and high pressure.
The DMPC-dsy/DHPC (4:1) mixture was not found to enter an interdigitated gel

37
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phase at 82.7 MPa while cooling. This result is in consistent with previous 2H NMR
studies of bicellar mixtures at high pressure [63]. The reason that the phase behavior
of DMPC-ds4/DHPC (4:1) was re-examined at this specific pressure (82.7 MPa) and
under specific conditions of thermal cycling was to compare its behaviour with that
of the anionic mixture, DMPC-dg,/DMPG/DHPC (3:1:1), which did show evidence

for interdigitation under some conditions.

H NMR spectra shown in Fig. 4.3 indicate that DMPC-d;4/DMPG/DHPC (3:1:1)
mixtures show the saine sequence of phase morphologies as DMPC-ds, /DHPC (4:1)
at ambient pressure. The anionic bicellar mixtures were found to form bilayered disks
with isotropic reorientation at temperatures lower than the gel-liquid transition tein-
perature of the long chain lipid component, nematic worm-like or ribbon-like micelles
at intermediate temperatures, and lamellar vesicles at high temperatures [24, 46]. The
isotropic-nematic and nematic-lamellar transition temperatures are higher for DMPC-
dss/DMPG/DHPC (3:1:1) than for DMPC-dss/DHPC (4:1) by few degrees which may
be partly due to the lower fraction of deuterated lipid in DMPC-dy,/DMPG/DHPC
(3:1:1) mixtures[60]. Furthermore, it was observed that the presence of DMPG fa-
cilitates the magnetic orientation of bicellar assemblies. This can be concluded by
comparing the spectra obtained at low magnetic field for DMPC-d5; /DHPC (Figure
1.1) to those obtained under tlie same conditions for DMPC-ds;/DMPG/DHPC (Fig-
ure 1.4).

The phase transition temperatures liave been observed to rise with increasing pres-
sure for the anionic bicellar mixture. The magnetically completely oriented nematic
worm-like micelle phase has not been observed at 82.7 MPa. At this pressure, DMPC-

ds1/DMPG/DHPC (3:1:1) samnples sometimes displayed a transition directly from the
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isotropic phase to the lamellar vesicle phase at high temperature (for example, Figure
4.8a which shows the second warming of the ARB11 sample at 82.7 MPa) and some-
times displayed a transition from the isotropic phase to an unoriented, anisotropic
phase at intermediate temperature and then a second transition to the lamellar vesi-
cle phase at higher temperature (for example, Figure 4.6a which shows the initial
warming of the ARB11 sample at 82.7 MPa). This suggests that phases of the an-
ionic bicellar mixture may display etastability under some conditions, particularly

at high pressure.

Using just the results from ambient pressure and 41.4 MPa (Figures 4.1-4.5), the tem-
perature at which orientation of the DMPC-d5, /DMPG/DHPC (3:1:1) nematic phase
appeared on warming was found to increase with pressure at a rate of ~ 0.21°C/MPa.
The temperature at which the vesicle phase of this mixture appeared increased with
pressure at a rate of ~ 0.19°C/MPa. These are similar to the pressure sensitivities

of the transitions observed for DMPC-ds./DHPC (4:1).

As shown in Fig. 4.8, spectra for DMPC-ds5,/DMPG/DHPC (3:1:1) were collected at
82.7 MPa, while warming and cooling, which indicate the occurrence of a transition
into an interdigitated gel phase on cooling at 82.7 MPa. The interdigitated gel phase
can be characterized by a doublet with a large splitting. Within this doublet, it is
not possible to resolve distinct splittings for deuterons on specific chain segments.
This suggests that the chains in the interdigitated phase are very straight with little
dependence of orientational order parammeters on position along the chain. This -
terdigitated gel phase has been observed under different experimental circumstances
whiech could indicate that its occurrence is sensitive to experimental parameters that

may not yet be consistently controlled. However, cooling at 82.7 MPa has been found
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to consistently result in formation of the interdigitated gel phase in the anionic bicellar
mixtures studied here. It also has been observed that once the interdigitated gel phase
was forined, it can be observed under other conditions such as ambient pressure, 41.4

MPa, after freezing, and being subjected to the sonication and cycles of freeze-thaw.

Mixtures with chain pre-deuterated DMPG molecules were prepared to determine the
involvement of DMPG molecules in different 1morphologies and phases and whether
the DMPG and DMPPC components were in the same environmments in these mix-
tures. DMPC/DMPG-ds4/DHPC (3:1:1) shows spectral characteristics that are qual-
itatively similar to those of DMPC-d5;/DMPG/DHPC (3:1:1). DMPG-d5; molecules
undergo isotropic-nematic and nematic-lamellar transitions at ambient at higher tem-
peratures than DMPC-ds;/DMPG/DHPC (3:1:1), likely due to the lower fraction of
chain deuterated component. It is shown in Fig. 4.9 that DMPG-ds4 molecules are
in effectively the same environment as DMPC-d54 within the interdigitated gel phase
for anionic bicellar mixtures. This confirms that interdigitation, as observed here, is
not the result of DMPG being separated from DMPC as a result of temperature or

pressure cycling.

The observations of DMPC-d5, /DMPG/DHPC (3:1:1) without sonication and freeze-
thaw cycling confirm that interdigitation is also not a result of lipid particle sizes
relaxing to a "pre-sonication” state as a result of temperature or pressure cycling.
The DMPC-ds4/DMPG/DHPC particles with, presumably, a larger initial size due
to the absence of sonication and freeze-thaw cycling isotropic-nematic-lamellar phases
at ambient pressure. The interdigitated gel phase has not been observed for this non-
sonicated mixture. This may have been due to lack of sonication or the highest

temperature to which the non-sonicated sample was warmmed.
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Appendix A

2H NMR SpeCt I'A The following Appendix includes the com-

plete set of 2H NMR spectra obtained over the course of this work.
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Fig. A. L: Deuterium NMR, spectra for DMPC-ds4/DHPC (4:1) obtained with (a)
the 3.5 T superconductive magnet and (b) the 9.4 T magnet at ambient pressure for
a range of temperatures. Spectra were collected from low to high temperature. The

sample is denoted as ARO1.
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Fig. A. 2: Deuteriiin NMR spectra for DMPC-ds,/DHPC (4:1) obtained with 3.5

T superconductive magnet at (a) ambient pressure and (b) 85 MPa for a range of

temperatures. Spectra were collected from low to high temnperature. The sample is

denoted as ARO1 at ambient pressure and ARAL at 85 MPa.
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Fig. A. 3: Deuteriin NMR spectra for DMPC-ds,/DHPC (4:1) obtained, in the
cooling at (a) ambient pressure (b) 8 MPa for a range of temperatures. The sample

is denoted as ARMI1 at ambient pressure and ARMBI1 and 85 MPa.
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Fig. A. 1: Deuteriuin NMR spectra for DMPC-ds,/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at (a) ambient pressure and (b) 85 NMPa for a
range of temperatures. Panel (b) Pressure was cycled to 85 MPa five times before
the pressure was raised from ambient pressure to 85 MPa at ~ 25°C. The sample is

denoted as AR02 at ambient pressure and ARA2 at 85 MPa.
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Figure A.5 shows the deuteriuin NMR spectra for DMPC-d5,/DNMNPG/DHPC (3:1:1)

obtained with 3.5 T superconductive magnet at (a) ambient pressurc and (b) 85 MPa
for a range of temperatures. Panel (b) Pressure was cycled to 100 Mpa five times
hefore the pressure wag set to 85 MPa. The pressurization was done at high temper-
ature (~ 30°C). Then the mixture was cooled to 10°C at 85 MPa without obtaining
spectra. A set of spectra then were obtained while warming at high pressure. The
pressurization at high teniperature and cooling the mixture at that pressurve might
have been responsible for the observation of an interdigitated gel phase (b). The
saniple was denoted ARO3 at ambient and ARA3 at 85 MPa.

Figure A.6 shows the spectra collected, in the order shown, for sample AR03 after

acquisition of the ambient pressure and 85 MPa spectra in Figure A.5. After the

mixture were displayed spectral characteristics of the interdigitated gel phase at 85
Mpa (A.5b), the mixture was frozen for 3 hours followed by being cycled to 85 MPa
at 21°C. The pressure then was raised to 42.5 MPa. The spectra obtained during the
process of warming at 42.5 MPa is shown in panel (a). As the temperature increases.
the spectra seem to be characteristic of interdigitated gel phase at low temperatures
(21°C < T > 38°C), non-interdigitated gel phase with a fraction of interdigitated gel
phase component at intermediate temperatures (42°C < T < 46°C}, and a complete
non-interdigitated gel phase at high temperatures(> 48°C). The mixture was then
cooled to the room temperature, depressurized and froze for 3 days. This was followed
by sonication and 5 cycles of freeze-thaw. The spectra then obtained at ammbient pres-
sure, shown in (b), at 8°C, 12°C and 21°C. The mixture then was pressurized up to
42.5 MPa at 21°C after the pressure was cycled five times to 85 MPa. The spectra
obtained at 42.5 MPa while warming is shown in Paunel (b). The spectra are charac-
teristic of the interdigitated gel phase over a range of temperatures. It can be seen

that the doublet becomes sharper at higher temperatures. This suggests that the acyl
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chains are still able to undergo axially symmetric reorientation in the interdigitated

phase at higler temperatures. It is notewortly to compare the temperatures at which
the spectra are characteristic of gel phase for at 42.5 MPa and 85 MPa by comparing

A.6 and A.5. This samnple was labeled as ARB3 in the experiment corresponding to

the panel (a) and ARC3 in the one corresponding to the panel (h).
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Fig. A. 5: Deuteriumn NMR spectra for DMPC-d5,/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at (a) ambient pressure and (b) 85 MPa for a

range of temperatures. This sample was denoted as AR03 at ambient pressure and

ARA3 at 85 MPa.
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Fig. A. 6: Deuterium NMR spectra for DMPC-ds;/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at 42.5 MPa (a) after frozen for three hours and
(b) after frozen for three days, sonicated followed by 5 cycles of freeze-thaw, for a range
of temperatures. This saniple was labeled as ARB3 in the experiment corresponding

to the panel (a) and ARC3 in the one corresponding to the panel (b).
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Figure A.7 shows Deuterium NMR spectra for DMPC-d54/DMPG/DHPC (3:1:1) ob-
tained with 3.5 T superconductive magnet at (a) ambient pressure and (b) 42.5 MPa
for a range of temperatures. After the first cycle of warming. the sample cooled to
8°C. The mixture was pressurized to 42.5 MPa, while showed spectral characteristics
of the isotropic phase, at this temperature. The sample was denoted ARO6 for the

experiment performed at ambient and ARBG6 for the one at 42.5 MPa.

Figure A.8 shows deuteriun NMR spectra for DMPC-ds,/DMPG/DHPC (3:1:1) ob-

tained with 3.5 T superconductive magnet at (a) 85 MPa and (b) ambient pressure
using the sanie sample as the one used to obtain spectra shown in Figure A.7. After

the first cvcle of warming at ambient pressure and 42.5 MPa, as shown in Figure A.7,

pressure dropped at 19°C from 42.5 MPa to ambient pressure. The sample, then was
pressurized up to 85 MPa while cooled further to 14°C at ambient pressure. The
spectra obtained while wariming at 85 MPa is shown in Figure A.8a. The sample then
cooled to 22°C at 85 MPa without data acquisition. The pressure dropped to ambient
pressure at this temperature. The spectra obtained while warming at ambient pres-
sure is shown in Figure A.8 b The sample was denoted as ARB6 for the experiment
perforined at 85 MPa and ARC6 for the one performed at ambient pressure for the

second time.
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Fig. A. 7: Deuteriuin NMR spectra for DMPC-d5/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at (a) ambient pressure and (b) 42.5 MPa for a
range of temperatures. The sample was denoted ARO6 for panel (a) and ARAG for

panel (h).
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Fig. A. 8: Deuterium NMR spectra for DMPC-ds;/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at (a) 85 MPa and (b) ambient pressure. The

sample was denoted ARBG for panel (a) and ARC6 for panel (b).
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Figure A.9 shows deuteriun NMR spectra for DMPC-dsy/DMPG/DHPC (3:1:1) ob-

tained with 9.4 T superconductive magnet at ambicnt performed by using the leftover
of the AR0O6. The sample is denoted as ARO7. It should be noted that the mixture
did not equilibrate sufficiently during the course of this experiment. It might have

been caused the lack of observation of oriented nematic pliase over the course of this

specific experiment.
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Fig. A. 9: Deuterium NMR spectra for DMPC-d5,/DMPG/DHPC (3:1:1) obtained
with 9.4 T superconductive magnet at ambient pressure. This sample was labeled as

ARO7.
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Figure A.10a shows deuterium NMR spectra for DMPC-d5,/DMPG/DHPC (3:1:1)
at ambient pressure. The mixture then cooled to 8 °C and presurized up to 42.5 MPa
at this temperature. The spectra obtained at 42.5 MPa while warming is shown in
A.10b.

This mixture cooled to 8°C and pressurized to 85 MPa. The spectra obtained for

the cycle of warming at 85 MPa is shown in Figure A.1la. The pressure was acci-

dentaly dopped at 48 °C and pressurized again up to 85 MPa. The spectra obtained

while cooling is shown in A.10b. The ixture cooled at 85 MPa to 34°C while the
spectra obtained are characteristic of the interdigitated gel phase from 45°C to 34°C.
The pressure then dropped to ambient pressure at 32°C. The spectra obtained while
cooling at ambient pressure, in the order shown in A.11b, are characteristic of a non-

interdigitated gel phase at 32°C. However, the spectra become more characteristic

of an interdigitated gel phase on decreasing temperature. This may suggest that
the temperature at which DMPC-d5,/DMPG/DHPC (3:1:1) mixtures with spectral
characteristics of an interdigitated gel phase undergo into a phase with mostly non-
interdigitated gel phase features varies by applying hydrostatic pressure. This sample
was denoted as ARBS for the experiment performed at 85 MPa while warming and

ARCS for the one performed while cooling.
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Fig. A. 10: Deuterium NMR spectra for DMPC-d5,/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at (a) ambient pressure and (b) 42.5 MPa. The

pressure was raised at 8 °C. This sample was denoted as AR08 at ambient pressure

and ARAR at 42.5 MPa.
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Fig. A. 11: Deuteriuin NMR spectra for DMPC-d5,/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at 85 MPa (a) while warming and (b) while
cooling, in the order shown, at 8 MPa and at ambient pressure. This samnple was
denoted as ARBS8 for the experiment performed at 8 MPa while warming and ARCS

for the one performed while cooling.
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Figure A.12 shows the deuterium NMR spectra for the same sample as the one of

which spectra obtained is shown in Figure A.11. After the sample underwent a tran-

sition into an interdigitated gel phase, as shown in Figure A.11, the mixture cooled
to 8°C and equilibrated for two hours at this temperature. The spectra obtained
over the cycle of warming at ambient is shown in Figure A.12a. As can be seen, the
spectra are characteristic of a non-interdigitated gel phase at temperature higher than
34°C. The spectra obtained at ambient while cooling is shown in Figure A.12b. It
was observed that the spectra become characteristic of the interdigitated gel phasc
again after passing 32 °C. For further inquiries, it is worth mentioning that the sample
was denoted ARDS during both warming and cooling process but saved with different

extensions to distinguish the warming and cooling processes.
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Fig. A. 12: Deuterium NMR spectra for DMPC-d5,/DMPG/DHPC (3:1:1) obtained,
at ambient pressure while (a) warming and (b) cooling after the mixture formed an
interdigitated gel pliase during cooling process at high temperature as shown in Figure

A1l. This sample was denoted as ARDS.
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Figure A.13a shows the deuterium NMR spectra for DMPC-d5,/DMPG/DHPC (3:1:1)

obtained with the 3.5 T superconductive magnet at ambient pressure for the first cy-
cle of warming. A.13b shows spectra for the second cycle of warming at ambient
obtained within a short time after the first cycle. It should be noted that the spectra
were obtained by averaging 2000 to 4000 transients at each temperature which is not
adequate to obtain high resolution spectra using our setup. Furtherniore, the mixture
did not equilibrate adequately at each temperature. It might be helpful for further
inquiries to note that the data acquired for this samiple were saved under tha same
name (AR09) but with different extensions.

This mixture then cooled to 8 °C and pressurized to 42.5 MPa. Figure A.14a shows
the spectra obtained during the cycle of warming. This mixture cooled to 8 °C at 42.5

MPa with no spectruin obtained. The pressure was subsequently raised directly from

42.5 MPa to 85 MPa at this temperature. Figure A.14b shows the spectra obtained
over increasing the temperature. The sample was labeled ARA9 for the experiment
at 42.5 MPa and ARBY for the one performed at 85 MPa.

To make the comparison easier, the same set of spectra as the one shown in A.14b
is shown in Figure A.15a. The spectra obtained over the cycle of cooling at high
pressure is shown in Figure A.15b. It worth mentioning that the data acquired while

cooling are also saved as ARBY but with a different extension.
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Fig. A. 13: Deuteriumm NMR spectra for DMPC-d;4/DMPG/DHPC (3:1:1) obtained
with the 3.5 T superconductive magnet at ambient pressure for (a) the first cycle of

warming and (b) the second cycle. This sample was denoted as AR09.



DMPC-d, /DMPG/DHPC(3:1:1) DMPC-d, /DMPG/DHPC(3:L:1)
414 MPa 82.7 MPa

III[ITI‘IIIIII|IIIIIII !IIIIII]III ill[llll[}l
i

d

Lt sl sl Dl e
60 40 20 0 2 40 60 60 -40 -20 0 20 40 60
Frequency (kHz) Frequency (kHz)

Fig. A. 14: Deuterium NMR spectra for DMPC-d5,/DMPG/DHPC (3:1:1) obtained |
with 3.5 T superconductive magnet while (a) warming and cooling at 42.5 MPa and

(b) warming at 85 Mpa. This sample was labeled as (a) ARA9 and (b) ARB9.
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Fig. A. 15: Deuterium NMR spectra for DMPC-d5;/DMPG/DHPC (3:1:1) obtained

with 3.5 T superconductive magnet at 85 Mpa while (a) warming and (b) cooling.
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Figure A.16a shows deuterium NMR spectra for DMPC-ds5,/DMPG/DHPC (3:1:1)
obtained with 3.5 T superconductive magnet of the first cycle of warming at ambient.
[t should be noted that this sample was in freezer for 30 minutes prior to data ac-
quisition started. The mixture then cooled back to 8 °C. The first spectrum, shown
in [igure A.16b, obtained when sample equilibrated one hour at 8°C. As can be

see11, the spectruin obtained is not characteristic of the complete isotropic phase. The

second spectrum in Figure A.16b obtained subsequent to three hours of equilibration

at 8°C. As can be seen in Figure A.16b, the spectrum is not completely charac-
teristic of tlie isotropic phase. The pressure raised to 42.5 MPa at this temperature
eventhough the spectra obtained did not display characteristics of the isotropic phase.

The spectra obtained while warmming at 42.5 MPa are shown in Figure A.16h above

the ones obtained at ambient pressure. This sample was denoted as AR010 for the ex-

periment performed at ambient pressure and AR10 for the one performed at 42.5 MPa.
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Fig. A. 16: Deuteriuin NMR spectra for DMPC-d5,/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet while (a) warming at ambient pressure and (b)
waming at 42.5 MPa otherwise "ambient" is mentioned. This sample was denoted as

AR10 at ambient pressure and ARA10 at 42.5 MPa.
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Figure A.17b shows the spectra obtained after the mixture was warmed and cooled
at ambient pressure once, as shown in Figure A.16a, and waried at 42.5 MPa, as
shown in IYigure A.16b and duplicated in A.17h. The spectra obtained over the cycle
of cooling at 12.5 Mpa are shown in Figure A.17b with the label of "12.5 Mpa". The
broad spectral component observed over this range of temperatures suggests the pres-
ence of an interdigitated gel phase in the DMPC-dgy /DMPG/DHPC {3:1:1) mixture.
The spectrum obtained at 8 °C, which is not characteristic of the isotropic phase, was
collected after the mixture equilibrated for one hour at ambient pressure. The spec-
trumn obtained at 4°C does not indicate the isotropic phase even though the mixture

equilibrated at this temiperature for ~2 lhours.

The mixture then warmed to 40°C in steps of few degrees without data acquisi-
tion. The spectrum at 40°C is characteristic of a non-interdigitated gel phase as
expected.  The spectra obtained during the process of cooling is shown in Figure
Ad7b (6°C < T < 40°C). The sample then equilibrated at the room temperature
for 2 days prior to equilibrate at 46 “C for one day. The consequent spectra obtained
for cooling is shown in Figure A.17b. It should be noted that the spectra displaved
in Figure A.17b are collected in the order shown. It worth mentioning for further
inquiries that the data acquired, as of A.17a and A17h, were saved uuder the name

of ARA1L0 but with different extensions.
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Fig. A. 17: Deutcrium NMR spectra for DMPC-d5,/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet while (a) warming at 42.5 MPa and (b) In the
order shown at the pressure mentioned oun the left side of the spectra. This samiple

was denoted as ARA10.




129

The same mixture as the one, the spectra of which is shown in Figure A.17, was
subjected to a series of experiment in order to determine the influence of chain

freeze, sonication, and cycles of freeze-thaw on the phase behaviours of DMPC-

dsq/DMPG/DHPC (3:1:1) after the interdigitation. The details corresponding to

these experiment will be described below.

The mixture was frozen three days. The spectra obtained then over a range of temper-
atures at anmbient pressure as shown in Figure A.18. The spectra follow the sequence
of an interdigitated gel phase at lower temperatures (7' < 26 °C), a coexistance of an
interdigitated gel phase and a non-interdigitated gel phase at intermediat tempera-
tures (28°C < T < 32°C) and a non-interdigitated gel phase in high temperatures
(T'>31°C).

The mixture was then cooled at ambient, sonicated at 19°C for 15 minutes, and sub-

jected to b cycles of freeze-thaw. The spectra obtained at 8 °C and 18 °C at ambient
pressure, in the order shown in Figure A.18, are characteristic of an interdigitated
gel phase. It should be noted that this sample was labeled as ARB10 during this
experiment. It worth mentioning that the data acquired were saved with different

extensions.
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Fig. A. 18: Deuteriuin NMR spectra for DMPC-ds4/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet,in the order shown, frozen for three days and then
warmed up to 38 °C at ambient, then subjected to sonication and cycles of freeze-thaw
prior to obtain the last two spectra. The detailed description of the process can be

found in the P.126. This sample was labeled as ARB10.
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Fig. A. 19: Deuterium NMR. spectra for DMPC-d5;/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at ambient pressure while (a) warming and (b)
cooling. This sample is a part of the big batch that made to eliminate the minor

differences in the sample preparation process. This sample was labeled as AR11.
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The detailed description of the Figure A.19 can be found in 4.2.1. Figure A.20 a
shows spectra collected, in the order shown, for sample AR11 after acquisition of the
ambient pressure spectra in Figure 4.4. (a) Pressure was cycled to ~ 100 MPa five
times before acquisition at 8 °C. Spectra were then obtained at 26 °C and 38 °C while
warning at ambient pressure. Pressure was then cycled to ~100 MPa five times at
38°C. Spectra were then collected on cooling from 38 °C to 18°C' at ambient pres-
sure. (b) The samiple was warmed to 36°C and pressure was raised to 42.5 MPa.
Spectra were obtained on cooling from 36 °C to 22°C The sample was then held at
42.5 MPa, warmed to 38°C, and pressurized to 85 MPa. Spectra were then obtained
on cooling from 38 °C to 28 °C. The broad component (~ 27 kHz) in the 32°C and
28°C spectra at 85 MPa may indicate formation of interdigitated gel on cooling at

high pressure. This sample was denoted as AR11.
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Fig. A. 20: Deuteriun NMR. spectra for DMPC-ds4/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at ambient pressure while subjected to different

experimental conditions as decribed in P.129. This sample was denoted as AR11.
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Fig. A. 21: Deuteriuin NMR spectra for DMPC-d5,/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at 42.5 MPa while (a) warming and (D) cooling.

This sample was denoted as ARA11.
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Fig. A. 22: Deuterium NMR spectra for DMPC-d5,/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at 85 MPa while (a) warmning and (b) cooling.
These sets of spectra were collected after the first cycle of warming and cooling were
performed at 42.5 MPa As shown in A.21. As can be seen, The mixture undergoes

into an interdigitated gel phase while cooling at 8 MPa. This sample was denoted

as ARAILL.
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Fig. A. 23: Deuterimim NMR spectra for DMPC-ds,/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at 85 MPa while (a) warming and (b) cooling.
This sample is a part of the big batch that made to elimiuate the minor differences

in the saniple preparation process. This sample was denoted as ARB11.



DMPC-d, /DMPG/DHPC (3:1:1) DMPC-d, /DMPG/DHPC (3:L:1)
82.7M 82.7 Mpa

!IIIIII[]TTT I|1||||||l|lll]ll1]l!|

d ﬂ)\\ b
”

III||¥I|III

I °

\ 60 C

/ 0

[ | 0

o 'k\\ 56°C

\
/ \ 0

e
) \ | 0
‘ 2 0
” ” MMM‘ i B0 s 50°C
Llllll[lll|||| | III’III|III|III|IIIHI

60 40 20 0 20 40 60 60 40 -20 0 20 40 60
Frequency (kHz) Frequency (kHz)

Fig. A. 24: Deuteriumm NMR spectra for DMPC-d54/DMPG/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at 85 MPa for the second cycle of (a) warming
and (b) cooling. As can be scen, an interdigitated gel phase was observed while the

second cycle of cooling at 85 MPa. This sample was denoted as ARB11.
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Figure A.25a shows spectra obtained for DMPC-d5, /DMPG/DHPC (3:1:1) at ambi-

ent pressure. Figure A.25b is the spectra showed in Figure A.19a but at selected tem-
peratures. as can be seen, the DMPC-d;/DMPG/DHPC (3:1:1) mixture shows the
same sequence of pliase morphologies as the And DMPC/DMPG-d5,/DHPC (3:1:1)
mixtures. However, these transitions occur at different temperatures which is expected
due to the lowering effect of deuteration on bilayer phase transition temperatures [60]
and the lower level of sample deuteration in the DMPC-d5,/DMPG/DHPC (3:1:1)
niixture in conmparison to the mixture with perdeuterated DMPC. It should be noted
that the DMPC/DMPG-ds,/DHPC (3:1:1) sample was denoted as AR12 while the
DMPC-d5;/DMPG/DHPC (3:1:1) sample was denoted as ARI11.
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Fig. A.25: Deuterium NMR spectra obtained with 3.5 T superconductive magnet at
ambient for (a) DMPC/DMPG-ds,/DHPC (3:1:1) and (b) DMPC-d5,/DMPG/DHPC
(3:1:1), duplicated from A.19. It should be noted that the DMPC/DMPG-d5,/DHPC
(3:1:1) sample was denoted as AR12 while the DMPC-ds;/DMPG/DHPC (3:1:1)

sample was denoted as AR11.
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Fig. A. 26: Deuterium NMR spectra for DMPC/DMPG-ds,/DHPC (3:1:1) obtained
with 3.5 T superconductive magnet at 85 MPa for the second cycle of (a) warming and
(b) cooling. As can be seen, The spectra display characteristics of an interdigitated

gel phase while cooling at 85 MPa (b). This sample was denoted as ARA12.
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Fig. A. 27: Deuterimin NMR spectra for non-sonicated DMPC-d5,/DMPG/DHPC
(3:1:1) obtained with 3.5 T superconductive magnet at (a) ambient pressure while
warniing and cooling and (b) 85 MPa while warming. This sample was denoted as

ARI13 at ambient pressure and ARA13 at 85 MPa.
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Fig. A. 28: Deuterium NMR spectra for non-sonicated DMPC-ds,/DMPG/DHPC
(3:1:1) obtained with 3.5 T superconductive magnet at 85 MPa. This samnple cooled
from 52°C to 34°C at 85 MPa. The temperature was then raised to 60°C while
the pressure was kept constant. On decreasing the temperature, three spectra were

obtained as shown. This sample was denoted as ARA13.















e

i '._. ._. 'I '1
L [ k .
St s IS ‘ i
"%@k’-‘ AT lﬂl%g‘ﬁgﬁl}'; S '
s | %{i-!'r i I""," 'ul":'l-"' 'Q], i ¢ v :
| By "'l-l_.;.-}l' i 'A"SI" F ﬂ.l-,'.llﬁ- i
A S '.L'::'gil‘ e 2N




