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ABSTRACT

Glycolipids are one of the essential components of the cell membranes to
carry out selected biological functions. Even though the study to resolve the
ambiguity of biological membrane processes is continuously pursuit, it is now
generally recognized that the lipids form lyotropic mesophases in the membranes.
These phases are important biologically and technologically, thus our interest to
characterize them. Herein, we investigate the microenvironment of various lipidic
phases formed by mono- and dialkylated synthetic glycolipids using fluorescence
technique. Both single and branched-chain synthetic glycolipids were observed to
exhibit norma and inverse mesophases respectively. The polarity of different
regions of the hydrophilic head group was estimated on the basis of a parallel study
in different solvents using small fluorescent probes namely tryptophan (Trp) and
two of its ester derivatives (Trp-C,4 and Trp-Cg). In contrast, the hydrophobic nature
of pyrene is expected to favour the tail region of the self-assembly. The ratio of the
two peak intensities (11/13) in the pyrene fluorescence spectra was used to elucidate
the local environment of pyrene sinceit is environmentally sensitive. In addition, the
lifetimes of all fluorescent probes in buffer and lipid were measured. We have also
performed thermotropic and lyotropic investigations on four anomeric-epimeric
related branched-chain glycolipids derived from Guerbet alcohols using small-angle
X-ray scattering to obtain their detailed structural information as well as their partia
binary phase diagram. Similar fluorescence study was carried out for one of these
branched-chain glycolipids, which gave extensive inverse bicontinuous cubic phase.
The results presented here are believed to be important for a better understanding of
the glycolipids fundamental properties which may help uncover some biological

mysteries.



ABSTRAK

Glikolipid merupakan salah satu komponen utama membran sel untuk
menjalankan fungsi biologikal tertentu. Walaupun kgjian bagi merungkai kesamaran
dalam proses membran biologi masih lagi berterusan, kini, umum telah mengiktiraf
bahawa lipid membentuk mesofasa-mesofasa liotropik di dalam membran. Fasa-fasa
ini penting secara biologi dan teknologi, oleh yang demikian, adalah perlu untuk
mencirikannya dalam tesis ini. Kami menyiasat persekitaran mikro pelbagai fasa
lipid yang dibentuk oleh glikolipid sintetik mono- dan dialkil menggunakan teknik
pendafluor. Kedua-dua rantaian tungga dan bercabang glikolipid sintetik masing-
masing dilihat mempamer mesofasa normal dan songsang. Kekutuban bahagian
berbeza pada kumpulan kepala berkutub telah dianggar berasaskan kajian selari di
dalam larutan yang berlainan dengan menggunakan prob pendafluor kecil iaitu
tryptophan (Trp) dan dua terbitan esternya (Trp-C4 dan Trp-Cg). Sebaliknya, sifat
hidrofobik pyrene dijangka cenderung kepada bahagian ekor suar penyusunan.
Nisbah keamatan dua puncak (l:/13) pada spektra pendafluor pyrene yang sensitif
terhadap persekitaran telah digunakan untuk menjelaskan persekitaran setempat
pyrene. Selain itu, masa hayat semua prob pendafluor di dalam bufer dan lipid telah
diukur. Siasatan termotropik dan liotropik juga telah dijalankan bagi empat
glikolipid bercabang terbitan alkohol Guerbet yang berkait secara anomerik dan
epimerik menggunakan penyerakan sinar-X bersudut kecil untuk mendapatkan
maklumat struktur dan gambargjah fasa separa binari sebatian tersebut. Kajian
pendafluor seperti di atas telah dilakukan terhadap salah satu glikolipid rantaian
bercabang yang memberi fasa kubik dwisambungan songsang. Hasil kaian ini
penting untuk pemahaman yang lebih mendalam tentang sifat asas glikolipid yang

mampu membantu mendedahkan beberapa misteri biologikal.
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Chapter 1 Introduction and Literature Review

INTRODUCTION AND LITERATURE REVIEW

Cells are the building block of life. All living things are made up of one or
more cells with specific parts performing specific functions. Inside a cell, there are
thousands of organelles which perform a variety of specialized jobs. Each cell has a
membrane that acts as the main barrier to the aqueous surrounding [1-4].
Glycolipids or GLs (this term will be used throughout the thesis for simplicity) are
one of the essential cell membrane components which carry out some of these
functions. These membrane constituents are also related to various diseases. For
instance, the deposition of GLs called glucosyl ceramide (glucocerebroside) in the
spleen and kidneys can lead to Gaucher's disease which is the most common
inherited lysosomal storage disease caused by a deficiency in glucocerebrosidase
enzyme [5, 6]. Given this knowledge, we are keen to more intensively study these
GL molecules in particular, to understand their fundamental properties which may
help uncover some biological mysteries.

This introductory chapter gives a brief review of both natural and synthetic
GLs. Since these molecules give rise to liquid crystal phases, we also review the
physics and chemistry of these materials, including their liquid crystal classification

and structure-property relationship.

1.1 Natural Glycolipids

GLs are one of the components present in biological membranes, apart from
phospholipids, proteins, carbohydrates and cholesterol. They are normally found on
the exterior of cell surface membranes (see Figure 1.1) and have special
physicochemical properties. For example, due to their location, GLs are excellent

biomarkers for the isolation of various subsets of cells from the central nervous
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system [7]. GLs are carbohydrate-attached lipids. The hydrophilic part comprises
the sugar head group while the aliphatic hydrocarbon chain builds up the
hydrophobic part of the molecule [8]. Therefore they are amphiphilic molecules
which act as a mediator between the hydrophilic and lipophilic environments due to
their unique chemical structure. Most GLs in biomembranes are double-chained
(saturated and/or unsaturated) with 16 to 18 carbons per chain, thus allowing the
formation of typically wedge-like molecular structures (similar to those of

phospholipids) which are also ubiquitous in cell membranes [9, 10].

Glycoprotein

Protein

Glycolipid
f

Channel

h]) Cholesterol
T ..
Peripheral protein Phospholipid

Figure 1.1: The cell membrane and its components. Adopted from [11].

GLs are mainly found in tissues of plants, animals and microorganisms [12].
Even though not as abundant as other constituents of biomembranes, GLs play an
important role in many cell processes [13] such as endo- and exocytosis, apoptosis,
molecular recognition at the cell surface specific to the cell type [14], and
stabilization of the membrane structures, for example, archaebacteria that grow

under extreme environmental conditions [15]. GLs can be divided into three main
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groups: glycosphingolipids, glycoglycerolipids, and glycosyl phosphopolyprenols.

Some examples are shown in Figure 1.2.

0
OH S N N N N NN
HO O =
HO OWN\N\N

OH OH

(a) Glucosyl ceramide (cerebroside). A component of nervous tissue [10].

OH_oH

=
HO
o

OHO OH Jol\/\/\/\/\/\/\/\/
HO 0 0
oH HO O\/\/\\/\/\/\/\/\/\/

OH OH

(b) Globotriaosyl ceramide (globoside-3). Minor component of tissue [10].

=

OH
HO O o o
HO I Il =
/P\ = Z P

HO HO 16

(e) Mannosyl diphospho eicosaprenol. Found in bacterial system [17].

Figure 1.2: A few examples of natural GLs. (a) and (b) are glycosphingolipids, (c)
and (d) are glycoglycerolipids and (e) is a glycosyl phosphopolyprenol. Red box:
sphingoid base. Blue box: glycerol backbone.
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Glycosphingolipids are formed when a carbohydrate moiety (hydrophilic
part) is linked to the primary hydroxyl group of the sphingoid base (hydrophobic
part) and they are subclassified into cerebrosides, globosides and gangliosides. The
structure of glycosphingolipids is such that the carbohydrate is attached to C1 of
sphingosine via the hydroxyl group and a fatty acid substituent on the amino group
at C2. Glycosphingolipids are widely found in mammalian tissues and cells,
although some may also be found in invertebrates, plants and microorganisms [18].

The second group of natural GLs is glycoglycerolipid which consists of 1,2-
di-O-acyl-sn-glycerol joined by a glycosidic linkage at a position sn-3 to a
carbohydrate moiety [19]. Glycoglycerolipids have been identified as significant
GLs in bacteria, blue-green algae and plants, especially in chloroplast membranes.
There are three glycoglycerolipids that are found in photosynthetic membrane [20,
21]. The two neutral galactolipids are monogalactosyl diacylglycerol (MGDG) and
digalactosyl diacylglycerol (DGDG). Both account for about 80% of the lipid
composition of thylakoid membrane (lipids make up about 50% of the thylakoid
mass). The third class glycoglycerolipid, which is an anionic sulfolipid called
sulphoquinovosyl diacylglycerol (SQDG) makes up about 10% of the thylakoid
membrane [21].

Glycosyl phosphopolyprenols are biochemically different from other GLs.
The linkage between sugar and lipid by a phosphate bridge is distinctive in GLs.
Since this involves a sugar-1-phosphate bond, the transfer potential is similar to that
of nucleotide diphosphate sugars, which leads to a difference in their respective
function. Other GLs are seen primarily as end products of metabolism, or as
intermediates solely as acceptors of further sugar residues. Glycosyl
phosphopolyprenols for instance readily donate their glycosyl residues to some
appropriate acceptor and are thus termed lipid-linked intermediates. The coenzymic

5
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role of phosphopolyprenols differs in different types of organisms. For example, in
bacteria, phosphopolyprenols are involved in the formation of the complex
polysaccharides of the cell wall while in green plants, they are accountable for the

production of glucans [22].

1.2 Synthetic Glycolipids

Recently, GLs have been recognized as a new class of amphiphilic surfactant
in the field of colloid and interface science. They have attracted great interest in
fundamental studies [15, 23, 24] and shown to have many possible applications [25-
27]. However, natural GLs, for example, the MGDG and DGDG from
photosynthetic thylakoid membrane of plants and algae are difficult to extract and
purify in large quantities. Because of their growing potential in industrial
applications, coupled with the difficulty of getting pure natural lipids with high
yield, the demand for synthetic GLs is increasing. At the same time, it is a
challenging task analyzing the mesogenic properties of well-defined compounds and
how they relate to membrane properties [28]. Compared to other common generic
surfactants, these synthetic GLs can be prepared chemically or enzymatically from
renewable resources like oligosaccharides and fatty alcohols that are biodegradable,
non-ionic and environmentally-friendly materials [15, 19].

Synthetic GLs may be grouped into those containing only a single chain and
those containing branched chains. Single alkyl chain GLs are also known commonly
as sugar-based surfactants [29]. Some examples of this group are sorbitan esters,
sucrose esters, methyl glucoside esters, alkyl polyglycosides, and methyl
glucamides. Among these, the most common is alkyl polyglycosides (APGs).
Because of their favourable environmental character, these sugar surfactants have
been widely used in the formulation of utility day-care products (e.g. washing,

6
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dishwashing, and cleaning liquids). They also have wide application in the
cosmetics industry since they exhibit good dermatological compatibility and
biodegradability [30].

In 1893, the first alkyl glycosides (AGs) were synthesized and identified by
Emil Fischer where he reacted glucose and alcohol in the presence of an acidic
catalyst [31]. Fischer noticed that AGs have high stability towards oxidation and
hydrolysis, especially in a very alkaline media essential for surfactant applications
[32]. The nonionic AGs/APGs differ from fatty-alcohol ethoxylates by their
characteristic structures which considerably affect the association of molecules in
solution, phase behaviour, and interfacial activity. The hydrophilic head of the sugar
in AGs/APGs form hydrogen bonds with the surrounding water molecules.
However, the hydration is low compared to that in fatty alcohol ethoxylates.
Therefore basic phenomena like cloud point, thermal phase inversion, or gel
formation in medium concentrations of pure solutions cannot be observed in the
case of AGs/APGs. This is due to the contribution of stronger intralayer hydrogen
bonding between the sugar head groups in the molecules and weaker interlayer
hydrogen bonding between the carbohydrate moiety and water molecules [33, 34].
The behaviour of AGs/APGs in aqueous solution gives important indications for the
handling and formulation of a product with regard viscosity, flow behaviour, and
phase stability [32].

A number of researchers have performed comprehensive investigations on
AG/water systems by various techniques and methods [35-37]. Sakya et al. studied
the phase behaviour of monoalkyl glycosides using optical polarizing microscopy
(OPM), differential scanning calorimetry (DSC) and X-ray diffraction (XRD) [35].
They showed that a slight change (i.e. chain length, anomeric effects, and type of
sugar) in chemical structure can lead to large changes in the phase behaviour (i.e.

7
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melting point, clearing point and solubility). A study of a- and S-alkyl glucosides at
air-water interface has revealed that the anomeric configuration has small influence
on interfacial adsorption properties [36]. The formation of non-spherical micellar of
n-octyl-f-D-glucoside (shown in Figure 1.3(a)) was observed using the nuclear
magnetic resonance (NMR) self-diffusion experiment [37]. Detailed discussion of
phase will be explained in a later section.

The second group of synthetic GLs constitutes analogues of naturally
mimicking membrane lipids. Some examples are diacyl glycoglycerolipids and
dialkyl glycoglycerolipids [38-41]. Milkereit et al. have described their work on this
type of synthetic GLs in a two-part report [40, 41]. In these works, several dialkyl-
and diacyl glycosyl glycerols with disaccharide (maltose and melibiose) and
trisaccharide (maltotriose) head groups bearing saturated, unsaturated and methyl
branched-chains were synthesized. They managed to synthesize these GLs in short-
synthetic steps and obtained good yields (43-98%) compared to the synthesis of a
single diacyl-glycerol with unsaturated fatty acid chains prepared by von Minden et
al. The latter involved at least nine synthetic steps, and an overall yield in the range
of 3-26% [28].

Another class of synthetic GLs is a 1,3-di-O-phytanyl-2-O-
(glycosyl)glycerols (see Figure 1.3(d)) possessing maltooligosaccharide head
groups. These methyl-branched phytanyl-chained lipids have been used as model
archaebacterial GLs [42]. Previously, this group had successfully synthesized GLs,
mainly 1,3-dialkyl-glycoglycerolipids with n-dodecyl and n-tetradecyl alkyl chains
and oligomaltose and cellobiose head groups in good yields and in a relatively short-

synthetic sequence [43]. A few examples of synthetic GLs are shown in Figure 1.3.
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OHO
HO
HS&/O\/\/\/\/

OH

(a) n-octyl-f-D-glucoside [35].

(c) 1-O-phytanyl- p-D-glucoside [39].

U

HO”&‘/&/ -~

(d) 1,3-di-O-phytanyl-2-O-(fS-D-maltosyl)glycerol [42].

OHO
HS&%O O~

OH

||||| O

(e) Di-dodecyl- p-D-glucosyl glycerol [38].

Figure 1.3: A few examples of synthetic GLs.

1.3 Glycolipids as Liquid Crystal

Emil Fischer and Burckhardt Helferich had observed a "double melting"
phenomenon in one of the long-chain alkyl glucopyranoside, i.e. hexadecyl f-D-
glucopyranoside [44]. This finding was the first reported observation of
thermotropic liquid crystalline properties from this amphiphilic carbohydrate. As for
lyotropic behaviour, Robert Koch made the first observation in alkylated sugar
where he observed an unusual optical texture of aqueous dispersions while

analysing the extracts from tuberculosis bacteria [45]. Both thermotropic and
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lyotropic terms will be further discussed in Sections 1.5 and 1.6 respectively. The
driving force for the mesophase formation of these amphiphilic molecules is the
microphase separation of the hydrophilic and hydrophobic groups leading to a
structural aggregation of oppositely-behaved moieties. The self-assembly structure
is maintained by both the hydrophobic force (short-range repulsion) dominant
within the alkyl chain region and the hydrogen bonding network in the hydrophilic
region, each stabilising the formed mesophase [46, 47].

However, the fundamental difference between GLs and other amphiphiles
resides in the complexity of interactions among hydroxyl groups within the sugar
moieties. This adds a greater intricacy to the usual hydrophilic-hydrophobic balance
governing the self-assembly, where the head group plays the attractive role and
chain group the repulsive one. Unlike biological amphiphiles aggregating in
lamellar-type assemblies (i.e. phospholipids) whose structural arrangement is
controlled by the hydrophobic tails [48], studies on GLs showed that "small"
differences in the sugar head group, like those between glucose, galactose and

mannose, can give rise to new features in the liquid crystalline behaviour [12, 49].

14 General Descriptions of Liquid Crystals

The official discovery date of liquid crystal is in 1888, when Austrian
botanist Friedrich Reinitzer observed the "double melting" phenomenon of
cholesteryl benzoate and cholesteryl acetate. However, he did not call it liquid
crystal nor recognize it as such. Later he consulted a German physicist Otto Lehman
who characterized the phase under a polarizing microscope in 1889 [50]. Therefore
both Reinitzer and Lehman have been credited for this discovery, although it was

Lehman who suggested the name "fliissige krystalle” (liquid crystal) or "fliessende

10
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krystalle" (flowing crystal), and proposed some physical explanation of the nature of
these phase transitions and related optical properties [51].

The term "liquid crystal" refers to a phase considered as an intermediate state
of matter between liquids and solids (having some of the ordering properties of a
solid, but flowing like a liquid). In a perfect crystalline state, the motions of
molecules are limited to only the zero-point vibrations (the normal modes), whereas
in the liquid state the molecules have access to other forms of motion including
rotation and translation [52, 53]. The liquid state may be achieved by increasing the
temperature, where the molecules fully gain 6 degrees of freedom from the
translational and rotational motions. In liquid crystal phase, only some of these
degrees of freedom are gained by the system. For example, in the simplest case, a
nematic liquid crystal gains 3 translational degrees of freedom, but rotationally, only
some degrees of freedom is attained, maintaining one degree of orientational
ordering. This results in a time-averaged structure, where molecules are aligned
within a limited range called a domain, in a parallel or near-parallel arrangement
[54] described by a simple order parameter, S [52, 53, 55]. The order parameter can

be defined as the average of the second Legendre polynomial:
Sy _ O 2 1 (Equation 1.1)
S=P2(c059)=§(cos 9)—5, ! :

where 6 is the angle, the long molecular axis makes with the director axis, 7 (see
Figure 1.4) and the angular brackets denote a statistical average of cos?6. A
director is a vector to represent the direction of preferred molecule orientation

within a domain (see Figure 1.5). For instance, when # = 0 and 180° (parallel

alignment), S = 1. If 8 = 90° (perpendicular alignment), S = —%. Finally, if the

11
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. . . 1
molecular orientations are random i.e. 0 takes all values, (cos?8) = 3 and S =0

[52]. The order parameter can be measured experimentally by several types of

experiment, such as diamagnetic susceptibilities, NMR or XRD [55].

>3

Figure 1.4: Geometry used for defining the order parameter. Redrawn from [56].

P

Figure 1.5: Preferred molecule orientation, i within a domain (represented by a
loosely-defined boundary).

A general molecular structure of a typical liquid crystal molecule is depicted
in Figure 1.6. There are two core groups (C; and C;), a bridging group (B), two
terminal units (R; and R»), two groups linking the terminal units to the cores (L; and

L,), and two lateral substituents on the cores (X; and X;). The units and their

12
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combinations are the key factor for the type of liquid crystal and physical properties
exhibited by a compound [56]. The core units (C; and C,) are usually linearly-linked
aromatic systems (e.g. 1,4-phenyl, 2,5-pyrimidinyl) or alicyclic (e.g. trans-1,4-
cyclohexyl). These units contribute rigidity which is required to provide the
anisotropic molecular structure. They are joined by a bridging group (B) which
maintains the linearity of the core (e.g. -CO,, -CH,CH,-). The flexibility which is
needed to obtain low melting points and molecular alignment stabilization within
the mesophase structure is provided by the terminal substituents (R; and R;). They
are normally straight alkyl or alkoxy chains with one terminal unit, often a small
polar substituent (e.g. CN, F, NO,). Chiral molecules can be obtained when the
terminal chains are branched, and the branching unit can be non-polar (e.g. CH3) or
polar (e.g. CN, F). As for the lateral substituents (X; and X3), F is the most useful

due to its small size and high electronegativity apart from Cl, CN and CHj; [56].

Figure 1.6: Molecular structure of a rod-like liquid crystal. Redrawn from [57].

In general, liquid crystals can be divided into two categories, the
thermotropic and the lyotropic mesophases. The Greek word "mesophase" means
"in between" (i.e. the solid crystal and liquid phases). Certain mesogens (compounds
forming mesophase) may exhibit both thermotropic and lyotropic phases and they

are also called amphitropic [58, 59]. GLs used in the present thesis are classified as
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amphitropic liquid crystals since they can form both lyotropic liquid crystals in

solvent and a thermotropic liquid crystal phase in dry form.

1.5 Thermotropic Liquid Crystals

When a liquid crystal phase appears upon heating or cooling (i.e. by the
temperature variation), this phase is classified as thermotropic [58]. Thermotropic
liquid crystal forms from crystalline solid to liquid crystal when the temperature is
raised above the melting point (Ty,). When the temperature is further increased, the
phase of the substance changes from liquid crystalline phase to isotropic liquid
phase. This temperature is called the clearing point (T.). The molecular organization
of thermotropic liquid crystal is influenced strongly by its chemical architecture and

will be described in the next section.

1.5.1 Monophilic Liquid Crystals

Monophilic liquid crystals can be derived from a simple geometrical form of
the molecule. This material is further distinguished according to its basic molecular
shape such as calamitic (rod-like), discotic (disk-like) [53, 56, 57] and the recently-

described sanidic (lath-like) liquid crystal [60] (see Figure 1.7).

P ——

25, =

(a) Calamitic (b) Discotic (c) Sanidic

Figure 1.7: Molecular shapes of monophilic liquid crystals. Redrawn from [60].
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Calamatic materials usually consist of rod-shaped molecules in which one
molecular axis is much longer than the other two axes that are assumed to be
equivalent [56]. A common characteristic of calamitic mesogens is a relatively rigid
core as found in phenyl and biphenyl groups, and with two flexible endgroups
(either alkyl or alkoxy chains) [60]. As proposed by Georges Friedel [51], there are
three basic types of liquid crystals namely, nematic, cholesteric (chiral nematic) and

smectic. These phases are depicted in Figure 1.8.

o

(a) Nematic, N

I

=Y}

P )

(c) Smectic A, SmA (d) Smectic C, SmC

Figure 1.8: The molecular organization of calamatic liquid crystals. The vector, i
represents the director and k is the layer normal. Redrawn from [60].
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The word "nematic" in liquid crystal comes from vyua (nema), the Greek
word "nematos" which means “thread” [57, 60]. The nematic phase is the most
liquid-like structure (low viscosity) similar to isotropic liquid. However, it exhibits
anisotropy characteristic due to the molecular long axes arranging themselves
almost parallel to the director, 7 [53, 60]. The nematic state possesses long-range
orientational order and short-range positional order. The molecules are mobile in
three directions because there is no periodic arrangement and they can rotate freely
about one axis. Under a polarizing microscope, they display mainly thread-like
disclination line textures which are related to structural discontinuities in the
material [54]. Common examples are 4,4'-dimethoxyazoxy benzene (p-
azoxyanisole), and the first moderately stable room temperature liquid crystal, 4-
methoxybenzylidene-4'-n-butylaniline (MBBA). Their chemical structures are
shown in Figure 1.9. This liquid crystal that exhibits nematic phase at room
temperature with a weakly aligned director which can be manipulated easily

enabling the development of liquid crystal display [61, 62].

H3004©7’#=N4©*OCH3 p-azoxyanlsole
(0]

Cr 117 N 137 1

H3COOCH=NOC4H9 MBBA

Cr 21 N45 1

Figure 1.9: Some examples of compounds that exhibit nematic phase together with
their liquid crystals phase behaviours (Cr means crystal, I stands for isotropic and N
denotes nematic phase) [63].
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Cholesteric liquid crystal, also known as a chiral nematic, is produced when
the director in a nematic mesophase has a helical superstructure with a twist axis
perpendicular to the local director, 7. The nematic and cholesteric structures are
similar, except on a large scale when the cholesteric director follows a helical form
[54, 55]. The pitch, P of the structure refers to the distance needed to rotate the
director by 2m along the helix axis. P usually ranges between 2000 A and
macroscopic values, and an infinite P corresponds to the normal nematic [55].
Cholesterics of low P (below 5000 A), exhibit what are known as blue phases which
exist over a small temperature range (~1 °C) between the cholesteric liquid crystal
phase and the isotropic liquid. Cholesteryl benzoate shows a cholesteric liquid
crystal phase, and the first observation of a blue phase was recognized by Friedrich
Reinitzer in 1888 [53]. Figure 1.10 shows the chemical structure of cholesteryl
benzoate. Cholesteric liquid crystal materials have the ability to change colour (due
to the high sensitivity of the pitch) as a function of temperature, mechanical stress,
electric fields or non-chiralic solute molecules [55]. These characteristics make
these materials useful as a thermal sensor in thermometers and other thermometry

technical applications [64, 65].

Cholesteryl benzoate
Cr 145 N* 178 1

o

Figure 1.10: Cholesteryl benzoate that exhibits cholesteric phase together with its
liquid crystals phase behaviours. (Cr means crystal, I stands for isotropic and N*
denotes chiral nematic phase) [66].
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The third category of liquid crystal phase is the "smectic" phase, from the
Greek word for "soap" [57]. The molecules in this phase are parallel to one another
and are arranged in layers with the mean direction of the long axes of the molecules
normal to the layers. Smectic liquid crystals are fluid but are far more viscous than
nematic liquid crystals. Their fluidity is due to the flexibility of the layers and weak
interlayer attractions compared to that of lateral intermolecular forces, which enable
the layers to slide over one another easily while still remaining essentially parallel.
Thus when observed under a polarizing microscope, they exhibit different
characteristic textures such as homeotropic, focal conic, batonnets, and fan-like
textures [54]. There are many different types of smectic phases (A, B, C, F, I...). The
two most common are smectic A (SmA) and smectic C (SmC). The molecules in
SmA are on average normal to the layers, while the molecules in SmC phase are on
average tilted with respect to the layer normal (see Figure 1.8) [56].

Certain compounds possess more than one mesophase (polymorphism). For
instance, 4'-n-octyl-4-cyanobiphenyl has two liquid crystal phases whereas 4-n-
pentylbenzenethio-4'-n decyloxybenzoate shows three liquid crystal phases. Their

molecular structures are depicted in Figure 1.11.

Cr 24 SmA 34 N 43 1

4-n-pentylbenzenethio-4'-n

O decyloxybenzoate

Cr 60 SmC 63 SmA 80 N 86 1

Figure 1.11: Some examples of compounds that exhibit smectic phase together
with their liquid crystal phase behaviours (Cr means crystal, I stands for isotropic, N
refers to nematic, SmA denotes smectic A and SmC implies smectic C phase) [53].
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Disc-like molecules which normally form discotic liquid crystals are
molecules with one molecular axis shorter than the other two. The core of discotic
liquid crystals is usually based on benzene, triphenylene, or truxene with six or eight
flexible side chains [56] (see Figure 1.12). Due to their unique structural and
electronic properties, they show potential for application in fields such as charge
transport [67], molecular electronics [68] and high-efficiency organic photovoltaics
[69]. Generally, they can be categorized into two distinct phases: nematic and

columnar [53].

(2) (b)

Figure 1.12: A typical chemical structure of discotic mesogens: (a) hexa-n-
alkanoates of triphenylene and hexa-n-alkoxytriphenylene (b) hexakis ((4-
octylphenyl)ethynyl) benzene [53].

As shown in Figure 1.13(a), the most simple discotic phase is the nematic
phase. It possesses orientational order but no positional order. Unlike the typical
nematic of rod-like molecules, this phase is optically negative [53]. The nematic
phase of discotic mesogens is usually found in shorter chain compounds. Therefore,

increasing the chain length in a homologous series of disc-like molecules will result

in the disappearance of the nematic phase [70].
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The positional order of discotic liquid crystals causes a tendency for the
molecules to arrange themselves in columns. Hence, in the plane perpendicular to
the columns, the disc-like molecules tend to align in a two-dimensional lattice,
either rectangular or hexagonal, as they diffuse throughout the sample. This is also

known as the columnar phase (see Figure 1.13(b)).
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(a) Nematic, Np (b) Columnar, Col

Figure 1.13: Schematic illustration of discotic liquid crystals. Redrawn from [57].

Chiral nematic discotic liquid crystals are also found. In this phase, the
director rotates in a helix fashion throughout the sample similar to the rotation of the
chiral nematic calamitic liquid crystal [57, 60].

Sanidic-like liquid crystal is the phase when board-shape molecules
assemble in stacks packed parallel to one another on a one- or two-dimensional
lattice. Rotation of the molecules around their long axes is considerably hindered
and they are expected to form the biaxial nematic mesophase [58].

Another type of liquid crystals is polymer liquid crystals. The basic
monomer units are low mass mesogens, rod-like or disc-like, and are attached to the
polymer backbone in the main chain or as side groups (see Figure 1.14). As for the
former, the rigid structural units are separated by flexible hydrocarbon chains
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whereas in the latter, the rigid parts are attached to a long flexible polymer chain by
short flexible hydrocarbon chains [53, 56]. Nematic, cholesteric and smectic phases

have been found in polymers.

- 0—C _ _0—C_ 0

(a) Main chain

(b) Side chain

Figure 1.14: Rod-like polymeric liquid crystal. Redrawn from [53].

1.5.2 Amphiphilic Liquid Crystals

Possible molecular shapes of GLs are given in Figure 1.15. The dual-
character of this amphiphilic molecule results in microseparation that gives rise to
mesomorphic properties. The relationship of these molecular shapes to the
thermotropic phase behaviour can be summarized as follows [19]. Elongated
amphiphiles in the case of A, B and C will exhibit smectic phase. Forked or pie-
shaped mesogens (D and E) usually prefer columnar phase. The non-linear
dialkylated sugars like F will also give columnar phase. Banana-shaped amphiphiles
(G) and elongated forks (H) are between smectic and columnar phases, or may even
form bicontinuous cubic phase. The cone-shaped molecule, J can give discontinuous

cubic phase. Lastly, star-like substituted molecules will prefer columnar phase. If
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this star is asymmetric like K, then rectangular and tetragonal columnar phases are
possible to be formed. In this work, the structural models of the monosaccharide-
branched compounds that we have prepared are represented by molecular shape D.
Hence, they are predicted to give non-lamellar or curved mesophases like columnar

and bicontinuous cubic phases.

| Vi 4}

H J K

Figure 1.15: Structural models of GLs. Redrawn from [19].

1.6 Lyotropic Liquid Crystals

When amphiphilic materials such as ethylene oxide are mixed with suitable
solvents, the mixtures can display different liquid crystal phases under appropriate
conditions of concentration, temperature and pressure. This class of liquid crystals is
termed lyotropic [58]. The word "lyo"- refers to the concentration of the solvent
[71]. It may form a variety of structures above some critical concentration and
temperature, governed by the geometrical constraint of the molecule and the
interfacial curvature which in turn, is determined by intra-micellar forces occurring
in different planes. As the composition increases, inter-micellar forces become more
important and may cause either a change in the critical packing parameter (see
Section 1.6.2) leading to a further shape transition, or disorder/order transition to the

liquid crystalline state [54].

22



Chapter 1 Introduction and Literature Review

The lyotropic phases have a broad and wide range of applications in different
fields such as the cosmetics industry [72], in pharmacy as drug-delivery systems
[25, 26, 73-75], in the food industry [76], in situ templating [77] and in membrane
protein crystallization [78]. A typical example of lyotropic liquid crystals is
mixtures of alkali n-alkoates (soaps) and water. The lyotropic mesophases are
namely lamellar, cubic and hexagonal phases.

One-dimensional translational order lyotropic phases are called lamellar
phases (L,). The structural unit of lamellar phase is simple, consisting of repetitive
bilayers separated by solvent. The bilayers pack parallel to one another and are
separated from one another by a water layer, as shown in Figure 1.16(a). The
hydrophilic head group of the molecules is in contact with the aqueous solvent,
whereas the lipophilic hydrocarbon chains are either interdigitated, tilted or fluid
disorder, to avoid water. The double layer is usually smaller than twice the
amphiphilic molecule length. Both bilayer and water layer thickness values are very
much dependent on temperature and concentration of the lamellar phase. The bilayer
forms the main matrix of the biological membranes containing phospholipids as
lyotropic compounds.

There are a variety of conformations of the lamellar phase which are 3
(parallel) and B' (tilted) as shown in Figure 1.16(b)—(d). The lamellar in B' is all
distorted due to the distortion propagating from layer to layer. An optical
characteristic of this phase is its birefringent texture since the bilayer ordering is not

affected by gravitational effect and can slip easily one upon the other [79].
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QI [

(a) Lamellar, L, (b) Gel phase, Lg
(c) Tilted gel phase, Lg (d) Rippled phase, Pg
p p

Figure 1.16: Schematic structures of lamellar phases. Redrawn from [48].

In general, the highly-ordered cubic phases are more viscous than those of
isotropic micellar solutions and even the hexagonal phase. The high viscosity is due
to the lack of shear planes within the structure that would allow a sliding movement.
Therefore, under an optical polarizing microscope, the cubic phases exhibit no
texture because they are optically isotropic, and yet cubic phases can be
distinguished from the isotropic micellar solutions by their viscosity. The isotropic
nature of the cubic phase often makes it difficult to observe them under the optical
polarizing microscope and so they are sometimes undetected [56]. However, the
structural information of the cubic phases can be obtained through X-ray techniques.
The cubic phase can be categorized into two groups which are bicontinuous based
on the triply periodic minimal surfaces (TPMS), and the other type is micellar or
discontinuous cubic phase based on the complex packing of discrete micellar

aggregates [79-81].
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The bicontinuous cubic phase of an amphiphilic molecule can be divided
into the normal (direct) and inverse (reverse) phases [82, 83]. Figure 1.17(a) shows
the normal phase (denoted as Qyin this thesis [82]) in which water film is centred on
the TPMS while the surfactant molecules are filling the two disjoint subspaces. The
second group is an inverse phase (denoted as Qy; [82]) where the TPMS is occupied
by a surfactant bilayer and the two channels are filled with water (see Figure
1.17(b)) [83, 84]. The TPMS can be further categorized into three structures:
Schwarz diamond (D), primitive (P) and Schoen gyroid (G) minimal surfaces, with
crystallographic space groups of Pn3m (224), Im3m (229) and Ila3d (230)

respectively [81-85].

(a) Normal phase (Qy) (b) Inverse phase (Qy)

Figure 1.17: The bicontinuous cubic phase of an amphiphilic molecule. Redrawn
from [84].

Among the bicontinuous phases, Pn3m and Im3m are usually inverse. On the
other hand, /a3d is commonly observed either as a normal or an inverse cubic phase.
The inverse la3d is formed by a limited number of known lipid systems whereas the
normal type is rather common in surfactant systems [82]. The inverse bicontinuous
cubic phase (Qp) forms at relatively low curvatures. They consist of a single,

continuous bilayer draped over the TPMS and subdividing space into two
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interpenetrating, but not connected, water channel networks. The structures of

inverse bicontinuous cubic phase are shown in Figure 1.18.

(@) Qu°/ Ia3d (b) Qu°/ Pn3m (¢) Qi / Im3m

Figure 1.18: Structures of inverse bicontinuous cubic phases. Adopted from [81].

These inverse bicontinuous cubic phases have two identical networks of
water channel. Unlike the QHP and QHD mesophases, the two water regions in the
QHG phase are no longer identical. Each has a chirality associated with it, and the
two regions are enantiomeric [85]. Table 1.1 shows details of the water channel

networks in each inverse bicontinuous cubic phase.

Table 1.1: Water channel network of inverse bicontinuous cubic phase.

Number of water Angle of water
Phase . .
channel junctions channel meet
Qi 6 90°
Qu” 4 109°
Qu’ 3 120°

Of particular interest is the inverse bicontinuous cubic phase which has very
specific and controllable water channel sizes and a large membrane area [86]. These

features can be exploited for drug delivery systems which involve incorporation and
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controlled release of drugs of varying size, polarity and biodegradability [25, 26,
75], as well as in meso crystallization of membrane proteins [78, 87].

Meanwhile, the discontinuous cubic phase has a simpler structure which
based upon discontinuous packing of micelles. There are three different normal
micellar cubic phases, of space group Pm3n (223), Fm3m (225) and Im3m (229)
which have been identified [88, 89] (see Figure 1.19(a)—(c)). The polyhedral volume
of Pm3n consists of spherical micelles located at the centre of the two dodecahedra

and disc-like micelles at the centre of the six tetradecahedra [90].

(b) Im3m

(d) Fd3m

Figure 1.19: Polyhedral micellar arrangement of discontinuous cubic phase.
Adopted from [79].

Seddon et al. [91] reported an inverse micellar cubic phase of space group
Fd3m observed for the first time in a fully hydrated synthetic 1,2-di-O-alkyl-3-O-(o-
or f-D-xylopyranosyl)-sn-glycerols/water system. Figure 1.19(d) shows the Fd3m
unit cell which contains 24 quasi-spherical inverse micelles of eight larger ones
(polar cores shaded light) and 16 smaller ones (polar cores shaded dark). The
remaining volume is filled with the fluid hydrocarbon chains of the lipid.

Cubic mesophases are not only widely found in lyotropic system but also in
thermotropic conditions as shown by rod-like, polycatenar, polyhydroxy and

dendritic molecules [92].
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When solvent concentration is increased further in the cubic phase, a two-
dimensional hexagonal phase occurs and forms a normal hexagonal phase, H; or
inverse hexagonal, Hy, depending on the solvent polarity. The hexagonal phase
consists of micellar cylinders of indefinite length packed in a hexagonal
arrangement (Figure 1.20). The diameter of the micellar cylinders is usually 10—
30% shorter than twice the length of an "all-trans" non-polar chain. The spacing
between each cylinder varies between 10 and 50 A depending on the relative
amounts of water and surfactant. This phase exhibits a birefringent texture when

examined under an optical polarizing microscope [56].

(a) Hexagonal, H; (b) Inverse hexagonal, Hy

Figure 1.20: Schematic structures of hexagonal phases. Redrawn from [79].

1.6.1 Hypothetical Binary Phase Diagram

The thermodynamic properties of amphiphiles in solution are controlled by
the tendency for the hydrophobic region to avoid water. This tendency is called the
hydrophobic effect [93]. When an amphiphilic material is mixed with water, the
amphiphiles begin to arrange themselves into spheres with the polar head groups on
the outside and the hydrocarbon tails toward the centre. This structure is called a

micelle (L) and is stable as long as the amount of amphiphilic material is above its
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critical micelle concentration [57]. An intermediate phase between micellar and
hexagonal phases is often a discontinuous cubic phase (I;). At higher concentrations
of amphiphilic material, the micelles combine to form larger structures called
hexagonal phase (Hj) in which long cylindrical rods of amphiphilic molecules
arrange the long axes of the rods in a hexagonal array. As we increase the
concentration of the material, the lamellar phase (L,) is formed whereby the
amphiphilic molecules form flat normal bilayers and are separated by water.
Sometimes, the discontinuous cubic phase (Q;) is formed at concentrations between
the hexagonal and lamellar phases. This viscous isotropic phase is made up of
spheres of amphiphilic molecules that arrange themselves into two networks of
continuous cubic lattices called bicontinuous cubic or mesh structure [93].

When the water becomes the minority phase, inverse structures are
favourable i.e. inverse micellar liquid phase (L;), inverse micellar cubic phase (Iy),
inverse hexagonal (Hy), which is a rod-like water channel in an amphiphile matrix,
and inverse bicontinuous cubic phase (Qy). The inverse bicontinuous cubic phases
(Qn) form at relatively low curvatures. An increased tendency for curvature is
associated with a more wedge-shape structure of the molecule which results in the
formation of an inverse hexagonal phase (Hy). At an extremely high curvature, the
inverse micelle phase (L) may be formed where hydrophilic head groups are
arranged towards water cores while hydrophobic chains point outwards [94].

The hypothetical sequence of phases formed by varying the concentration
and temperature is illustrated in Figure 1.21. In reality, not all amphiphilic
surfactants have the same phase sequences as presented here, but the hydration
process always ends in the isotropic liquid state for all of them [79]. For instance,
binary phase diagram of n-octyl-f-D-glucoside/water system measured by two

different methods, namely small-angle X-ray scattering (Figure 1.22(a)) and
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fluorescence spectroscopy (Figure

1.22(b)), form normal liquid crystalline

mesophases of L,, Qand Hjas predicted by the hypothetical binary phase diagram.

The exception is the I phase.

Temperature (°C)

0

Water content (%)

100

Figure 1.21: Hypothetical lipid/water binary phase diagram. Redrawn from [95].
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Figure 1.22: An example of binary phase diagram of n-octyl-f-D-glucoside in water
by (a) small angle X-ray scattering [96] (b) fluorescence spectroscopy [97].
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A phase diagram is governed by the Gibbs phase rule and lever rule [98].

The Gibbs phase rule is given in the following equation:

C-P+2=F, (Equation 1.2)

where C = number of components in the system, P = number of phases coexisting
under a particular set of conditions and F = number of degrees of freedom. The
variables refer to pressure, temperature and phase composition. In a lipid/water
binary phase diagram for example, there is constant pressure. Thus, the phase rule

for this system is reduced to:

C—P+1=F. (Equation 1.3)

If the system is a two-component system (i.e. C = 2), F includes only
temperature and phase composition. The maximum number of phases, P that can
exist in equilibrium with one another is determined by setting /' = 0 in Equation 1.3.
So, as many as three phases can coexist in the lipid/water system. When F = 0,
neither the temperature nor the composition of the three coexisting phases is
independently variable. The phase diagram of monomyristolein/water and
monopentadecenoin/water systems exhibits such behaviour [99, 100].

The lever rule is another equilibrium test for phase coexistence. The rule
states that the relative amounts of two coexisting phases is equal to the relative
lengths of the horizontal tie-lines that intersect the boundaries of the coexistence
region in the phase diagram. In addition, the composition of the coexisting phases is
constant along a single isotherm and is equal to the composition corresponding to

the points where the tie-lines intersect these boundaries [99].
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1.6.2 Molecular Packing Parameter

The relationship of molecular structure to phase geometry is important for
the design strategy of new materials. Jacob Israelachvili proposed a simple packing
theory which can predict the phase behaviour from the knowledge of packing
geometry parameter [101]. The packing geometry of a molecule depends on its
equilibrium area per molecule at the aggregate interface, a,, the hydrocarbon chain
volume, v and the critical hydrocarbon chain length, [.. The value of the
dimensionless packing parameter, also known as shape factor, v/a,l. determines
whether they form spherical micelles, non-spherical or cylinder micelles, vesicles or
bilayers, or inverted structures. The preferred phase formed corresponds to the
minimum-sized aggregate in minimum free energy. In general, the molecular
packing parameter concept emphasizes the importance of the surfactant head group
in predicting the shape and size of equilibrium aggregates. However, one should not
forget that the surfactant tail also has a controlling role in some cases [102].

Apart from that, there are a few factors affecting changes from one structure
to another such as head group size, ionic strength, chain saturation, temperature, and
lipid mixtures. In nature, the two most common GLs namely DGDG and MGDG are
packed as a truncated cone (v/a,l. < 1) and wedge (v/a,l. >1) respectively [101].
Table 1.2 illustrates the possible structures formed by lipids with different critical

packing shapes.
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Table 1.2: Preferred geometries for different values of critical packing parameter.

Redrawn from [101].

o Critical Packing Critical Packing Preferred
Lipid Parameter Shape Phase
(v/a,l,) P Geometry
Single-chained lipids
with large head group <1/3 I, Spheres
areas
Single-chained lipids
with small head group 1/3-1/2 Cylinders
areas
Truncated cone
Dguble—chalned lipids Flexible
with large head group 1/2—1 bilavers
areas, fluid chains Y
Truncated cone
Double-chained lipids
with sma}l h‘eac‘l group ~1 Planar bilayers
areas, anionic lipids in
high salt
Cylinder
Double-chained lipids
with small head group
.S Inverse
areas, non-ionic lipids, > 1
structures

poly (cis) unsaturated

chains, high temperature

Inverted truncated

cone / wedge

1.6.3 Interfacial Curvature

In addition to the structural parameters such as the interfacial area per

molecule, the curvature of the interface is also important. There are two fundamental

types of curvature which characterize each point on the surface, namely the mean

curvature, H and the Gaussian curvature, K. They are related to the principal
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curvatures c; and ¢, at a point P on the surface by the following equation,

respectively:

H = %(cl + c;), (Equation 1.4)

K = cicy, (Equation 1.5)

where ¢c; =1/1r; and ¢, =1/ 1r,. Both 7, and r, are principal radii of a curvature
[80, 103]. H and K may or may not be uniform along the interface, and may be

positive, zero or negative (see Table 1.3).

Table 1.3: Mean and Gaussian curvature of interfaces of different types of
aggregate [80, 103].

. . Form of Aggregate Aggregate
Sign of K Sign of H Interface Shape Type
Positive or i950i
Positive . Elliptic Sp ‘here‘/ Elhp soidal
negative Ellipsoid micelles
Positive or indri
Zero ) Parabolic Cylinder Cyl}ndrlcal
Zero Zero Parabolic Plane Bilayers
Positive or Bicontinuous

Negative Hyperbolic Saddle surface

negative or zero phases

A positive value of H denotes the interface curves towards the hydrophobic
chain region (type I) since r; and r, are positive (the surface curves upwards around
P). A negative value of H denotes a curvature towards the polar aqueous region
(inverse, type II). In this case, both r; and r, are negative (the surface curves

downwards). The mean curvature orientation is depicted in Figure 1.23.
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Figure 1.23: Sign convention adopted for mean curvature, H of a lipid monolayer.
Redrawn from [103].

The sign of K determines the form of the interface. The simplest example for
positive value of K is a sphere whereas the surface of the cylinder or plane has zero
Gaussian curvature. The surface of negative K has two principal curvatures, c¢; and
¢, of opposite signs. An example is the saddle surface, formed when a thin fluid film
is draped onto a tetrahedral wire frame as shown in Figure 1.24. The Gaussian
curvature is most negative at the saddle point and the K value approaches zero when
moving along the surface towards the apex point. The saddle surface is also known
as the minimal surface since it has zero H value at all points and they appear to form

the basis of a bicontinuous cubic phase [103].
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Saddle
point

Figure 1.24: Saddle surface of negative Gaussian curvature, K. Redrawn from
[103].
1.7  Theory of Liquid Crystals

Liquid crystals are now classified under the newly defined field of soft
material which encompasses colloids, surfactants and polymers, and can be induced
to flow under certain conditions. This new field is at the interface between
chemistry, physics and biology. Unlike a well-ordered crystalline solid, the weak
ordering within the liquid crystal phase is due to the lack of long-range positional
order, leading to its softness. The main intermolecular forces responsible for the
formation of soft materials includes the long-range electrostatic dispersion, and
short-range repulsion [93]. The phenomenological theory that best describes the
nature of phase transition in liquid crystals is based on the Landau-de Gennes
theory. It describes the overall consistency of the microscopic characteristics of the

transitions and the results of the measurement of various macroscopic quantities
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such as thermal and optical properties [104]. It is the characteristic of liquid crystals
specifically and soft materials in general that phase transitions are often weak. This
implies that the Landau-de Gennes theory is applicable to a system with continuous
phase transitions or to weak first-order transitions, where the enthalpy and entropy
change is small [105].

The two classes of liquid crystals (thermotropic and lyotropic) may form a
few types of specific phase structures which depend on molecular orderings within
these phases. This implies that the transition from solid to liquid state is not a single
one, but a succession of transitions passing through several thermodynamically
stable phases. These different liquid crystalline phases can be investigated for
example via microscopic measurement (texture observation) and differential
scanning calorimetry (DSC) [79].

In contrast to the phenomenological theory by de Gennes, a simple
microscopic theory that describes the liquid crystal phase was formulated by
German physicist Alfred Saupe, in his 1958 thesis under the supervision of Wilhelm
Maier [106, 107]. The theory became known as the Maier-Saupe theory. It begins
with the assumption that the most important force between liquid crystal molecules
is the dispersion force [57, 63]. Accordingly, it is assumed that the interaction
between permanent electrical dipole moments, as intermolecular interactions, are
important, not for the orientational order, but only for the arrangements of the
centres of gravity of the molecules and for the energy content of the isotropic
distribution along the axes [63]. The dominant force for the orientational order
between molecules is an interaction between induced dipoles. A momentary dipole
moment of one molecule induces a momentary moment on the neighbouring
molecule, resulting in an attractive dispersion force keeping the two molecules
aligned [57, 63]. Besides that, it is assumed that the molecules are cylindrically
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symmetric in their long axes. As a result, the potential energy between two
molecules can depend only on the angle between their long axes, with an angular
dependence proportional to the second Legendre polynomial of this angle [63].
Finally, it is assumed that the degree of orientational order of the molecules enters
into the mean-field potential in a linear fashion, i.e. the larger the orientational

order, the larger the effective potential [63].

1.8  Structure-Property Relationship

In this section, we briefly but systematically describe the effect of
modification on the molecular structure of synthetic GLs on their liquid crystalline
properties. The carbohydrate head groups allow opportunity to study the effect of
varying the chemical constitution or configuration of one part of the amphiphile
while retaining the other part intact. Many authors have written complete and
informative reviews on carbohydrate-based liquid crystals [6, 8, 13, 19, 48, 108]. In
addition, the infinite diversity of the chemical structures of GLs has opened a wide
area of possible research on liquid crystal phase behaviours which very much
depend on the type and number of sugar units in the head groups, type of linkages

and variety of hydrocarbon tails.

1.8.1 Head Group

Most of the studies on the phase behaviour of GLs have been done on
monosaccharide compounds. For example, Sakya et al. [35] investigated the
thermotropic and lyotropic phase behaviour of different head groups of monoalkyl
glycosides (i.e. glucose, galactose and mannose) which implies that small
modifications in chemical structure can lead to large changes in the phase
behaviour. This finding is consistent with the behaviour of dialkyl GLs [14], where
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it was found that both glucose and galactose head group adopt the L, phase upon
cooling from the Hj phase. However, below the chain-melting transition, the
glucoside forms a metastable Lg gel phase whereas the galactoside forms only a

crystalline lamellar phase (L.).

OH
HO’&O:
HOA . oH_
AN

N ,OH 0
Y
N=1234.5
(a)
OH
HO O OH OH
HON ""%‘O&O: o o) o
HOS//ﬂ,O
N OH /OH <o
Y
N=2345
(b)

Figure 1.25: The chemical structures of the 1,3-di-O-dodecyl-2-O-(f-glycosyl)
glycerols bearing a series of (a) maltose and (b) cellobiose oligosaccharides as the
head group [109].

At the same time, the effect of increasing the degree of head group
polymerization has also been studied. For example, maltooligosaccharides greatly
increase the solubility of the surfactant in water when the number of glucose units,
N is increased [24, 36], and it also improves the stability of the thermotropic liquid
crystalline state [36]. Nevertheless, the stereochemistry of oligosaccharide head
groups has a strong effect on the physical properties of aqueous synthetic GLs [109].
It has been found that an increase in N of the maltooligosaccharide containing lipids

decreases the melting point, (T,) of hydrated solid/liquid crystalline phase, thus
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increasing the ‘“hydrophilicity” of the lipid. Meanwhile the T, of
cellooligosaccharide containing lipids increases with increasing N. The opposite
results can be explained by the different conformations of the head groups, that is, a
“helical” conformation of the maltooligosaccharides and an “extended”
conformation of the cellooligosaccharides (see Figure 1.25).

Recently, a series of crown ethers involving lauryl glucoside were
synthesized and their self-assembly in water was studied by Sabah et al. [110].
These compounds contain macrocycles group of variable sizes, ranging from 15-
crown-5 to 21-crown-7, attached at different positions on the sugar head group.
Figure 1.26 shows some examples of crown ether attached GLs. The crown ethers
enhance the solubility of the surfactants in water slightly, thus increasing the critical
micellar concentration. Due to their affinity for cation complexation, crown ether

attached GLs exhibit higher solubility in the presence of suitable sized cations.

Figure 1.26: The chemical structures of macrocyclic ethers on lauryl glucoside at
positions (a) O-2 and O-3 and (b) O-4 and O-6 [110].
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So far, the discussion has focused on the linkage between the sugar and lipid
parts occurring at C1 (the anomeric carbon). In a few cases, the C6 position may
also be involved, as reported by Cook et al. [111]. The methyl-6-O-(n-acyl)-a-D-
glucopyranosides with hydrocarbon chain lengths between 12 and 16 exhibit a
monotropic SmA phases (see Figure 1.27 for example). Their Ty, initially increases
on increasing chain lengths but subsequently decreases on further increase in chain
length. This is attributed to the disruption of molecules packing due to back folding

of the alkyl chain.

o}
o)’\/\/\/\/\/\/
HO O
HO
"B,

Figure 1.27: The chemical structures of methyl-6-O-dodecanoyl-a-D-glucoside
[111].

The effect of anomeric configuration has also been investigated [36, 37, 89].
The results found by Boyd et al. [36] show that the phase transition temperatures are
influenced significantly by the anomeric configuration in the shorter octyl
derivatives, but less pronounced in the longer alkyl chain derivatives. In shorter
octyl chain GLs, the a-anomers have a higher clearing point (T.) than the f-
anomers. This is due to a-anomers having greater space for the chain groups to
vibrate, therefore making the liquid crystalline phases more stable at higher

temperatures.
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1.8.2 Linkage

Apart from oxygen linkage, a sulphur link may also be involved in linking
the carbohydrate and hydrocarbon chain such as in n-octyl-1-S-/-D-glucopyranoside
[112] (see Figure 1.28). In this work, the presence of the sulphur linkage suppresses
the formation of the hexagonal phase and stabilizes the cubic phase, which is in
contradiction to what has been observed in the case of n-octyl-1-O-f-D-
glucopyranoside. The thio linkage differs from the oxygen linkage in three ways.
First, the bond angle in oxygen linkage is higher (113°) compared to that of thio
linkage (96°) and this affects the angle of the sugar head group to the hydrocarbon
chain. Second, the sulphur has a greater steric bulk than the oxygen, and the third
reason is the sulphur has weaker hydrogen bond bonding capability because it is less

ionic in character than the oxygen [112].

OH
OH
HO 0
Hog;ﬂ OH
(b) OoH, 0 H
HO N SIS A
OH §

Figure 1.28: Examples of compounds with (a) sulphur linkage [112] and (b) amide
linkage [113].

When a series of amide-linkage disaccharide GLs (see Figure 1.28) were
investigated, [113] the results show the existence of uni- and multilamellar
structures which seem to be correlated with the intrinsic high conformational order
of the amide linkage of these compounds which inhibit the formation of non-
lamellar phases.
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1.8.3 Hydrocarbon Chain

The modification in hydrocarbon tail also plays an important role in
determining liquid crystalline phase behaviour. Increasing the straight alkyl chain
length results in higher thermal stability in both thermotropic and lyotropic phases
[35, 36]. This is because the longer the chain, the stronger the van der Waals

interactions between them, and thus the greater the energy required to melt them.

Temperature, T
@)

Chain length, n
Figure 1.29: The general chain length dependency of homologous series. Redrawn
from [19].

In general, a homologous series has a dependency of the transition
temperatures on the chain length as shown in Figure 1.29. The mesophase behaviour
starts with minimal chain lengths of 6, 7 or 8 (A). An elongation of the paraffin
chain will give a big increase of the clearing temperature. The plateau B is
characterized by an optimal relationship between polar and non-polar molecular
parts. Thus, higher numbers of OH groups would require higher numbers of CH,
groups. After the plateau, a change of the chain length has only a small effect on the
mesophase behaviour. Region C is characterized by a dominating paraffin chain.

The clearing temperature decreases gradually with the chain length [19].
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Hashim et al. [114] found a trend when they increased the chain length of
branched GLs. The shorter chains seem to favour smectic phases while longer
chains prefer a columnar arrangement, due to the significantly increased bulkiness
of the alkyl chain. This behaviour is not found for straight chains, because they do
not show an equivalent increase in bulkiness on increasing the chain length.

The introduction of a double bond into the aliphatic chain has led to the
formation of highly curved lyotropic phases [38, 115-117]. This is due to the
molecules having a wedge shape structure since the hydrophilic head group is small
compared to the volume occupied by the hydrophobic chain (see Figure 1.3(c)-(d)
for example). Besides, in a thermotropic study, the branching effect leads to a
decrease in the Ty, of the GLs and the mesophase can be obtained at ambient

temperature [118].

1.9 Objectives and Overview of Thesis

This thesis consists of four projects involving synthetic GLs (i.e. single and
branched alkyl chains). Our first objective is to characterize the hexagonal phase of
commercially available single alkyl chain GLs namely n-dodecyl-4-D-maltoside (/-
Mal-OC;,) by fluorescence spectroscopy, in the presence of small molecular probes.
Secondly, we investigate the temperature-induced phase transition in hexagonal, Hy
<> micellar, I; and normal bicontinuous cubic, Q; <> lamellar, L, of n-octyl-f-D-
glucoside (S-Glc-OCs) using the same fluorescent probes and techniques. Both
single-tailed GLs only exhibit normal mesophases. Our third objective is to
understand the phase behaviour of four branched-chain alkylglycosides derived
from the Guerbet alcohols with 16 total carbon atoms which are predicted to give
inverse structures when dispersed in water according to the literatures [114, 119].
They are 2-hexyl-decyl-a-D-glucopyranoside (a-Glc-OC;0Cs), 2-hexyl-decyl-f-D-
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glucopyranoside (#-Glc-OC;¢Cg), 2-hexyl-decyl-a-D-galactopyranoside (a-Gal-
0C0Cs) and 2-hexyl-decyl-f-D-galactopyranoside (#-Gal-OC;¢Cs). Then we
construct their partial binary phase diagram extensively by small-angle X-ray
scattering (SAXS). Finally, our fourth aim is to study the fluorescence properties of
the inverse cubic phase formed by branched-chain GLs namely S-Glc-OC;(Cg, in the
presence of fluorescent probes.

Chapter 1 is an introduction to the GLs and their function in biological
membranes, and the relevance of synthetic GLs. This chapter introduces the liquid
crystal properties of synthetic GLs, covering history, fundamentals and theories
related to liquid crystals in general, and both thermotropic and lyotropic systems in
particular. The findings of structure-property relationship studies on GLs are
described and rationalized in Section 1.8, while the objectives and overview of the
thesis complete this chapter.

Chapter 2 is devoted to the techniques employed, including methods and
operating principles of the instruments used in this work, starting from optical
polarizing microscopy (OPM), through differential scanning calorimetry (DSC),
followed by small-angle X-ray scattering (SAXS). Finally, the common principle of
the fluorescence spectroscopy (both steady-state and time-resolved) is described.

The characterization of the head group and hydrophobic regions in
hexagonal phase (H;) of f-Mal-OC,/water system by fluorescence spectroscopy is
discussed in Chapter 3. Two types of fluorescent probes are used, namely
tryptophan (and its ester derivatives, spanning the level of probing) and pyrene. The
former molecule is used to probe the polar head group region and the latter to probe
the hydrophobic region of the lipid. The outcomes are discussed in terms of

fluorescence emission spectra, lifetime and polarity of the microenvironment.
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Chapter 4 extends the idea from the previous chapter where we exploit the
fluorescence properties of the tryptophan, its ester derivatives and pyrene to
investigate the temperature-induced phase transitions (hexagonal, H; «» micellar, I;
and normal bicontinuous cubic, Q; <> lamellar, L,). In this work, we choose £-Glc-
OCs/water system since it is able to form different lyotropic phases.

Chapter 5 focuses on the thermotropic and lyotropic phase behaviour studies
of four nature-like double-chain GLs with glucose and galactose head group linked
at a- and fS-position of same branched-chain length (a-Glc-OC,(Cs, S-Glc-OC¢Ce,
a-Gal-OCyCs and p-Gal-OC;9Cs). The mesophase textures and transition
temperatures are obtained from OPM whereas the DSC gives the enthalpy change of
transition and transition temperature. We confirm the liquid crystal phases observed
by OPM and obtain the structural parameters and crystallographic space group of
cubic phase from the SAXS. From these results, we are able to construct the partial
binary phase diagram for each of the prepared compounds. Most of the mesophases
are found to give inverse structures like inverse hexagonal, Hy and bicontinuous
cubic phase, Q. The anomeric-epimeric relationship of these four branched-chain
GLs are also discussed in this chapter.

In Chapter 6, we continue to characterize the inverse bicontinuous cubic
phase, Qu© (with space group la3d) formed by S-Gle-OC ¢Ce/water system using the
same probes and techniques to complete the fluorescence investigation on lyotropic
liquid crystalline phases using branched-chain glycoside.

Finally, Chapter 7 presents our conclusions and suggestions for future works.
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TECHNIQUES AND METHODS

Liquid crystal materials exhibit such a complex phase behaviour that it took
nearly 30 years of research from the time when these materials were first
discovered, to establish the phase true identity and the driving forces [66].
Therefore, a combination of different techniques is required to identify and
determine a liquid crystal phase. Amongst the most common ones are differential
scanning calorimetry (DSC) to determine phase transition properties and optical
polarizing microscopy (OPM) in which melting behaviour is examined and
"fingerprint" mesophase textures are observed, photographed and compared with
textures of known phases [60]. In addition, small-angle X-ray scattering (SAXS),
small-angle neutron scattering (SANS), and nuclear magnetic resonance (NMR)
techniques can give data about structural information of these phases [56]. Finally,
miscibility investigation is also useful, in which, when a known liquid crystalline
phase is miscible with an unknown phase, the two phases are identical [120].

In the present work, three methods are used to characterize the mesophase,
namely OPM, DSC and SAXS. In addition, we have used steady-state and lifetime
fluorescence spectroscopy techniques to obtain information on the dynamics of the
mesophase using fluorescent probes. The basic principles of these techniques along
with some detailed measurements and procedures related to our work is described in

the following sections.
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2.1 Optical Polarizing Microscopy (OPM)

OPM is a convenient technique for observing textures to differentiate phases.
In many cases, the difference between the various liquid crystals is small. Therefore,
the measurement and interpretation of OPM textures require a lot of experience
[56], and any ambiguities should be resolved by applying another technique for
confirmation. The function of an optical polarizing microscope is to differentiate
between isotropic and anisotropic media. An optical polarizing microscope allows
the determination of both phase transition temperatures and phase type. The nature
of phase is characterized by a particular observed texture generated due to the
presence of defects within the phase [56, 60].

Figure 2.1 illustrates a typical setup of an optical polarizing microscope. It
consists of a white light source which is reflected upwards by a mirror. The light
passes through a lens and a sheet of polarizer which can be rotated 360°. The
condensor collects the light and in order to ensure uniform illumination of the
sample, the aperture iris must be adjusted. Opening it too wide or too small will
result in a blurred image (reduction of reduced contrast) or a dark image
respectively. After passing through the mounted sample on the rotatable heating
stage, it goes into the objective of either x5, x10, x20 or x40 magnification. A
removable analyzer (a second polarizer) which is usually at a right angle to the
polarizer will receive the light. The eyepiece serves to magnify the image further.
Alternatively, the image is observed using a camera which is mounted on the
microscope. A hot stage is mostly used to increase the temperature of the material

studied [60].
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Figure 2.1: Schematic setup of an optical polarizing microscope. Redrawn from
[60].

In practice, the liquid crystalline phases identified by an optical polarizing
microscope involves magnified viewing of a thin and uniform mesogenic sample
sandwiched between a glass slide and a glass cover slip [56, 121]. The glass slide
containing the material under study is placed on a temperature-controlled stage,
between two polarizers which are crossed at 90° to each other. For an isotropic
sample, the wavelength of the polarized light remains unaffected by the sample and
is extinct when passing through the analyzer. Thus, no texture is observed and the
sample image appears black. On the contrary, in the case of an anisotropic sample,
the wavelength of the polarized light is modified, leading to a phase difference upon

recombination when passing through the analyzer. As a result, an optical texture can
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be seen since not all light vectors are extinct. Figure 2.2 illustrates the basic

principle of an optical polarizing microscope passing through an anisotropic sample.

Polarizer ~  n,

Anisotropic sample

Analyzer

White light )
Retardation

Plane polarized
light

Two components resulting
from birefringence

Figure 2.2: Basic principle of an optical polarizing microscope. Adopted from
[122].

The texture observed under an optical polarizing microscope may also
depend on the alignment due to surface modification. The basic forms of alignment
are homeotropic and homogeneous (planar) [56] (see Figure 2.3 for example). In
homeotropic alignment, the directors of the bulk phase are oriented normal to the
supporting substrate. Accordingly the polarized light is unaffected by the sample
and it cannot pass through the analyzer, resulting in a dark image. In homogeneous
alignment, the directors of the liquid crystal phase are oriented parallel to the
supporting substrate and that is usually made possible by treating the surface
substrate [123]. A thin sample tends to generate a homeotropic alignment whereas a
thicker or bulky sample tends to give a combination of homeotropic and

homogenous alignment.
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P )

(a) Homeotropic alignment (b) Homogenous alignment

Figure 2.3: Alignment of liquid crystals in nematic phase. Redrawn from [56].

2.1.1 Defect and Texture of Mesophases

The characteristics of several monophilic thermotropic liquid crystal phases
are described in Section 1.5.1 (Chapter 1). In this section, we discuss their textures
and defects. The appearance of textures when a liquid crystal sample is observed
under an optical polarizing microscope is due to the presence of defects within the
sample [57].

In a nematic liquid crystal, a Schlieren texture is observed between crossed
polarizers when the molecular orientations are not homogenous but vary slowly in
the plane of the substrate [60]. Schlieren textures often exhibit a characteristic set of
two-fold or four-fold curved dark brushes corresponding to the extinction position
of the nematic director field. Accordingly, the director, 71 lies either parallel or
perpendicular to the polarizer or analyzer axes. The points where two or four
brushes meet correspond to the director singularities and are called disclination

points. The singularities are topological defects which have a certain strength, s. In
an experiment, s = + 1/2 (two brushes) and s = +1 (four brushes) defects are
observed for nematic liquid crystals (see Figure 2.4). The positive sign indicates the
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dark brushes rotate in the same direction of the polarizers, while the negative sign
indicates they rotate in the opposite direction [60]. The Schlieren textures are

shown in Figure 2.5(a).

Figure 2.4: Director configurations due to defect lines in nematic Schlieren
textures. Adopted from [60].

Another common texture for the nematic phase is the thread-like texture,
which is the one that gives the nematic phase (Figure 2.5(b)) its name ("nematos").

The dark lines (i.e. threads) are line singularities, which either connect two s =
+ 1/ o point defects or form closed loops. However, the most frequently observed

nematic texture is the marble texture, which is usually seen in a thin sample

preparation. An example of marble texture is in Figure 2.5(c) [60].

53



Chapter 2 Techniques and Methods

(a) Schlieren

Figure 2.5: Textures of nematic phases. Adopted from [60].

The cholesteric phase is the chiral version of the nematic phase. Defects in
the cholesteric differ from the nematic due to the presence of the twisted director
distribution. The cholesteric can be deformed in many ways but changing the pitch
of a cholesteric director is the most difficult deformation [57]. Figure 2.6 shows

some of the types of disclinations that may be found in cholesteric liquid crystals.
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Figure 2.6: Three types of disclinations in cholesteric phase. Adopted from [57].
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The three most commonly observed textures of the cholesteric phase are
oily-streaks, fan-shaped or fan-like, and polygonal textures [66]. The director in the
cholesteric phase that gives oily-streak texture is basically anchored under planar
conditions at the substrate. A fan-like texture is exhibited by strongly twisted
cholesteric materials, while a fan-shaped texture that displays a focal conic texture is
found in materials with a slightly smaller twist. The latter texture is similar to that of
a smectic A (SmA) phase but with a smoother appearance of the fan. The cholesteric
polygonal texture is observed for samples with higher pitch value such as in the

helical superstructure. Typical textures of cholesteric phase are shown in Figure 2.7.

(c) Fan-shaped (d) Polygonal

Figure 2.7: Textures of cholesteric phases. Adopted from [60].

As mentioned before, there is a variety of smectic liquid crystals (A, B, C,
F, I...). In this section, we have chosen SmA as an example to describe defect and

texture presence in a smectic phase. The smectic layers are basically perpendicular
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to the substrate plane and arranged in Duplin cyclides where the circle becomes an
ellipse and the straight line a hyperbola [53, 60]. The presence of these conic
sections (plane slices through a cone) is the reason this texture is called the focal
conic texture [57]. The corresponding smectic layer and director configuration are

depicted in Figure 2.8.

Hyperbola

Ellipse

Figure 2.8: The general case when the smectic layers form Dupin cyclides. Adopted
from [53].

The most commonly observed texture for a SmA phase is the fan-shaped
texture. The fan-shaped or focal conic textures are perpendicular to the substrate
plane and ellipse. These textures are observed in thin samples as shown in Figure
2.9(a) and (b). On the other hand the polygonal texture is preferably observed in
thick sample preparations (see Figure 2.9(c)). In smectic C (SmC), the broken fan-
shaped texture is usually found when the SmA fan-shaped texture undergoes
cooling into the SmC (see Figure 2.9(d)). The Schlieren texture of SmC is very
similar to that of the nematic phase, except that in SmC, the Schlieren texture only

exhibits four-fold brushes. This is depicted in Figure 2.9(e).
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(a) Fan-shaped (b) Focal conic

(e) Schlieren

Figure 2.9: Textures of smectic phases. Adopted from [60].

Figure 2.10 shows Michel-Lévy’s birefringence chart which is commonly
used to correlate the phase difference between ordinary and extraordinary rays,
thickness and birefringence of the sample examined under an optical polarizing
microscope [ 124, 125]. From the OPM textures given above, the conventional liquid
crystal compounds exhibit colourful liquid crystalline textures. However, in GL
compounds, dull grey textures (see later in Chapter 5) are commonly observed due

to their low birefringence. From Figure 2.10, we deduce that the GLs have
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birefringence smaller than 0.005, which is several times smaller than is usual for
typical liquid crystal materials. Unlike commonly-used liquid crystals especially
those containing conjugated systems such as benzene ring, the absence of electron
delocalization in these amphiphilic carbohydrate liquid crystals makes the value of

the birefringence small. Hence the textures of these samples appear uncolourful.
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Figure 2.10: Interference colour chart or Michel-Lévy chart. Adopted from [124].

We have used an optical polarizing microscope extensively to investigate the
thermotropic and lyotropic phase behaviours of the Guerbet branched-chain GLs in
Chapter 5. A general discussion on how the thermotropic and lyotropic studies are

conducted is separately described in the following section.
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2.1.2 Thermotropic Phase Behaviour

Different thermotropic liquid crystal textures may be obtained by controlling
the temperature. In the measurement, the sample is put on a slide without the cover
slip, and heated on a temperature-controlled hot stage in order to remove any
moisture trapped within the sample, since GLs are a hygroscopic material (easily
absorbing moisture/water). When it reaches the isotropic phase, the sample is
covered with a cover slip and gently pressed to make a uniform sample thickness
before being cooled back to room temperature. A second heating is applied to
determine the transition temperature. Once the isotropic temperature is achieved, the
sample is cooled at a slower rate until it reaches room temperature. This gives better
observation of the texture of the liquid crystals since the texture is clearer upon

cooling [123]. Different phases are identified by their characteristic textures.

2.1.3 Lyotropic Phase Behaviour

Water penetration scan technique has been used to establish the lyotropic
phase diagram qualitatively [126, 127]. The sample is prepared using the same
method as for thermotropic measurement. However, when it is cooled to room
temperature for the second time and a clear texture image emerges, a drop of
distilled water is placed at the edge of cover slip. In the present study, water is used
as a solvent since it is a common polar solvent and is important to many biological
systems. The water drop is slowly brought into closer contact with the sample and
the formation of various liquid crystal phase textures can be seen along the
concentration gradient. Figure 2.11 shows the schematic representation of the water
penetration technique. The exact concentration of the sample is unknown. However,
we can assume that the most diluted area is located on the outside of the material
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and it gets more concentrated towards the centre of the sample. The mesophase
textures formed are recorded at variable temperatures, typically at 30, 40, 50, 60, 70

and 80°C.

glass slide
water
)
material‘@ /
—
cover slip

Figure 2.11: The water penetration techniques. Redrawn from [6].

2.2 Differential Scanning Calorimetry (DSC)

DSC is usually employed as a complementary tool to OPM. DSC reveals the
presence of liquid crystal phases by detecting the enthalpy change of a phase
transition and the transition temperature. However, this technique cannot identify
the type of phase but the magnitude of enthalpy (hence entropy) change gives some
information on the degree of molecular ordering within a mesophase [56].

In general, DSC measures the difference in the heat flow rate between the
sample and a reference sample while it is being subjected to a controlled
temperature program [128, 129]. The two furnaces are separately heated but
connected by two control loops to ensure that the temperature and rate of both
remain the same during the heating and cooling cycles. A differential signal is
generated which is proportional to the difference between the heat flow rates to the

sample and the reference denotes by (dH/dT)g and (dH/dT)g respectively:

d_H — <d_H) _ <d_H) (Equation 2.1)
dT dT/)g \dT/g
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The energy required to maintain identical temperatures is measured and
recorded by DSC as a peak. In this work, calibration of the DSC instrument is
performed with indium for temperature and enthalpy accuracies. Figure 2.12
illustrates the schematic diagram of a differential scanning calorimeter and a typical

DSC curve.
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Figure 2.12: Schematic diagram of a (a) differential scanning calorimeter and (b)
typical DSC curve. Redrawn from [128].

Based on the DSC measurements described in Chapter 5, the sample is
weighed in an aluminium pan and dried over phosphorus pentoxide placed in a
vacuum at 50 °C for 48 hours to remove any moisture. The sample is then

immediately reweighed before being crimp-sealed with an aluminium top prior to
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the measurement. The experiment is done for both heating and cooling cycles with
variations of temperature, with ranges depending on the existence of liquid crystal

phases previously identified by OPM.

23 Small-Angle X-ray Scattering (SAXS)

In 1898, X-ray was discovered by Wilhelm Roentgen [130, 131]. It is an
electromagnetic wave similar to the visible light but with a shorter wavelength (<0.3
nm) than the latter (~500 nm). Today X-ray scattering has become an important tool
for atomic structure studies and has evolved from a simple analytical method to a
"category" of techniques [130]. Since SAXS responds to changes in electron
density, it is reliable for structural analysis of various non-crystalline samples,
macromolecular systems and heterogeneous solutions. SAXS is a non-destructive
method which makes it particularly useful for biological systems [130, 131]. Apart
from SAXS, nuclear magnetic resonance (NMR) is also a common method for
obtaining high-resolution structural information. However, it is often complex and
difficult to interpret without further supporting information [132]. In liquid crystal
phase identification, the results from SAXS usually complement those from OPM.

SAXS measures the scattering intensity of a molecule as a function of the
scattering angle, with a resolution ranging typically from 10 to 1000 A (i.e. with
scattering angles < 5°). The resulting scattering patterns are characteristic of particle
size, shape and internal structure [131, 133]. The basic principle of SAXS involves
an elastic collision between an incoming wave and a particle, causing the reflected
wave to scatter in all directions. The formation of scattering peaks is due to the
constructive interference of reflected waves with one another along certain angles
[130]. In 1913, William Lawrence Bragg and William Henry Bragg introduced a

simple relationship between the wavelengths of X-ray to the spacing of atomic
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planes. Parallel planes of atoms reflect the incident beam of X-ray as shown in
Figure 2.13 [134, 135]. Using geometry and the Pythagorean theorem, Bragg's Law

for a simple scattering is derived, as in the equation:

nAd = 2d sin@, (Equation 2.2)

where n is an integer representing the order of the diffraction peak (n =1, 2, 3...), A
is the wavelength of the X-ray, d is the inter-plane distance (d-spacing) and 6 is the

angle between the reflected ray and the plane formed by the sample surface [17, 22].

A C
/ B
dsin 0 dsin 0

Figure 2.13: Bragg's Law. Redrawn from [134].

Scattering patterns are usually presented as a function of g, which is the

length of the scattering vector and is given in Equation 2.3:

q= 4_” sind. (Equation 2.3)
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The scattering pattern is normally known as the structure in reciprocal space
(with unit of A™), whereas the particle is referred to as the structure in real space
(with unit of A) [131]. The equation of scattering function is expressed in terms of

the reciprocal spacing, s as given in the following equation:

s = Esin@. (Equation 2.4)

The scattering of one particle consisting of many atoms results from the
detected interference pattern produced by all the waves from every atom inside the
particle. A summation of all the wave amplitudes at the detector position and the
square of this sum results in an interference scattering pattern (see Figure 2.14). This
oscillating pattern is a characteristic for the shape or form of the particle. Therefore
it is called 'the form factor', P(q) and must be scaled with a constant in order to
match the experimental intensity. However, for structure determination, the scaling

factor is not crucial [131].

P(o) = |Bs (@]

Intensity

- 2
Figure 2.14: The form factor, P(q) of a particle is an interference pattern. |E S (q)|
is the squared amplitude of the wave as a function of g. Redrawn from [131].
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In a concentrated sample, the molecular distances relative to one another are
in the same order of magnitude as the atomic distances within the particles. Hence,
the interference pattern will contain contributions from neighbouring particles as
well. The extra interference pattern multiplied with the form factor of the single
particle is termed 'the structure factor', S(g). Eventually, this wave can develop into
a pronounced peak when the particles align themselves into a highly ordered and
periodic arrangement (i.e. crystalline). This is called the Bragg peak [131].

The peaks in the structure factor become more pronounced when the particle
positions become increasingly ordered. When the domain size of ordered particles
increases, the system is said to be crystallized. The structure factor of a crystalline
substance is normally called the lattice factor. It is a set of narrow and intensive
peaks at well-defined angles. The ratios of the peak positions on the g-scale have

typical values, for example,

Lamellar: 1,2,3,4,5, ..
Cubic (Pn3m): V2, V3, V4, Ve, ...
Cubic (Im3m): \2, V4, V6, 8, ...
Cubic (Ia3d): \6, V8, V14, V20, ...
Hexagonal: 1, \/3, \/4, \/7, \/9,

The basic components of an SAXS instrument are an X-ray source, a
collimation system, a sample holder, a beam stop and a detection system, as
illustrated in Figure 2.15. The source such as an X-ray tube, synchrotron or rotating
anode irradiates the sample and the detector measures the out-coming radiation from
the sample at a certain range of angles. The collimation system makes the beam

narrow and defines the zero-angle position. The beam stop prevents the intense
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incident beam hitting the detector which would overshadow the relatively weak

scattering of the sample and would even destroy some of the detectors [131].

Scattering
J U

Detector +
Collimation system Sample Beam stop  software

X-ray

Figure 2.15: The components of an SAXS instrument. Redrawn from [131].

2.4  Fluorescence

The emission of light from electronically excited states of any material is
called luminescence, and can be divided further into fluorescence and
phosphorescence. The first type of luminescence which is fluorescence, was
introduced by a physicist and mathematics professor, Sir George Gabriel Stokes, in
the middle of the 19th century. However, the first reported observation of
fluorescence had been made by Nicolas Monardes in 1565 on the peculiar blue
colour of an infusion of a wood called Lignum Nephriticum [136].

When light of an appropriate wavelength is absorbed by a molecule, the
molecular electronic state transforms from the ground state to the excited electronic
state, which is usually the first excited singlet state, S;. The molecule in this excited
state may undergo several relaxation processes to its ground state. Fluorescence is

one of the processes and results in the emission of light. The lifetime of fluorescence
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is short (approximately 107 s) so that in many molecules it can compete favourabl
pp y y p y

with other relaxation processes, including phosphorescence.
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Figure 2.16: A typical Jablonski diagram. Redrawn from [137].

However, many other pathways for de-excitation are possible such as
internal conversion (i.e. direct return to the ground state without emission of
fluorescence), intersystem crossing (possibly followed by emission of
phosphorescence), intramolecular charge transfer and conformational change [136,
138]. The processes occurring between the absorption and emission of light are
illustrated in the Jablonski diagram (Figure 2.16).

The second type of luminescence, phosphorescence, is the emission of light
from triplet excited states, in which the electron in the orbital has the same spin
orientation as the ground-state electron. Transitions to the ground state are forbidden
and the emission rates are slow (10° to 10° s™), so that phosphorescence lifetimes
are typically milliseconds to seconds. Even longer lifetimes are possible, as seen
from ‘glow in the dark’ items (for example, the fire-fly). Following exposure to
light, the phosphorescence substances glow for several minutes while the excited
phosphors slowly return to the ground state. Phosphorescence is usually not seen in

67



Chapter 2 Techniques and Methods

fluid solutions at room temperature. This is because there exist many deactivation
processes that will compete with emission, such as non-radiative decay and
quenching processes [137].

Fluorescence is a powerful tool for investigating the structure and dynamics
of matter and living systems at a molecular or supramolecular level [139-147]. The
fluorimetric methods offer great advantages like high sensitivity and specificity and
they are able to provide dynamics of fast phenomena and structural parameters of
the system. They were first used as analytical instruments to determine the
concentrations of various species, including neutral and ionic. The fluorescence
molecules acting as probes are useful for estimating local parameters such as
polarity, fluidity, molecular mobility and electrical potential in diverse systems like
polymers, surfactant solutions, solid surfaces, biological membranes, proteins,
nucleic acids and even living cells. The fluorescent probes can be intrinsic or
introduced on purpose [136].

Fluorescence typically occurs in aromatic molecules. In general, fluorescent
probes can be classified into three types. The first is an intrinsic probe like
tryptophan residues in a protein. Second is an extrinsic covalently bound probe
where the molecule contains a flourophore part at a specified location. There are
diverse examples of probes covalently attached to a particular system (e.g.
surfactants, polymer chains, phospholipids) such as fluorescein, rhodamine and
erythrosin derivatives. The third type is an extrinsic associating probe, which is
used in the investigation due to the difficulty in the synthesis of fluorescence
substance. The site where the extrinsic probe resides is very much dependent on its
chemical nature and the resulting specific interaction that can be established within
the region of the system to be probed. Thus, knowing the hydrophilic, hydrophobic

or amphiphilic character of a probe is vital. A few examples of this type of probes
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are pyrene (hydrophobic), pyranine (hydrophilic) and 1-pyrenedodecanoic acid
(amphiphilic) [136].

In this work, we use extrinsic associating probes for the characterization of
several lyotropic liquid crystalline phases. A common fluorophore, i.e. tryptophan
(Trp), which gives high quantum yield is selected for the investigation [148]. In
addition, its esters may also be used as probes, because their fluorescence is very
sensitive to the environment [148, 149]. The emission spectrum of tryptophan is
strongly dependent on the solvent polarity. Tryptophan exists in two excited states
and the fluorescence from that depends on the nature of the solvent [137]. The two
electronic states are termed 'L, and 'L, based on the direction of fluorescence
polarization [150, 151]. Fluorescence from the 'L state is infrequent. The higher
solvent sensitivity of the 'L, state is expected, since the polar nitrogen atom of the
indole system has more interaction with the polar solvent, unlike that of 'Ly as

illustrated in Figure 2.17.

Figure 2.17: Possible electronic states ('L, and 'Ly) of the indole system of
tryptophan [152].

The measurement of fluorescent behaviour, therefore, provides information
on the chemical environment of the probes. The chain length of the tryptophan ester
determines the degree of probing into the lyotropic phase, thus allowing different

polar regions to be investigated.
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In order to study the lipid domain as well, a hydrophobic probe, pyrene, is
introduced. As a fluorescent probe, the fluorescence spectrum of pyrene monomer is
sensitive towards the polarity of the microenvironment [153-155]. The small-sized
pyrene leads to only minimum perturbations of the microenvironment and is not
attracted to the interfaces due to the absence of the hydrophilic part. Pyrene can also
form excimers, or excited dimers, which fluoresce differently from the monomer.
The dimer formation only appears upon excitation, thus fluorescence investigations
can provide information on the mobility of pyrene in a medium [156]. This can be
used to study a variety of phenomena, including membrane ‘fluidity’, phase
transitions, membrane fusion and ‘trafficking in living cells’[157].

In order to minimize the perturbation of extrinsic fluorescent probes, it is
important to pay attention to the size and shape of the probe with respect to the

probed regions.

2.4.1 Steady-State Fluorescence Spectroscopy

Figure 2.18 shows the schematic representation of a commercially available
steady-state spectrofluorometer. A high pressure xenon arc lamp is usually used as
the light source with continuous emission from about 250-750 nm. A
monochromator (excitation monochromator) is used to select the excitation
wavelength. Fluorescence is collected at right angle (90°) with respect to the
incident beam and detected through a second monochromator (emission
monochromator) which is adjustable for both wavelength and slit width, using a
photomultiplier. The electronic devices and the computer control the motorized

monochromators for automatic scanning of wavelengths.
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Figure 2.18: Schematic diagram of steady-state fluorescence spectrometer.
Redrawn from [137].
2.4.2 Time-Resolved Fluorescence Spectroscopy

Knowledge of the dynamics of excited states is essential for understanding
photophysical, photochemical and photobiological processes [136]. Any change in
the surrounding environment will result in changes in the excited state behaviour
including the average time a molecule resides in its excited state, or fluorescence
lifetime. Typically, a fluorescent molecule upon excitation to a higher excited
electronic state returns to its ground state in about 10 ns.

The nature of the light and the molecule allows two different approaches to
measure the fluorescence lifetime of a fluorophore. These are the time-resolved
method (direct measurement by following the decay of excited fluorescent molecule
in a very short time) and the phase modulation method (indirect measurement by
measuring the changes in the harmonic characteristics of the light beam). Typically,
the fluorescence intensity is measured after the excitation pulse has ended.
However, alternative methodologies for decay measurement are available. They

include stroboscopic method, a transient recorder, signal averaging or single-photon
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counting [138]. Herein, we will describe the lifetime fluorescence spectroscopy
using the stroboscopic method in detail since it is this method we have employed
throughout the study.

The schematic diagram of the stroboscopic technique is shown in Figure
2.19. The sample is excited by light pulses from the flash lamp. A computer-
controlled digital delay unit is used to gate or 'strobe' the photomultiplier by a
voltage pulse (whose width defines a time window) at a time accurately delayed
with respect to the light pulse. Synchronization with the flash lamp is achieved by a
master clock. So, only photons emitted from the sample that arrive at the
photocathode of the photomultiplier during the gate time will be detected. The
fluorescence intensity as a function of time can be constructed by moving the time

window after each pulse from before the pulse light to any suitable end time [136].

4 A
— LASER -——
sample
_’< or > _____
T
- flash __| monochromator | _. :
L lamp ) o
monochromator
filter
detector
A
pulse generator |« p{  delay gate » pulse generator
generator
master
clock COMPUTER electrometer
and filter

Figure 2.19: Schematic diagram of the time-resolved fluorescence spectrometer
(stroboscopic technique). Redrawn from [136].

72



Chapter 2 Techniques and Methods

The stroboscopic method does not require expensive electronics. High-
frequency light sources are not necessary because the signal intensity is directly
proportional to the light pulse intensity. Conversely, the time resolution is less than
single-photon timing technique and a sample with low fluorescence intensity is
difficult to measure [136].

Apart from the two dominant techniques used by researchers as discussed
above, there are other methods for measuring intensity decays such as the
upconversion method and streak camera. An upconversion method involves the
bypass of the fluorescence signal through an upconversion crystal and gating the
crystal with another picosecond or femtosecond light pulse. The time-resolved
decay is obtained by measuring the intensity of the upconverted signal as the delay
time is varied. However, its instrumentation is too complex for most biological
experiments. For example, a minor change of the emission wavelength requires
major readjustment of the angle-tuned crystal detector. Also, decay times of more
than 1-2 ns are difficult to measure due to the use of a delay line (~1 ns/foot) [137].

Another method in fluorometry is the streak camera, which operates by
dispersing the photoelectrons across an imaging screen at high speed using
deflection plates within the detector. It can provide simultaneous measurements of
both steady-state and time-resolved decays which are valuable in the study of time-
dependent spectral relaxation or samples which contain fluorophores emitting at
different wavelengths. Due to the low dynamic range of measurable intensity and
poor signal-to-noise ratio, the streak camera is not widely used in biochemical

fluorescence studies despite its having high time resolution [137].

73



CHAPTER 3

CHARACTERIZATION OF THE HEAD
GROUP AND THE HYDROPHOBIC
REGIONS OF A GLYCOLIPID LYOTROPIC
HEXAGONAL PHASE USING
FLUORESCENT PROBES

The Journal of Physical Chemistry C 2011, 115, 19805-19810



Chapter 3 Characterization of Glycolipid Hexagonal Phase

CHARACTERIZATION OF THE HEAD GROUP AND THE
HYDROPHOBIC REGIONS OF A GLYCOLIPID LYOTROPIC

HEXAGONAL PHASE USING FLUORESCENT PROBES

Lyotropic liquid crystal phases are related to biological entities such as cell
membranes, as well as to technological applications, for example emulsifiers and
drug-delivery systems. In this chapter, we investigate one of the most stable
lyotropic phases of the n-dodecyl f-D-maltoside (5-Mal-OC;,), the hexagonal phase,
using fluorescent probes. We will show that the results will be useful as a point of
reference to employ the present probes combination to characterize other
biologically-related lipid phases that are thought to play a crucial role in lipid-

membrane interaction.

3.1 Introduction

GLs belong to a large family of molecules known as glycoconjugates [158-
160]. They have been extensively studied due to their connection to biological cell
membranes. Although GLs are minor components in prokaryotes’ and eukaryotes’
cell membranes (compared to phospholipids), their widespread occurrence and
extensive structural diversity suggest functional importance in cell processes [161-
167] such as endo- and exocytosis, apoptosis and molecular-recognition at the cell
surface specific to the cell type [160, 168, 169]. Chemically, GLs exhibit surfactant
properties due to the dichotomic balance of the carbohydrate head group (with one
or more monosaccharide units) and the lipophilic tail. As amphiphilic liquid
crystals, [19, 170-172] they are able to self-assemble in both dry (thermotropic) and
solvated (lyotropic) states into many different polymorphic forms such as the
lamellar, hexagonal, cubic, and gel phases, depending on appropriate conditions.
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Phase studies of GLs have mostly focused on lyotropic systems because
these are related to biological membranes. The adhesion property of the sugar head
groups and their interactions with peptides and surface proteins make them suitable
targets for nanoparticle vectors [48]. Their importance in biology and industry has
encouraged many synthetic GLs to be developed, including alkyl polyglycosides
(APGs), which have been used for numerous surfactants applications [173-175].

In this chapter, we characterize one of the glycoside systems, namely the
hexagonal phase of n-dodecyl f-D-maltoside (f-Mal-OC);)/water system (shown in
Figure 3.1) using steady-state and time-resolved fluorescence methods. The lipid
self-assembly structure and a partial phase diagram of f-Mal-OC;, have been
reported previously [176, 177]. In water, f-Mal-OC;, gives a variety of self-
assembly structures, including the hydrated solid, lamellar, cubic, and hexagonal
phases, as well as the micellar solution as a function of increasing water
concentration. f-Mal-OC;; has been used in many applications such as in the
purification and stabilization of RNA polymerase, [178] protein solubilization, [179]
and the detection of protein-lipid on bacteriorhodopsin [180]. Herein, we study the
S-Mal-OC,, hexagonal self-assembly structure, which exists over a wide range of

concentration and temperature, [177] at lipid concentration of 65% (wW/w).

OH
HO’&O:
HO
OH
Ol'b 0
HO O NSNS

OH

Figure 3.1: The chemical structure of n-dodecyl f-D-maltoside (#-Mal-OC5,).
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In the present study we use two fluorescent probes namely tryptophan and
pyrene, as local reporters in the lipid. These probes are classified as extrinsic
associating probes in which the region where the probes reside is very much
dependent on their chemical nature and the resulting specific interaction of the
system to be probed (see Chapter 2). The tryptophan and its derivatives are used to
probe the polar head group region and the pyrene to probe the hydrophobic region of
the lipid. In order to access different regions in the hydrophilic domain, variable
alkyl chains attached to the tryptophan ester molecule are used, similar to the
dynamics study reported by Kim et al. [149]. Figure 3.2 shows the chemical

structures of the fluorescent probes used in this study.

Pyrene
(Py)

HO \ Tryptophan
NH, NH (Trp)

"o Tryptophan butyl ester
NH, \ (Trp-Ca)

NN Tryptophan octyl ester

NH, \ NH (Trp-Cy)

Figure 3.2: The chemical structures of the fluorescent probes.

A schematic diagram showing how the tryptophan molecule approaches the
head groups with increasing alkyl chain length is given in Figure 3.3. Pyrene is

expected to reside in the hydrophobic region as shown in the diagram. We estimate
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the polarity of different regions of the polar domain based on a parallel study in
different solvents, and we discuss our results in relation to the flexibility of the lipid

self-assembly.
HO
N
(0]

Figure 3.3: A schematic diagram showing one layer of the lipid self-assembly with
the expected locations of the probes. Pink: tryptophan (Trp). Red: Trp-Cs. Green:

pyrene.
3.2  Research Methodology
3.2.1 Materials

[-Mal-OC, (98%) and pyrene (99%) were purchased from Sigma-Aldrich.
L-tryptophan (99%) was obtained from Merck. Tryptophan butyl ester (Trp-C4) and
its octyl analog (Trp-Csg) used in this work were prepared according to a literature
procedure [181]. Anhydrous 1,4-dioxane and methanol were obtained from Sigma-
Aldrich Chemical Co. Anhydrous ethanol was received from Acros Organics.
Spectroscopic grade cyclohexane was purchased from BDH Chemicals. Deionized
water (Millipore) was used. All chemicals and solvents were used without further

purification.
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3.2.2 Sample Preparation

The concentration of tryptophan/tryptophan ester/pyrene in the aqueous S-
Mal-OC;, formulation for both steady state and time-resolved experiments was
adjusted to 0.1 mM. The value was based on an estimated density of ~1.3 g/cm’ for
the mixture. The hexagonal phase used for this study was observed at lipid
concentration of 65% (w/w) according to its published binary phase diagram [177].
The hexagonal phase was confirmed using optical polarizing microscopy (OPM) by
contact penetration. OPM investigations with water and buffer led to the same
optical texture. All samples were prepared by mixing the lipids with
tryptophan/tryptophan esters/pyrene dissolved in methanol. The methanol was
evaporated afterwards and the samples were dried in a high vacuum to remove the
solvent traces. 65 mg of the mixture and 35 mg of water were placed in a 4-mm
diameter quartz tube. The hydrated sample was immediately flame-sealed and
subjected to repeated cycles of centrifugation and heating to ensure that a
homogenous mixture was formed. As for reference samples in solution, all were
prepared at a concentration of 0.05 mM. For samples which were difficult to
dissolve in water (tryptophan esters and pyrene), a stock solution in methanol (5
mM) was prepared. This solution was then diluted with aqueous buffer (25 mM
sodium phosphate buffer, pH 7.2) to reach the desired concentration. The final
methanol:water (v/v) mixture was 10:90. A ratio above 20:80 was shown to behave

like pure water [182-186].
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3.2.3 Instrumentation

Fluorescence spectra were recorded on a Shimadzu RF-5301 PC
spectrofluorophotometer. Lifetime measurements were performed using a
TimeMaster fluorescence lifetime spectrometer obtained from Photon Technology
International. Excitation was done at 280 and 340 nm using LEDs. The instrument
response function (IRF) was measured from the scattered light and estimated to be
approximately 1.5 ns (FWHM). The measured transients were fitted to
multiexponential functions convoluted with the system response function. The fit
was judged by the value of the reduced chi-squared (). The experimental time
resolution (after deconvolution) was approximately 100 ps, using stroboscopic
detection [187]. In all the experiments, samples were measured in a l-cm path

length quartz cell at 23 + 1 °C.

3.3  Results and Discussion
3.3.1 Probing the Polar Region of the Lipid

In order to understand the spectroscopic behaviour of the probes inside the
GLs, it is important to understand how fluorescence from each probe is affected by
its local environment. We start this section by discussing the fluorescence results of
tryptophan in different solvents. One factor affecting the tryptophan fluorescence is
the polarity of its surrounding environment. The fluorescence spectrum of
tryptophan is strongly dependent on solvent polarity. Figure 3.4 shows the
fluorescence spectra of tryptophan in different solvents of varying polarity. Table
3.1 displays the position of the peak maxima. The sensitivity of the peak position is
clearly dependent on the solvent polarity. In a solvent such as 1,4-dioxane (a non-

dipolar solvent [188]), fluorescence is peaked at 334 nm, whereas this peak is red-
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shifted as the solvent polarity increases. The maximum red shift is observed in

aqueous solution.
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Figure 3.4: Fluorescence spectra of tryptophan in different solvents. Ax =280 nm.

Table 3.1: Fluorescence spectral peak maxima of tryptophan and its derivatives in
different solvents and lipid.

Probe  Selvent/ g -— EN* Peak maximum"
Medium 25°C 25°C (nm)
T 1,4-Dioxane 2.21 0.49 0.16 334
P Ethanol 24.55 0.54 0.65 340
Methanol 32.66 0.60 0.76 340
Buffer 78.30 1.09 1.00 355
Lipid 345
Buffer 355
To-Co o 1inid 345
Buffer 355
To-Co - 1inid 337

* Obtained from reference [189]. ° Aex = 280 nm.
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The detected unstructured fluorescence in all the solvents is due to the 'L,
state, since fluorescence from the 'L, state is reported to be structured (see Section
2.4) [150, 151]. The 'L, state is more solvent-sensitive than the 'Ly state and its
transition shifts to lower energies in polar solvents [137]. The higher solvent
sensitivity for the I, state is expected since the I, transition more directly involves
the polar nitrogen atom of the indole ring of the tryptophan moiety [137].

We note here that the fluorescence peak in water and buffer are the same
with respect to shape and position, which indicates that there is no salt effect of the
buffer on the 'L, excited state fluorescence of tryptophan. Figure 3.5 shows the
fluorescence spectra of tryptophan and its two derivatives (Trp-C4 and Trp-Cs)
dissolved in buffer after excitation at 280 nm. As shown in the graph, the alkyl chain

of the tryptophan ester has no effect on the fluorescence peak.

1.2 4

— Trp
1.0 A

———- Trp-C
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Figure 3.5: Fluorescence spectra of tryptophan and its derivatives in buffer of pH
7.2. hex =280 nm.
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Figure 3.6 shows the fluorescence spectra of the three probes (Trp, Trp-Cs
and Trp-Cs) embedded in the lipid and measured after excitation at 280 nm. The
fluorescence spectrum of Trp in the buffer is included for comparison. As shown in
the graph, the spectra in lipid are blue shifted, compared to that in the buffer. This
observation is an indication of the different environment experienced by the
tryptophan moiety in the polar region of the head groups of the lipid (being less
polar than pure water). Table 3.1 summarizes the fluorescence peak maxima in

buffer and lipid.

R Trp + Lipid
—-—- Trp-Cy4 + Lipid
o Trp-Cs + Llpld

1.0 A e

Fluorescence intensity (normalized)

290 310 330 350 370 390 410 430 450
A (nm)
Figure 3.6: Fluorescence spectra of tryptophan and its derivatives in lipid. The

spectrum of tryptophan in buffer is included for comparison. The spectra are
normalized for easy comparison. Aex = 280 nm.

According to the results of Figure 3.6 and Table 3.1, the tryptophan
molecule has a local environment that is less polar than bulk water. As the chain
length increases (see the case of Trp-Cs), the tryptophan molecule is pulled closer to
the polar head groups and its fluorescence shows the most blue shift. This is due to

the nature of the alkyl ester chain being hydrophobic and tending to escape the
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hydrophilic region. This tendency results in the chain being buried inside the tail
region of the lipid, which in turn brings the tryptophan molecule (attached to the
chain) closer to the head groups. The pronounced blue shift observed in the case of
Trp-Cg indicates that water molecules are less polar as they get closer to the head
groups. This observation complements earlier results, which show that water
molecules tend to be more ordered and less flexible as they get closer to the head
groups [149]. This may explain the unique solvation characteristic of water that
requires random distribution (disorder) of the water molecules in order to solvate the
polar sites of the solute molecule, causing a maximum polarity effect. The less
flexible water molecules in the head group region may interrupt the tendency of
water molecules to strongly associate with one another through intermolecular
hydrogen bonds that allow more than one molecule of water to form a solvent
network [189]. The constrained water molecules may cause the reduced polarity
effect experienced by the tryptophan moiety.

By comparing the fluorescence peak position of tryptophan in lipid (Figure
3.6) and in different solvents (Figure 3.4), we may estimate the polarity of the local
environment around the tryptophan moiety when embedded in lipid. The peak
positions in the case of Trp and Trp-C,4 in lipid are close to that in methanol and
ethanol (see Table 3.1). This indicates that the polarity of the intermediate region
between bulk water and the head groups resembles that of simple alcohols (water in
this region is more flexible than water at the head group region). On the other hand,
as tryptophan gets closer to the head groups, it experiences a local polarity close to
that of 1,4-dioxane (compare the peak position for Trp-Cg in lipid with that in 1,4-

dioxane).
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Details about the physical nature of the head group region of the lipid system
may be correlated to the physical properties of the 1,4-dioxane molecule as a
solvent. A solvent such as 1,4-dioxane, which appears to be non-polar according to
its static dielectric constant (¢ = 2.21), has a high solvent polarity parameter (n* =
0.49) and an EY value of 0.16 (see Table 3.1) [189]. 1,4-dioxane has two CH,-O-
CH,; groups opposite to each other, which results in a net zero dipole moment. Thus
it is considered a non-dipolar solvent [188]. However, 1,4-dioxane exhibits a large
quadrupole moment [190, 191] which is reflected in its n* parameter that mainly
takes into consideration the polarizability and the dipolarity of the solvent [188].
The corresponding EN value indicates that 1,4-dioxane exhibits only 16% of the
solvent polarity of water, thus classifying 1,4-dioxane as an apolar, non-hydrogen
bond donor solvent [189]. Water interaction with the head groups of lipid may
resemble the interaction between 1,4-dioxane and water which are miscible in all
proportions. Mixtures of 1,4-dioxane and water are proposed as media to study
probes in nanoenvironments similar to those encountered in vesicles and at
interfaces [182, 183, 192-195].

The above results point to a polarity gradient in the lipid self-assembly
system. The reduction in polarity in going from the centre of the hydrophilic region
towards the head group region indicates a smooth transition from the polar domain
to the hydrophobic domain which is important for the stability of the lipid.

The fluorescence lifetimes of tryptophan and its ester derivatives are
measured in buffer and lipid. The data is summarized in Table 3.2. The two
measured lifetime components of tryptophan in buffer are due to two different
rotamers [137, 196, 197]. The relative contribution from the short lifetime
component increases in lipid. The biexponential nature of the tryptophan
fluorescence decay in lipid constitutes strong support for the ground state
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heterogeneity that is associated with a degree of flexibility of the tryptophan side
chain to adapt two different rotamers. The results point to a degree of flexibility of

the lipid self-assembly.

Table 3.2: Fluorescence lifetime (ns) measurements of tryptophan and its
derivatives in buffer and lipid.

Probe Buffer Lipid
T % * T T x
Trp 0.55 3.9 0.17 3.7
(0.10) (0.90) 1.05 (0.49)  (0.51) 1.03
0.69 3.7 0.23 3.7
Trp-Cy (0.15) (0.85) 1.00 (0.46)  (0.54) 1.02
0.45 3.8 0.17 3.8
Trp-Cs (0.16) (0.84) 1.01 (0.56)  (0.44) 1.00

* Uncertainty in measurements is = 0.04 ns. ° Uncertainty in measurements is + 0.1 ns. Relative

contributions are listed in parentheses. Emission is detected using Schott WG-320 nm filter. A, =
280 nm.

3.3.2 Probing the Hydrophobic Region of the Lipid

In this section, we investigate the tail region of the lipid by using pyrene as
a probe. As a hydrophobic molecule, pyrene is expected to favour the tail region of
the lipid assembly. We first show the fluorescence spectra of pyrene measured in
buffer and in cyclohexane (Figure 3.7). The sharp and structured band (~360—450
nm) is due to the monomer fluorescence, whereas the unstructured band centred at
~465 nm is fluorescence from the pyrene excimer [137, 198].

Pyrene tends to form excimers even at low concentrations. No excimers are
detected in cyclohexane at [pyrene] = 0.05 mM as shown in Figure 3.7. In buffer,
the hydrophobic nature of pyrene is expected to cause molecules to cluster close to
one another in order to avoid the highly disliked polar nature of the solvent. This is
manifested in the high yield of excimer formation at the same solvent:pyrene ratio.
The structured fluorescence from the monomer species has two characteristic peaks

with maxima at ~375 and ~385 nm (marked in Figure 3.7 as I; and I3, respectively).
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The ratio of the two peak intensities (I;/I3) is environmentally sensitive and has been
used to elucidate the local environment of pyrene [156, 199, 200]. An increase in the
I)/I3 ratio is indicative of increased apparent polarity. This ratio is 0.58 in
cyclohexane and 1.08 in buffer, calculated from the spectra in Figure 3.7. The peak
at 385 nm completely disappears in buffer, so we take the intensity at this position
which puts an upper limit for the I5 value. This means that the calculated 1,/I5 ratio
of 1.08 may in fact be much higher. The I,/I; ratio along with the dimer fluorescence
peak will be used as a benchmark when pyrene is complexed with lipid in order to

predict the local environment around the pyrene molecule in lipid.
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Figure 3.7: Fluorescence spectra of pyrene dissolved in buffer and cyclohexane. Aex
=340 nm.

Figure 3.8 shows the fluorescence of pyrene in lipid and in lipid containing
Trp-Cs. The results show that the excimer fluorescence is completely absent in lipid.
This observation indicates that pyrene molecules are distributed among the tails of

the lipid assembly and prefer to be isolated from each other (hydrophobic solvation).
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As tabulated in Table 3.3, the I;/I; ratio is calculated to be 1.04. The ratio is slightly
less than that for pyrene in buffer. We note here that the strong tendency to form
excimers in buffer (vide supra) is expected to partially shield the pyrene molecule
from complete exposure to water and hence lower the I;/I; ratio. Also, using
molecular dynamics simulation, it was shown in the lipid assembly (1-palmitoyl-2-
oleoyl-phosphatidylcholine) that pyrene prefers a position inside the lipid membrane
near the head groups [201]. Although pyrene is a very hydrophobic molecule it is
found mainly in the highly ordered upper acyl chain region near the lipid head
groups and not in the middle of the membrane, which is the most hydrophobic part.
So, the I;/I; ratio in our case indicates a similar situation in which the pyrene
molecules may eventually be close to the polar region and yet hidden inside the tail

region of the lipid.
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Figure 3.8: Fluorescence spectra of lipid containing pyrene (Py) and Py + Trp-Cs.
Aex = 340 nm.
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Table 3.3: Fluorescence intensity ratio of the vibronic peaks of pyrene (I,/13) in the
hexagonal phase of the f-Mal-OC;; lipid. Aex = 340 nm.

Probe I,/13
Py 1.04
Py + Trp-Cs 1.02

The presence of Trp-Cg causes a slight drop in the I;/I; ratio to 1.02 (see
Table 3.3). The results indicate that the Cg-chain is indeed embedded inside the
hydrophobic region of the lipid assembly. The presence of the Cg-chains inside the
hydrophobic region may be a factor of increasing the hydrophobicity around the
pyrene molecules. The incorporation of Trp-Cg into the lipid layer may reduce the
local polarity at the interface, which subsequently reduces the local polarity around
the pyrene molecules.

Figure 3.9 and Table 3.4 summarize the fluorescence lifetime measurements
of pyrene taken under air-saturated (normal) conditions. We measure a decay
component of 28 ns for pyrene in buffer when probing the monomer emission. It
was reported that the pyrene lifetime is very sensitive to the presence of oxygen in
the sample [202]. A decay component of 382 ns was reported in deoxygenated
cyclohexane [202]. In air-saturated cyclohexane, this decay component drops to 20
ns. In lipid, we measure a fast decay component of 0.97 ns and a slow decay
component of 51 ns. The presence of two decay components reflects the
heterogeneity in the local environment of pyrene inside the hydrophobic region.
Comparing the long decay component with that in buffer, the value is almost
doubled in lipid. This observation points to the cage effect of the hydrophobic tails

in which pyrene is shielded from the solvent.
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1000

Fluorescence (log intensity)

Time (ns)

Figure 3.9: Fluorescence decay transients of pyrene probed using Schott WG-380
filter. Black: pyrene in buffer. Blue: pyrene in buffer containing Trp-Cs. Green:
pyrene in lipid. Red: pyrene in lipid containing Trp-Cg. Pink: pyrene in buffer
probed using Schott WG-455 filter. Aex = 340 nm. IRF is shown by a dashed line.

Table 3.4: Fluorescence lifetime (ns) measurements of pyrene and pyrene with
Trp-Cs in buffer and lipid.

Probe aBuffer . _ Lipid _ .
T x T T2 X
0.97 51
Py 28 1.02 (0.05) (0.95) 1.07
0.97 27
Py + Trp-Cs 22 1.12 (0.16) (0.84) 1.40

® Uncertainty in measurements is = 1 ns. ° Uncertainty in measurements is £ 0.05 ns. Relative
contributions are listed in parentheses. Emission is detected using Schott WG-380 nm filter. A, =
340 nm.

The pyrene lifetime in buffer is shorter when Trp-Cg is present. The
reduction in the lifetime is indicative of interaction between pyrene and Trp-Cs in
solution (Trp-Cg is expected to act as a surfactant). Two decay components are again
measured in lipid. The long decay component is much shorter than the
corresponding component measured for pyrene alone (27 vs. 51 ns). The results

indicate an interaction between the Cg-chain and pyrene inside the hydrophobic

90



Chapter 3 Characterization of Glycolipid Hexagonal Phase

region, which is another confirmation that the Cg-chain indeed penetrates the tail
region of the lipid and is in close proximity to pyrene.

Finally, a rise time of 10 ns is measured when probing the region of the
excimer (455 nm and longer) for pyrene in buffer (see Figure 3.9). This lifetime is
the time required for excimer formation. We do not detect any rise time for pyrene

in lipid which confirms the absence of excimers in the lipid assembly.

34 Conclusions

The polar head group region of hexagonal phase of the f-Mal-OC; lipid was
studied by following the change in fluorescence of tryptophan and two of its ester
derivatives upon mixing with the lipid, while the hydrophobic region was
investigated using pyrene. Comparing the fluorescence peak position of tryptophan
in lipid and solution, we estimated the polarity of the region where Trp and Trp-Cy4
reside to be close to that of simple alcohols (methanol and ethanol). Increasing the
chain length attached to the tryptophan moiety to Cg pulls the Trp molecule closer to
the sugar groups and the local polarity approaches that of 1,4-dioxane. The
reduction in polarity points to a smooth transition from the polar domain to the
hydrophobic domain, which is important for the stability of the lipid. Two lifetimes
were detected for the fluorescence decay of tryptophan and its derivatives in lipid.
The results point to a degree of flexibility of the lipid self-assembly that allows the
tryptophan side chain to adapt two different rotamers.

Comparing the fluorescence behaviour of pyrene in solution and in lipid
indicates the tendency of the pyrene molecules to disperse among the tails of the
hydrophobic region as monomers. The ratio of I;/I; implies that pyrene is close to
the head groups. Interaction between pyrene and the Cg-chain of Trp-Cg inside the
hydrophobic region is observed as a slight reduction in the I;/I; ratio and in the
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pyrene lifetime. The results will be used as a benchmark to investigate other
biologically related lipid phases, particularly the bicontinuous cubic phase, that are

thought to play a crucial role in lipid membrane interaction.
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Chapter 4 Temperature-Induced Phase Transition

FLUORESCENCE PROBING OF THE TEMPERATURE-INDUCED PHASE
TRANSITION IN A GLYCOLIPID SELF-ASSEMBLY:

HEXAGONAL < MICELLAR AND CUBIC < LAMELLAR

In this chapter, we report on the temperature-induced phase transitions in
two compositions of an aqueous self-assembly system of the n-octyl f-D-glucoside
(B-Glc-OCg)/water system, namely hexagonal <> micellar and cubic «»> lamellar,
using fluorescent probes. The mesophases as a thermodynamic equilibrium structure
depend only on the current temperature, regardless of whether it is reached upon

heating or cooling.

4.1 Introduction

Lyotropic mesophases of lipids in water have received much attention from
the fundamental point of view as well as for application aspects [15, 23-26]. Their
self-assembly properties are suitable as model systems for understanding specific
membrane function in biosystems. When dispersed in water, lipids can display not
only the lamellar phase, but also a variety of non-lamellar curved liquid crystal
phases such as the cubic, the hexagonal and the ribbon phases [103, 203-205]. The
transition between these possible phases is a result of an abrupt change in the
interface curvature. This transition is believed to be governed by competition
between the bending elastic-energy of the interface and energies resulting from

interfacial separation constraints [206].
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Generally, synthetic GLs may be grouped into those which naturally-
mimicking membrane lipids usually GLs with branching alkyl chains, and those
with a single alkyl chain usually applied as synthetic sugar-based surfactants [29].
The phase behaviour of these amphiphilic liquid crystals is a consequence of
intermolecular forces (hydrogen bonding and van der Waals contacts) that depend
on composition, temperature and pressure [207-209].

In this chapter, we characterize the GL n-octyl S-D-glucoside (5-Glc-OCyg)
using steady-state and time-resolved fluorescence methods. S-Glc-OCys consists of a
single sugar unit with a straight alkyl chain of eight carbon atoms. The chemical
structure is shown in Figure 4.1. We select f-Glc-OCy for the present investigation
because it has been studied extensively and has demonstrated the ability to form
different mesophases as depicted in its temperature-composition phase diagram [23,
33, 96, 112, 210-212]. We investigate here the temperature-induced structural
transformations (hexagonal <> micellar and cubic < lamellar) in this lyotropic
system using the same probes as in Chapter 3. Tryptophan (Trp) and two of its ester
derivatives (Trp-C4 and Trp-Cg) are used to probe the polar head group region, and

pyrene is used to probe the hydrophobic tail region for the different phases.

OH
HO O
HO O~

OH

Figure 4.1: The chemical structure of n-octyl f-D-glucoside (5-Glc-OCs).
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4.2 Research Methodology
4.2.1 Materials

S-Glc-OCs (98%) and pyrene (99%) were purchased from Sigma-Aldrich. L-
tryptophan (99%) was obtained from Merck. Tryptophan butyl ester (Trp-C,4) and its
octyl analog (Trp-Cg) were prepared according to a literature procedure [181] as
mentioned in the previous chapter. All chemicals and solvents were used without

further purification.

4.2.2 Sample Preparation

The concentration of tryptophan/tryptophan esters/pyrene in the aqueous S-
Glc-OCg formulation for both steady-state and time-resolved experiments was
adjusted to 0.1 mM. The hexagonal and cubic phases required for this study were
obtained at 23 °C for the 65% (w/w) and 80% (w/w) aqueous formulations of S-Glc-
OCs, respectively, according to the published binary phase diagram [23, 96, 112,
210, 211]. Both phases were confirmed to be formed by illuminating the sample in
the flame-sealed tube and examining them through a cross-polarizing filter. The
hexagonal phase sample showed a birefringent characteristic under the cross-
polarizing filter, a characteristic not observed in the case of the cubic phase sample.
All samples were treated with the same procedure as in Chapter 3. The aqueous
buffer used was 25 mM sodium phosphate buffer, pH 7.2. Two sets of lipid/water
systems were prepared. Each set included the lipid mixed with the different probes,
in addition to one sample with no probes, which was used as a standard in the
measurements. The first set was a normal hexagonal phase (H;) with lipid
concentration of 65% (w/w) at 23 °C. This hexagonal phase was transformed into a
micellar phase (I}) when heated to 40 °C. The second set was a normal cubic phase

(Qr) with 80% (w/w) concentration at 23 °C, and was transformed into a lamellar
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phase (L) at 70 °C. Both temperature-induced micellar and lamellar phases showed

isotropic and birefringent behaviour respectively, under a cross-polarizing filter.

4.2.3 Instrumentation

Fluorescence spectra were recorded on a Shimadzu RF-5301 PC
spectrofluorophotometer and lifetime measurements were performed using a
TimeMaster fluorescence lifetime spectrometer. In all the experiments, samples
were measured in a 1-cm path length quartz cell and underwent the same procedure
as in Chapter 3. The temperature of the samples was controlled within = 0.1 °C at
23.0 °C, 40.0 °C, or 70.0 °C. All samples were equilibrated overnight in the water
bath at the desired temperature to ensure that the required phase was obtained before
the measurements were taken.

The effect of temperature on the probes was checked by measuring the
steady-state and lifetime fluorescence for the probes in the same buffer without the
lipid composition. For tryptophan and its derivatives, a decrease in the fluorescence
intensity was observed when the temperature was increased, but no effect was
observed on the spectral position or the fluorescence lifetime. The present study is
based on the latter two parameters. The changing relative intensity following a
change in temperature is not a factor in our study and all the spectra are normalized
in this work. In the case of pyrene, the presence of a large percentage of dimer
formation in the excited state (excimers) in buffer and the high polarity effect of
water on the I,/I; ratio made it difficult to correlate the measurements in buffer to
those in lipid. This will be discussed in detail later. In order to minimize the effect of
temperature on the pyrene fluorescence, particularly when the oxygen concentration
was changed at different temperatures, we sealed all the sample tubes to maintain a

constant oxygen concentration.
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4.3 Results and Discussion
4.3.1 Probing the Polar Region of the Lipid

We have shown in Chapter 3 that the tryptophan molecule is a useful probe
for estimating the polarity of the head group region of lipids. The sensitivity of the
tryptophan fluorescence to its local polarity stems from the sensitivity of its excited
state ('L,) to solvent polarity since this transition more directly involves the polar
nitrogen atom of the indole ring of the tryptophan moiety. Figure 4.2 shows the
fluorescence spectra of tryptophan in solvents of different polarity. A blue shift in
the peak maximum by 1,770 cm™ is observed in dioxane (non-dipolar) compared to
that in buffer. The spectral positions for tryptophan in both methanol and ethanol lie
between those of dioxane and water. As described in the previous chapter, the
presence of an alkyl ester chain connected to the tryptophan molecule (Trp-C4 and

Trp-Cs) has no effect on the fluorescence behaviour of the molecule in solution.

1.2

— Buffer (pH 7.2)
— —— Methanol
.......... Ethanol

—— Dioxane
—— Trp + Lipid
—o— Trp-C, + Lipid
Trp-C, + Lipid

Fluorescence intensity (normalized)

290 310 330 350 370 390 410 430 450
A (nm)

Figure 4.2: Fluorescence spectra of tryptophan and its derivatives in different
solvents and in the hexagonal phase of the f-Glc-OCj lipid. Aex = 280 nm.
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Figure 4.2 includes the fluorescence spectra of the three probes (Trp, Trp-Cq4
and Trp-Cg) embedded in the S-Glc-OCs lipid at a composition of 65% (w/w)
aqueous formulation and 23 °C. According to the temperature-composition phase
diagram, [23, 96, 112, 210, 211] this lipid exists in the normal hexagonal phase. As
the graph shows, the fluorescence peak positions of Trp and its derivatives in lipid
are blue-shifted compared to those of tryptophan in buffer (An.x = 355 nm), and
approaching those in methanol and ethanol (Ap.x = 340—342 nm). This observation is
an indication of the different environment experienced by the tryptophan moiety in
the polar region of the head groups of the lipid (being less polar compared to pure
water). The reduced polarity in the head group region compared to the polarity in
free water is due to the tendency of the water molecules in this region to be more
ordered and less flexible [149].

We use the two derivatives (Trp-C4 and Trp-Cs) to probe different parts in
the head group region. As the chain length increases, the tryptophan molecule is
expected to be pulled closer to the polar head groups. This is due to the nature of
the alkyl ester chain being hydrophobic and tending to avoid the hydrophilic region.
This tendency results in burying the chain inside the tail region of the lipid, which in
turn brings the tryptophan molecule (attached to the chain) closer to the head
groups. Similar spectral positions are obtained when Trp, Trp-C,4, and Trp-Cg are
embedded in lipid (Figure 4.2 and Table 4.1), implying that the tryptophan molecule
is located in a similar polar environment. This observation indicates that the glucose
unit (a monosaccharide) of the head group, unlike the maltose unit (a disaccharide),
is too short to show any polarity gradient as the tryptophan molecule gets closer. We
confirm this finding by comparing the fluorescence spectra for the hexagonal phase
of maltoside (f-Mal-OC,,) with that of glucoside ($-Glc-OCs) lipids when using

Trp-Cs as the probe (see Figure 4.3). It is clear that for the maltoside lipid, the
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tryptophan molecule experiences less polarity, approaching that of dioxane (see

Table 3.1 in Chapter 3). On the other hand, the spectral position of the three probes

in f-Glc-OCg is similar to that of Trp and Trp-Cy4 in f-Mal-OCj; as shown in Table

4.1. The results indicate that in the case of Trp-Cg in the maltoside lipid, the

tryptophan molecule probes deep in the head group region.

Table 4.1: Fluorescence spectral peak maxima of tryptophan and its derivatives in

hexagonal phase of different lipid. Aex =280 nm.

Peak maximum (nm)

Prob
robe B-Gle-OCs  f-Mal-OCy

Trp 346 345

Trp-C,4 346 345

Trp-Cy 345 337

1.2
-’g Lo 4 —— Maltoside
N '\\\ — —- Glucoside
[a~]
g // \\
\% 0.8 /
2 /
Z 06 / \
E / \\
o
2 / N
& / N
5 0.2
5 / <= _
0.0 T T T T T T T 1
290 310 330 350 370 390 410 430 450
A (nm)

Figure 4.3: Fluorescence spectra of Trp-Cg embedded in the hexagonal phase of the
maltoside lipid (f-Mal-OC,) and the glucoside lipid (£-Glc-OCyg). Aex = 280 nm.
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Three other phases are probed by tryptophan and its derivatives in this study.
The micellar phase is obtained by heating the f-Glc-OCjg lipid at a composition of
65% (w/w) aqueous formulation to 40 °C, while the normal bicontinuous cubic
phase with la3d space group is obtained at 23 °C of 80% (w/w) aqueous formulation
of f-Glc-OCs [96, 112]. Finally, the lamellar phase is produced by heating the cubic
phase to 70 °C. As in the hexagonal phase, the three probes behave similarly in each
phase i.e. lamellar, cubic, micellar (refer to Table 4.1 for the values). A slight blue-
shift in the fluorescence spectra is observed in the cubic phase only. Figure 4.4
shows the spectra for Trp-Cg in the cubic and lamellar phases. It is clear that the
head group region has a local polarity in the cubic phase which is slightly

hydrophobic compared to that in the other phases.

1.2

—— Cubic Phase
1.0 H J N — —- Lamellar Phase

0.8 / \

0.6 - / N

Fluorescence intensity (normalized)

0.0 T T T T T T T 1
290 310 330 350 370 390 410 430 450

A (nm)

Figure 4.4: Fluorescence spectra of Trp-Cg embedded in the cubic phase and
lamellar phase of the f-Glc-OCsg. Aex = 280 nm.
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The fluorescence lifetimes of tryptophan and its ester derivatives are
measured in the different phases of the p-Glc-OCg lipid. Tryptophan has two
lifetime components in buffer which are due to two different rotamers (0.5 and 3.8
ns) [137, 196, 197]. The two components are not affected by changing the lipid
phase. The only effect of lipid is observed in the relative contribution from each
lifetime component. While the major contribution in solution is from the long
lifetime component (85-90%), as tabulated in Table 3.2, Chapter 3, the short lifetime

component shows more contribution (50-60%) in all phases of S-Glc-OCs.

—— Trp-C,
—— Trp-C + Lipid

1000

800 —

600 —

400

200

Fluorescence intensity (normalized)

Time (ns)
Figure 4.5: Fluorescence decay transients of Trp-Cg in buffer alone and in buffer
containing the hexagonal phase of the f-Glc-OCsy lipid. Aex = 280 nm. IRF is shown
by a dashed line.
Figure 4.5 shows the decay transients for Trp-Cg in buffer and in the
hexagonal phase of the f-Glc-OCjs lipid as an example. We observed a similar trend

for the hexagonal phase of the f-Mal-OC,, lipid. The results imply that the lipid

head group region selectively stabilizes the rotamer of the short lifetime component.
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The biexponential nature of the tryptophan fluorescence decay in lipid constitutes
strong support for the ground state heterogeneity. This heterogeneity suggests that
the lipid self-assembly has a degree of flexibility that allows the tryptophan side

chain to exist in two different rotamers as mentioned in Chapter 3.

4.3.2 Probing the Hydrophobic Region of the Lipid

As discussed in the previous chapter, pyrene is effective as a local reporter
for probing the hydrophobic region of the lipid self-assembly. This is because its
fluorescence is sensitive to the local environment [201]. Figure 4.6 shows the
spectra of pyrene in cyclohexane, buffer, and in buffer containing the cubic phase of
the f-Glc-OCsg lipid. Yet again, the sharp and structured band (~360—450 nm) is due
to the monomer fluorescence, whereas the unstructured band centred at ~465 nm
(observed in buffer only) is fluorescence from the pyrene excimer [137, 198]. In
buffer, the hydrophobic nature of pyrene is expected to cause molecules to cluster
close to one another in order to avoid the highly disliked polar nature of the solvent
as shown in the high yield of excimer formation. Excimer fluorescence is
completely absent in lipid which indicates that pyrene molecules are distributed
among the tails of the lipid assembly and prefer to be isolated from one another
(hydrophobic solvation), a behaviour similar to pyrene in cyclohexane.

The ratio of the two peak intensities (I;/I3) is environmentally sensitive and
has been used to elucidate the local environment of pyrene [156, 199, 200]. An
increase in the I;/1; ratio is indicative of increased apparent polarity. In Chapter 3 we
reported this ratio to be 0.58 in cyclohexane and > 1.08 in buffer. The strong
tendency to form excimers in buffer is expected to partially shield the pyrene
molecules from complete exposure to water and thus lower the I,/I; ratio. In the

cubic phase in Figure 4.6, the I;/I; ratio is about 0.93. This value points to a

103



Chapter 4 Temperature-Induced Phase Transition

somewhat polar environment around pyrene. It was shown by molecular dynamics
simulations that pyrene prefers a position inside the lipid membrane near the head
groups [201]. Although pyrene is a very hydrophobic molecule it is found mainly
near the lipid head groups and not in the middle of the membrane, which is the most
hydrophobic part. So the I;/I; ratio in our case indicates a similar situation in which
the pyrene molecules may eventually be close to the polar region and yet hidden

inside the tail region of the lipid.

400
I //’ N — Cyclohexane
300 4 / \\ -——-- Buffer (pH 7.2? .
// \\ —— Cubic Phase Lipid

200

100

Fluorescence ( relative intensity)

0 4 T
350 400 450 500 550 600
A (nm)

Figure 4.6: Fluorescence spectra of pyrene dissolved in cyclohexane, and in buffer
alone, and buffer containing the cubic phase of the f-Glc-OCg. Aex = 340 nm.

Table 4.2 summarizes the values of I;/I; for the four phases of the f-Glc-OCg
lipid. The values are the average of three measurements. The presence of tryptophan
in the head group region has no effect on the I,/I5 values. The slight drop in the I,/15
value in the presence of Trp-Cs for some phases can be related to a slight increase in
hydrophobicity around the pyrene molecule. This is due to the presence of the
embedded Cg-chain inside the tail region of the lipid assembly.
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Table 4.2: Fluorescence intensity ratio of the vibronic peaks of pyrene (I;/I3) in
different phases of the f-Glc-OCsg lipid: hexagonal (Hy); micellar (Iy); cubic (Qy);
and lamellar (Ly). Aex = 340 nm.

Lipid I,/I; (phase)
. Probe
Concentration 23 °C 40° C 70° C
Py 0.96 (H)) 0.93 (Iy)
65% Py + Trp 0.96 (H)) 0.93 (Iy)
(W/w) ' ! 2o
Py + Trp-Cs 0.96 (H)) 0.92 (Iy)
Py 0.93 (Qp 0.87 (Ly)
80% Py+T 0.93 (Qp) 0.87 (Ly)
(wiw) yT P AN o e
Py + Trp-Cs 0.91 (Qy 0.86 (Ly)

The hexagonal phase of the f-Glc-OCg lipid shows an I;/I; value of 0.96.
Compared with our previous measurement of 1.04 for pyrene in the hexagonal phase
of f-Mal-OC,;, the current lipid shows less polarity around pyrene in the tail region.
The reduced polarity in f-Gle-OCg may be explained in the light of the difference in
the carbon-chain length of the tail part in both lipids. Longer tails (C;, vs. Cg) are
expected to have more random and wobbling motion that results in less interaction
with the pyrene molecules (less solvation effect). We estimate the length of the
pyrene molecule (carbon-to-carbon distance) to be about 7.0 A. The difference in
polarity must then be derived from a more compact interaction between the pyrene
molecule and a Cg-tail (approximately 9.0 A in length) than with a Cj,-tail
(approximately 14.0 A). This conclusion may explain the results after the addition of
Trp-Cs. Upon adding Trp-Cs to both lipids, we record no effect on the I;/I5 value in
the f-Glc-OCy lipid (see Table 4.2), whereas the I;/I; value has dropped to 1.02 in
the f-Mal-OCy; lipid. We attribute this drop to the increased hydrophobicity in the
tail region due to the presence of the Cg-chains in the vicinity of the pyrene
molecules. The Cg-chains of Trp-Cg induce more compact hydrophobic interactions

with the pyrene molecules in a manner similar to the pyrene:$-Glc-OCyg system.
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The I,/I3 values in Table 4.2 show a drop of about 6% when the phase is
transformed from cubic to lamellar. The higher polarity in the cubic phase can be
correlated to the nature of its interface, which curves towards the bulk water. This
unique structure allows interpenetrating channels of water and lipid that provide
compatibility with water-soluble, lipid-soluble, and amphiphilic active ingredients.
Figure 4.7 shows the geometry of the cubic phase gives pyrene more exposure to the
polar water molecules from all directions. In contrast, the lamellar phase self-
assembly allows such exposure from one direction only. The geometry of the cubic
phase may also explain the more hydrophobic environment around the tryptophan
molecule and its derivatives in the vicinity of the head groups compared to that in

the other phases (hexagonal, micellar, and lamellar) studied here (vide supra).

Figure 4.7: A schematic diagram showing the effect of the different geometries of
the cubic phase (left) and the lamellar phase (right) on the exposure of pyrene to
water. Water direction is represented by arrows.

For both lipid compositions, we find that the temperature-induced phase
transition is completely reversible. We arrive at this conclusion by measuring the
I,/13 values after cooling the samples to 23 °C, at which the values match those
measured for the hexagonal and cubic phases before heating. In a related study,

reversible phase transitions have been reported for the monolinolein/water system

using SAXS [213]. The authors refer to the internal structure of the mesophases as a
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thermodynamic equilibrium structure that depends only on the current temperature,
regardless of whether it is reached upon heating or cooling. Fluorescence lifetime
measurements are conducted for pyrene in the four lipid phases and the data
summarized in Tables 4.3 and 4.4. We have shown recently that pyrene has a single
lifetime component of 28 ns in air-saturated buffer (see Table 3.3, Chapter 3).

In all the lipid phases, the fluorescence decay of pyrene is best-fitted to a
biexponential function. The two lifetime components in each phase show a short
component (0.81-1.08 ns) and a long component (7.8—13.3 ns). The presence of two
decay components reflects the heterogeneity in the local environment of pyrene
inside the hydrophobic region. This heterogeneity is important for the biological
function of the lipid assembly, giving the lipid a degree of flexibility that is
necessary in order to accommodate various molecular sizes. We have reported
similar results for pyrene in the hexagonal phase of f-Mal-OC;, in Chapter 3.
Comparing the long lifetime component for the hexagonal phase of f-Glc-OCg and
[-Mal-OCy; (11.1 ns (Table 4.3) vs. 51 ns (Table 3.3)), the much longer component
in f-Mal-OC); implies more isolation of the pyrene molecules in the tail region.
This is consistent with the above-mentioned discussion that predicted more
interactions between the pyrene molecules and the shorter tails in f-Glc-OCg. To
further support this point we compare the long lifetime component in both
hexagonal phases after the addition of Trp-Cg. In the case of f-Mal-OC,,, the
lifetime value drops to 27 ns. The effect of adding Trp-Cs to the pyrene:5-Glc-OCy
system is negligible (11.3 ns). Adding Trp-Cs to p-Mal-OC;, increases the
hydrophobic interaction with the pyrene molecules due to the presence of the Cg-
chains, similar to the interactions in the pyrene:5-Gle-OCg system. The presence of

the Cg-chain may also lead to a decrease in the local viscosity of the tail region that
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could account for an increased diffusion of oxygen and a consequent reduction in

the pyrene lifetime.

Table 4.3: Fluorescence lifetime (ns) measurements of pyrene, pyrene + Trp, and
pyrene + Trp-Cs in 65% (w/w) aqueous formulation of lipid.

probe 23°C (Hy) 40°C (I
T]a sz XZ T ]a sz XZ
0.89 1.1 0.81 133

Py 029  (©071) D 027y (.73 18
0.89 111 0.81 12.8

Py +Trp 028 (072 16 025 (075 08
0.89 113 0.87 13.2

Py + Trp-Cy ©2) (72 0 027y 73 A4

* Uncertainty in measurements is = 0.05 ns. ° Uncertainty in measurements is + 0.5 ns. Relative
contributions are listed in parentheses. Emission is detected using Schott WG-380 nm filter. A., = 340
nm.

Table 4.4: Fluorescence lifetime (ns) measurements of pyrene, pyrene + Trp, and
pyrene + Trp-Cg in 80% (w/w) aqueous formulation of lipid.

Probe 23°C (Q) 70 °C (Ly)
Tla sz XZ T la sz X2
1.08 11.0 0.79 11.0
Py 039  ©61 04 ©036) (064 0
0.73 1.3 0.82 1.1
Py +Trp 032 (068 (0.33) 067 13
0.95 7.9 0.91 78
Py + Trp-Cs 040y  (0.60) 088 039 (061 0¥

* Uncertainty in measurements is = 0.05 ns. ° Uncertainty in measurements is + 0.5 ns. Relative
contributions are listed in parentheses. Emission is detected using Schott WG-380 nm filter. A., = 340
nm.

Table 4.2 shows a small drop in the I;/I; value (about 3%) when the
hexagonal phase is transformed into the micellar phase, indicating more caging
effect around the pyrene molecules in the latter. This may not be consistent with the
geometry of the micellar phase in which the curvature is increased compared to that
of the hexagonal phase. This is possibly due to a shift in the pyrene location from
the interphase into the bulk, perhaps because of space requirements. This is expected
since the micellar phase is curved in two directions and the water interphase may

push the pyrene molecules further into the center. The value of the long lifetime
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component (1) which is significantly different in the micellar phase from the values
in the other phases, reinforces this explanation.

Table 4.4 shows a drop of about 28% in the long lifetime component in the
cubic and lamellar phases of S-Glc-OCg upon the addition of Trp-Cs. The effect is
much more pronounced in the lifetime values than in the steady-state I,/I3 values
(see Table 4.2). The observation points to the dominant role of the collisional
mechanism of interaction (lifetime affected) between pyrene and Cs-chain compared
to static interaction (fluorescence spectra affected) [137]. The dynamical mechanism
of interaction may be important for these two phases since they participate in the
process of membrane fusion [214]. No rise time for pyrene in all the lipid phases is

recorded, which confirms the absence of excimers in the lipid assembly.

4.4  Conclusions

We have studied the temperature-induced phase transitions in the GL self-
assembly p-Glc-OCg using steady-state and time-resolved fluorescence
measurements. The two phase transitions, hexagonal < micellar and cubic <
lamellar, were characterized by probing the polar head group region using
tryptophan and two of its derivatives and probing the hydrophobic tail region using
pyrene. The fluorescence spectra of Trp, Trp-Cs, and Trp-Cg embedded in the
different phases indicate a local polarity close to that of simple alcohols (methanol
and ethanol) for all phases.

The fluorescence characteristics of pyrene indicate that the pyrene molecules
tend to disperse among the tails of the hydrophobic region as monomers, yet in close
proximity to the polar head group region. By comparing the steady-state
fluorescence spectra and lifetimes of pyrene in f-Glc-OCg and f-Mal-OCy,, we

conclude that the shorter alkyl chains in the former (Cg) interact more with the
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pyrene molecules. We attribute this observation to the more random and wobbling
motion of the longer chains (C,;) resulting in less interaction. The decrease in the
/13 value for the lamellar phase compared to the value in the cubic phase is
correlated to the interfacial curvature toward the bulk water in the cubic self-
assembly. This geometry also explains the slightly more hydrophobic environment
around the tryptophan molecule and its derivatives in the cubic phase compared to
that in the other phases (hexagonal, micellar, and lamellar). Upon the addition of
Trp-Cs, the fluorescence lifetime of pyrene is reduced by 28% in the lamellar and
cubic phases, whereas the I;/I5 value is only slightly reduced. The results reflect the
dominant role of the dynamical mechanism of the interaction between the Cg-chain
of Trp-Cg and pyrene. This mechanism maybe important for these two phases since
they participate in the process of membrane fusion. Both lipid compositions show
completely reversible temperature-induced phase transitions, reflecting the
thermodynamic equilibrium structures of their mesophases.

Probing the polar and the hydrophobic regions of the different lipid phases
points to a large degree of heterogeneity and flexibility of the lipid self-assembly.
These properties are important for carrying out different biological functions such as

the ability to accommodate various molecular sizes.
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Chapter 5 Branched-Chain Glycolipids Self-Assembly

INVESTIGATION ON THE EFFECT OF SUGAR STEREOCHEMISTRY
ON BRANCHED-CHAIN GLYCOLIPIDS SELF-ASSEMBLY BY

SMALL-ANGLE X-RAY SCATTERING

Chapter 5 focuses on the characterization of four branched-chain GLs,
namely 2-hexyl-decyl-a-D-glucopyranoside (a-Glc-OC10Cs), 2-hexyl-decyl-3-D-
glucopyranoside (B-Glc-OC10Cs), 2-hexyl-decyl-a-D-galactopyranoside (a-Gal-
0OC10Cs) and 2-hexyl-decyl-B-D-gaactopyranoside (B-Ga-OCy0Cs), with a total
alkyl chain length of 16 carbon atoms. These compounds are anomericaly (a/p-Glc-
0OC10Cs and a/B-Gal-0OC10Cs) and epimericaly (a-Glc/Gal-OC,0Cs and B-Glc/Gal-
OC10Cs) related. The phase behaviour of these non-ionic surfactants is investigated
by optical polarizing microscopy (OPM), differential scanning calorimetry (DSC)
and small-angle X-ray scattering (SAXS). Subsequently, their partia binary phase
diagrams are constructed, and their nanostructural studies and anomeric-epimeric

relationship is discussed as well.

5.1 Introduction

The cell membrane is normally modelled simply as a lipid bilayer with
embedded protein molecules, and assumed to be just a "nano-scae wrapper”
separating the cell components from their surroundings [1, 2]. Recently however,
the detailed structure of the lipid membrane itself has been recognized as important
in determining the organization, dynamics and function of the membrane. New
concepts such as lateral segregation [215], domain formation [216], lateral pressure
[217], curvature and curvature elasticity [209] have proved important in membrane
stability and integrity. In addition, the detailed structure and composition of lipids

within the bilayer, including phospholipids and nhumerous components such as GLS,
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have been shown to be equally important in determining biomembrane function
[161-167]. A holistic knowledge of these issues however, is sill patchy.
Understanding the physicochemical properties of the highly complex biomembrane
structure is a monumental task, but may be understood piece-wise by uncovering the
basic self-assembly properties of the various lipidic components.

The particular lyotropic phase adopted is closely related to the average
"shape" of the amphiphilic lipid molecules, which may be cylindrical, wedge-like,
or conical in a normal (type 1) or a reversed state (type 2) [218]. Variations in
parameters such as concentration and temperature modify this average "shape”, and
may lead to lyotropic phase transitions (e.g. the lamellar phase to other phases like
hexagonal and awhole variety of cubic structures) [79, 219].

The inverse bicontinuous cubic phases are thought to be important for
biological functions and have been observed in eukaryotic cells, particularly in the
mitochondria and the endoplasmic reticulum [220]. Their structures consist of a
curved continuous lipid bilayer, extending in three dimensions and separating two
interpenetrating networks of water channels [204]. The spontaneous formation of
such a cubic phase is due to a competition between two principa free energy terms
namely, the curvature energy of each monolayer and the stretching energy of the
lipid chains. To ensure a constant bilayer thickness, these two terms are least
frustrated simultaneoudly in the cubic phase; hence, they are found in between the
lamellar and hexagona phases in the phase diagram [26, 221]. Cubic phases have
been observed, usualy at relatively low curvatures, based on one of three
fundamental triply periodic minimal surfaces (TPMS): the Schoen gyroid (G), the
Schwarz diamond (D) and the primitive (P) minimal surfaces. These three complex

structures are related by a Bonnet transformation, in which they have the same
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volume transformation (isomeric) that leaves the intrinsic geometry intact, such as
the Gaussian curvature [222].

Interestingly, these biologically relevant phases have been used in numerous
biotechnological applications including delivery system technology [223]. As a
result, biocompatible liquid crystalline materials are in high demand. However,
natural products such as phosphatidylcholine (PC) from plasma membrane, as well
as monogal actosyldiacylglycerol (MGDG) and digaactosyldiacylglycerol (DGDG)
from photosynthetic thylakoid membrane, are difficult to extract and purify in large
quantities. Therefore, thereis ademand for synthetic substitutes, such as GLs, which
are cheap, renewable resources, biodegradable, non-ionic and environmentally
friendly. The investigation of lyotropic mesophases formed by synthetic GLs is
important not only for their technological relevance, but also from a fundamental
perspective because of their diverse functions in nature [15, 23-26].

The pre-eminent structural feature observed in many natural GL materials
(e.g. MGDG and DGDG) is a double chain. As such we have focused on the design
and synthesis of molecules containing two branched-chains which lead to an
increased desire for curvature. Many branched-chain designs have been suggested,
al having the ability to form non-lamellar inverse lyotropic phases [38, 115-117].
One likely candidate, which successfully mimics its corresponding natural product,
is the recently-proposed Guerbet glycoside [13, 37, 114]. This family of glycosides
is prepared using a glycosidation procedure described elsewhere [114, 118]. Itisa
synthesis which involves reacting a protected sugar with Guerbet acohol, an
industrial materia first synthesized by Marcel Guerbet [224]. Guerbet acohol
contains two asymmetric chains which differ by two methylene units, and the two
chains branch at the -carbon position, which is aso chiral. The Guerbet glycoside

series can be viewed as a Guerbet sugar, an addition to the Guerbet materials
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including the alcohol, ester and acid, all of which have been used in many industrial
applications [ 225, 226].

Herein, we investigate the biologically relevant inverse phases formed by
synthetic Guerbet GLs, and determine their partial phase diagrams via X-ray
investigations. In a previous study [119], we have determined that a branched Cag-
chain, in conjunction with a monosacharride head group such as glucose, can lead to
the formation of curved mesophases in excess water. As a continuation of the
previous study, four anomerically-pure branched-chain GLs based on C10Cg Guerbet
alcohols, namely 2-hexyl-decyl-a-D-glucopyranoside (a-Glc-OCy0Cs), 2-hexyl-
decyl-B-D-glucopyranoside (B-Glc-OC10Cs), 2-hexyl-decyl-0-D-galactopyranoside
(0-Gal-OC10Cs) and 2-hexyl-decyl-3-D-galactopyranoside (B-Gal-OC,0Cs) have
been chosen for further detailed X-ray investigation.

They are anomericaly and epimerically related compounds. The anomeric
pairs are a/B-Glc-OC1oCs and a/B-Ga-OCy10Cs, While the epimeric pairs are a-
Glc/Gal-0C40Cs and B-Glc/Gal-OCy9Cs. Their chemica structures are depicted in
Figure 5.1. The epimers and anomers of GLs were reevaluated [227], and found to
affect the thermotropic self-assembly considerably. A new trend on the phase
stability was uncovered in relation to the epimeric/anomeric stereochemistry. We
investigated the phase behaviour (dry and in agueous) of these systems in more
detail, and determined the relationship to their molecular structure, with a particular
focus on obtaining cubic phases suitable for general biotechnological applications
such as drug delivery [25, 26, 75] or in meso crystallization of membrane proteins
[78, 87]. In this chapter, the phases are described using the standard lyotropic
nomenclature, both in the dry and hydrated states, as the molecules involved are

amphiphilic rather than mesogenic [119].
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Figure 5.1: The chemica structures of the four branched-chain Cie

glycopyranosides.

52  Research Methodology

5.2.1 Preparation of Compounds

The synthesis of the four compounds is described elsewhere [114]. The

anomeric purity of the materials was confirmed to be at least 98%, using three

different techniques, namely nuclear magnetic resonance (NMR), thin layer

chromatography (TLC) and optical rotation.
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5.2.2 Optical Polarizing Microscopy (OPM)

The thermotropic liquid crystalline behaviour was characterized by using a
Mettler Toledo FP82HT hot stage and viewed with an Olympus BX51 microscope
fitted with crossed polarizing filters. The microscope was connected to an Olympus
camerafor image capture, with magnification factors of 10 and 20. The material was
heated until it reached its isotropic phase and the mesophase image formed was
taken upon slow cooling at the rate of 1 °C/min to obtain the best optical textures.
The lyotropic mesophase behaviour was investigated via the water penetration scan
technique [127]. A small amount of the sample was placed on a glass dlide and
covered with a cover dip. The sample was heated to the isotropic phase and cooled
to room temperature. A drop of water was then placed on the slide at the edge of the
cover dip and the water lowly penetrated the sample by capillary action to form a
concentration gradient that ranged from pure water to neat surfactant. Samples were
equilibrated at a given temperature for about 30 minutes. The cubic and micellar
phases were optically isotropic and black when observed under crossed polarizers,
and could be distinguished from each other since the former was more viscous when
pressed than the latter. Both lamellar and hexagonal phases were birefringent,
although the hexagona phase tended to produce much larger domains than the

lamellar phase, as well as distinctly different optical textures.

5.2.3 Differential Scanning Calorimetry (DSC)

Phase transition temperature and enthalpy of the samples were studied
primarily by a Mettler Toledo DSC 822° equipped with Haake EK9O/MT
intercooler. Calibration of the instrument was performed with indium for
temperature and enthalpy accuracy. STAR® Thermal Analysis System software was

used for analysis. The neat compounds were weighed between 4-8 mg in 40uL-size
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aluminum pans. Because GL s are hygroscopic, the weighed samples were dried over
phosphorus pentoxide placed under vacuum at 50 °C for 48 hours before being
covered, so as to remove any moisture absorbed during the preparation of the pan.
The samples were then immediately reweighed before being measured. The
measurement was conducted at a rate of 5 °C/min for both heating and cooling
cycles over a range of temperature at which the liquid crystal phase existed as

determined previously by an optical polarizing microscope.

5.2.4 Binary Phase Behaviour

Amphiphile-water mixtures was prepared by weighing out small amounts of
the dry lipid into glass ampoules followed by adding the appropriate volume of
water by weight. Samples ranging from 5% (w/w) to 90% (w/w) water content at
approximately 2-3% (w/w) water intervals were prepared for phase boundary
determination. The glass ampoules were flame-sealed, and the lipid-water mixture
was mixed as much as possible by centrifugation and heating followed by rapid
cooling. The sedled samples were illuminated and examined through crossed
polarizers in a heated water bath. Heating of the water bath was step-wisely

increased by 5 °C and then left to equilibrate for 1 hour at each desired temperature.

525 Small-Angle X-ray Scattering (SAXS)
Sample Preparation

Samples were made up to the required water content by adding a known
volume of Millipore water to the pre-weighed dry lipid, and homogenized by
centrifugation. The hydrated samples were equilibrated for at least three days before
SAXS measurements, whereas the dry samples were kept in a vacuum desiccator

until the day of measurements.
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Measurements

SAXS experiments were carried out on dry and hydrated samples at the
SAXS/WAXS beamline at the Australian Synchrotron. The experiments used a
beam of wavelength A = 1.03320 A (12 keV) with a typical flux of 10** photons per
second. 2-D diffraction images were recorded on a Dectris-Pilatus 1 M detector of
10 modules with analysis in the g-range 0.0305-1.047 A™. Silver behenate (A\=58.38
A) was used as the low-angle X-ray diffraction calibrant for al measurements.
Heating scans were recorded between 10 and 62 °C with 10 min equilibration time
at each temperature. An exposure time of 0.5 s was used to minimize radiation
damage to the samples. Image analysis was carried out using AXcess, an IDL -based
software package developed by Dr. Andrew Heron at Imperial College London

[209].

5.2.6 Calculation of Structural Parameters

The 2-D pattern obtained from SAXS/WAXS was integrated into a 1-D
scattering function 1(g) where g = (4m/A)sin 6 in which g = the scattering vector
modulus (units A™), 26 = scattering angle, and A = wavelength of radiation.

The calculation of lattice parameter which we denoted as d for lamellar and
a for non-lamellar phases was determined from the positions of the Bragg
reflections. The scattering function was expressed in terms of reciprocal spacing, s
(units A™), as s = (2/2) sin 6. For the lamellar phase, ;4 = n/d where n = order
of reflection = 1,2,3,...., and d = a-spacing (lattice parameter) of the lamellar phase.
For the hexagonal phase, spex = (2/V3ay)(h? + k? + hk)*/? where hk = Miller
indices and a, = lattice parameter of the hexagonal phase. For the cubic phases,
Seup = (1/a.)(h? + k? 4+ 12)1/2 where hk| = Miller indices and a. = lattice

parameter of the cubic phase. For the cubic phases, the shape factor, y and the
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average mean curvature, <H,.> were estimated [116, 117], using the following

equations:

Vhe _ fy al Equation 5.1
as(dnc)dnc Z(Ca% + Zﬂxgdﬁc)dhc’

—27)Xg dnc Equation 5.2

H —; J
Wne) = Tz g 2myddy,

where as= molecular cross-sectional area at the polar—non-polar interface, a;= cubic
lattice parameter, and C= a dimensionless constant that represents the surface area
per unit cell with a lattice parameter of unity. It has characteristic values for each
cubic phase, e.g. 1a3d (Q;®) = 3.091, and Pn3m (Q,;°) = 1.919 [99, 228]. y! isthe
Euler characteristic per unit cell. e.g. -8 for 1a3d (Q,®) and -2 for Pn3m (Q,,°) [99,
228].

The chain length, dic was calculated using equation 5.3 which relates f cas a

function of dy.

Equation 5.3

The volume fraction of the hydrophobic chain, f. was determined using

equation 5.4.

v .
fi = "LYhc , Equation 5.4
¢ ny, (Vpe + vhead) + nywyy
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where n.= number of moles of lipid, nyw = number of moles of water, vi,c= molar
volume of hydrophobic chain, Ve = molar volume of head group, and v, = molar
volume of water. The value of v, was estimated from molecular volumes reported
by the literature [117, 229], in which v(CH) = 20 A3, v(CH,) = 27 A3, and V(CH5) =
54 A3. The molecular volumes of the head groups, Vhew, Were estimated from the
reported density value of glucose (1.54 g/cm®) [230] and galactose (1.616 g/cm?)

[231] respectively. The density of water was assumed to be 1.00 g/cm?.

53 Resultsand Discussion
5.3.1 Thermotropic Phase Behaviour
Optical Polarizing Microscopy

Physically, all four compounds existed as yellowish gel-like syrups at room
temperature. Upon heating, various types of liquid crystalline phases were observed.
OPM images for neat a-Glc-OC,1oCg a room temperature displayed a birefringent
line at the edge of the sample, characteristic of afluid lamellar phase (L) as shown
in Figure 5.2(a). Upon heating, the sample slowly transformed to an isotropic phase
at 47.5 °C. On cooling the sample, the birefringent texture reappeared at 48 °C and
no further changes were observed upon cooling the material down to room
temperature.

The neat compound of B-Glc-OC,0Cs gave strong birefringence under an
optical polarizing microscope at room temperature, as previously reported [119].
However, upon heating, the recently prepared B-Glc-OC,0Cs compound became
clear at 76 °C, much higher than the previously reported temperature of 55 °C [119]
due to the improved anomeric purity of the present sample. Upon cooling to room
temperature, a birefringent liquid crystalline state was observed with no other phase

transitions recorded. The mesomorphic texture exhibited by B-Glc-OC10Cs is shown
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in Figure 5.2(b). The highly birefringent fan-shaped texture with a larger
homeotropic area is characteristic of a hexagonal or columnar phase [232], as
reported previously [119].

No birefringence was observed for a-Gal-OCy0Cs upon heating or cooling
(Figure 5.2(c)), and the material appeared as a viscous isotropic sample. However,
the viscosity of the sample decreased significantly at 51 °C, suggesting that a-Gal-

OC,0Cs adopted a cubic phase up to 51 °C before transforming to an isotropic liquid.

(a) a-Gl c-0OC10Cs (b) B-G' c-0OC10Cs

(C) o-Gal -0OC10Cs (d) B-Gal -0OC10Cs

Figure 5.2: The liquid crystalline texture at 30 °C upon cooling for the four
compounds at magnification factor of 20.
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Neat (-Gal-OC;oCs exhibited its crystalline nature (Figure 5.3(a)). B-Gal-
OC;0Cs started to show changes in crystal shape and anisotropic polarization angle
when close to the transition temperature from solid crystalline to hexagonal phase at
43 °C (Figure 5.3(b)). It then transformed to the isotropic phase a 74 °C. On
cooling, a birefringent texture characteristic of a hexagona phase was produced
(Figure 5.2(d)) until it reached room temperature. No formation of the crystalline

texture was observed due to the sample remaining in the metastable hexagonal

phase.

Figure 5.3: The solid crystalline texture of -Gal-OC,,Cs at magnification factor of
10: (a) at room temperature (b) the same position at 42 °C.

A typical liquid crystal material usually melts from the crystal phase through
aliquid crystal phase into the isotropic liquid. However, for three of these GLs the
phase transition from the crystaline state to the liquid crystalline state occurred at
sub-ambient temperatures. The OPM measurements were conducted at ambient
temperature and above, and their thermotropic phase transition temperatures are
tabulated in Table 5.1. Both the anomeric and epimeric configuration have
significantly affected the thermotropic properties of the dry compounds and this is

discussed further in the Section 5.3.3.
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Table 5.1: Thermotropic phase transition temperatures measured above 23 °C by

OPM.
Compound Phase and transition
temperature (0.5 °C)
G-G|C-OC]_oCe Cr ? L,4751
B-G|C-OC]_oCe Cr? H, 76 I
G-Gal-OC]_oCe Cr ? QII 51 |
B-Gal-OCloCG Cr 43H|| 74 |

Differential Scanning Calorimetry

In general, the results obtained from OPM were confirmed by DSC and both
methods showed amost the same results within a range of 1-6 °C. Slight
differences in temperatures were attributed mostly to the difference in the heat
transfer between the sample and supporting substrate (glass slide in OPM vs.
aluminum pan in DSC). The DSC scan runs for each of the compounds were started
at -55 °C at a scan rate of 5 °C/min. The transition temperatures were obtained from
the peak maxima of the second heating cycle to remove the thermal history whereas
the enthal pies were obtained by integrating the transition peaks as shown in Figure
5.4. The complete DSC scans for the compounds are given in Figure A1-A4 of the
Appendix A.

Upon heating, a-Glc-OCy0Cs changed from its liquid crystalline phase to an
isotropic phase at 44.4 °C with AH = 0.42 kJ/mol. No other phase transitions were
detected as previously determined by OPM showing that the solid crystaline to
liquid crystal phase transition occurred at a much lower temperature.

From DSC, it was confirmed that B-Glc-OCy0Cs changed from liquid
crystalline phase to the isotropic liquid at 75.7 °C with AH = 0.19 kJ/mol. Similarly,

no other phase transitions were observed upon subsequent heating and cooling.
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o-Glc- 0OC10Cs

v
B-G' c-0OC10Cs
—\./ —
o-Gd -0OC10Cs

Energy (mW)

. B-Gal-OC1,Cq

20 40 60 80
Temperature (°C)

Figure5.4: DSC scans for the four compounds at heating rate of 5 °C/min.

Unlike the corresponding glucosides, a-Gal-OC,oCs showed a solid-liquid
crystalline melting transition at 19.1 °C (AH = 0.27 kJ/mol) when measured from
sub-ambient temperatures, followed by a transition into isotropic state at 45.2 °C
with AH = 0.06 kJ/mol.

Similarly, B-Gal-OCy0Cs melted at 44.9 °C with AH = 5.5 kJ/mol from the
crystal phase. The enthalpy value for this transition was significantly larger than that
of liquid crystalline to isotropic state transition, indicating that p-Gal-OC,,Cs had
undergone a transition from a highly ordered crystaline phase to the less ordered
liquid crystalline phase. The crystalline nature of this compound was observed under
optical polarizing microscope as shown in Figure 5.3. At 80.8 °C, B-Ga-0OC1oCs
changed from liquid crystalline state to the isotropic liquid state with AH = 0.12

kJ/mol.
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All the peaks corresponding to the cooling process seemed to have shifted to
lower temperatures (see Apendix A), suggesting there was a kinetic process
hindering the formation of the more ordered phase. The enthalpy of the phase
transition from liquid crystal to isotropic liquid obtained in these measurements was
relatively small (less than 6 kJ/mol), indicating that the mesophase was disordered
and liquid-like because only a small amount of energy was required for these
clearing phase transitions [233]. Table 5.2 displays the phase (determined from

OPM), transition temperatures and enthalpies for the transitions obtained from DSC.

Table5.2: Thermotropic phase transition temperatures and [enthal pies| at heating
rate of 5 °C/min.

Compound Transition temperature, (£0.1 °C) [Enthalpy, (kJ/mal)]

0-Glc-OC10Cs Cr ? Ly 444 [0.42] I
B-G|C-OC;|_0C6 Cr ? H, 75.7 [019] I
a-Gal-0OC1Cs Cr 19.1[0.27] Qy 45.2 [0.06] |
B-Gal-OC1oCs Cr 44.9 [5.5] H, 80.8[0.12] |

The Guerbet acohols are known to have lower melting points than straight
chain alcohols with the same chain length [225, 234]. Comparing the numerous
published works on the transition temperatures for neat single chain alkyl glycosides
[35, 36, 118], the Guerbet branched-chain GLs, in genera, give rise to lower
transition temperatures resulting from the chain branching which leads to an
increase in conformational disorder in the hydrocarbon chain region [114]. Both
monoalkylated glycopyranoside o/f- anomers behave similarly when the chain
length is greater than 12 [36]. In contrast, investigation into the Guerbet branched-
chain GL shows that both glucose and galactose anomeric pairs behave differently
since the chain length is in the intermediate range, implying that the anomeric effect
is significant.
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5.3.2 Lyotropic Phase Behaviour
Water Penetration

The sequences of lyotropic phases existing within a-Glc-OC,0Cs, B-Glc-
0OC10Cs, 0-Gal-0OC;0Cs and B-Gal-OC;0Cs were determined via the water penetration
technique by optical polarizing microscopy. Their viscosities and optical textures
provided indicative evidence for phase identification. This method offered a
qualitative phase diagram with increasing water content but provided no quantitative
information on the concentrations at phase boundaries. Therefore, the technique was
complemented by SAXS measurements. In Figure 5.5 these phase diagrams are
presented with increasing water concentration, from left to right.

The observed phase sequence for a-Glc-OCy0Cs With increasing water
content is provided in Figures 5.5(a) and (b). Upon the addition of water at 40 °C,
two viscous isotropic phases grew slowly to replace the L, phase of the neat
compound as a function of concentration gradient which gradually decreased from
the edge to the centre of the compound. Cubic phases are generally highly viscous.
As the temperature was increased to 60 °C, a less viscous isotropic (putative Lo
phase) region formed within the neat surfactant region, due to clearing of the neat
compound (Figure 5.5(b)).

The water penetration scan for B-Glc-OC,0Cs, Figure 5.5(c), shows the
formation of a viscous isotropic phase at higher water content, replacing the
hexagonal phase formed by neat 3-Glc-OC10Cs. Both phases were observed in the
temperature range of 30 °C to 80 °C.

In the case of a-Gal-OCy0Cs (Figure 5.5(d)), the addition of water resulted in
two isotropic phases, presumably two different types of cubic phases since they

appeared more viscous than the micellar solution.
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Neat surfactant Neat surfactant
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(a) (X-G|C-OC10C6 a40°C (b) G-G|C-OC10C6 a60°C

Neat surfactant Neat surfactant
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(C) B-Glc-OC1oCs at 50 °C (d) 0-Gal-OC1,Cg at 30 °C
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Figure 5.5: Water penetration scans for the four compounds at magnification factor
of 20. We label the unidentified cubic phases as, Q;;, Qi*, and Q%

Figure 5.5(e) shows that the hexagonal phase observed in dry 3-Gal-OC10Cs
remained unaffected in the presence of water at 40 °C. This implied that the phase
existed as a non-hydrating hexagonal phase. However, at the higher temperature of
70 °C, aviscous isotropic cubic phase started to appear as denoted by the transition

barsin the texture pattern of the hexagonal phase (Figure 5.5(f)).
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Binary Phase Behaviour

The phase boundaries of the four branched-chain glycopyranoside/water
systems were determined by preparing samples with a controlled water content
ranging from approximately 5% (w/w) to 90% (w/w) sealed in glass ampoules and
examined in the temperature range of 10 °C to 60 °C. The results are represented by
dashed lines in Figure 5.6. Seemingly, al compounds were well-mixed and
homogenous, except for those of B-Gal-OCy0Cs, Which appeared as non-hydrating
samples over a very wide water content and temperature range. Both a-Glc-OCy0Cs
and B-Glc-OC,oCs, were characterized by phases with anisotropic textures in the
water content ranging from 3-18 % (w/w) and at temperatures of up to 60 °C. For [3-
Gal-0OC;0Cs, the anisotropic behaviour appeared at all water contents and over the
whole temperature range. Below 35 °C, a-Glc-OC,,Ce/water system at less than
24% (w/w) showed the co-existence of two phases (anisotropic and viscous
isotropic). The viscous isotropic phase was observed for a-Glc-OCy0Cs and B-Glc-
OC;0Cs at concentrations greater than 24% (w/w). However, for a-Gal-OC,oCg, the
viscous phase started to form at very low water concentration (approximately 4.3%
(w/w)). The excess water point was estimated at around 35% , 32% , 40% and 37%
(wiw) for a-Glc-OCy0Cs, B-Glc-OC1pCs, 0-Ga-0OCy10Cs and B-Ga-0OC;10Cs
respectively.

SAXS experiments were carried out at the Australian Synchrotron allowing
definitive phase assignments to be made, in particular to determine the exact
symmetry of the cubic phase formed and provide information on the lattice
parameter of individual phases. Samples were prepared at various water contents

between 0 and 80% (w/w) and measured from 10 to 62 °C.
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Figure 5.6: Partial binary phase diagrams of the four compounds in the heating
direction. SAXS results are represented as L, (®); Lo (#); Qi (%); QP (¢); Hu(4).
Polarizing microscopy results are shown as shaded areas. The phases observed
include an anisotropic phase, a viscous isotropic phase and a co-existence of both
anisotropic and viscous isotropic phases. The excess water points are represented by
bold dashed lines.
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The SAXS results obtained were in good agreement with those of the contact
penetration scans. The phases identified by SAXS together with the phase
boundaries, and excess water regions for all compounds are illustrated in Figure 5.6.
In generdl, the self-assembly structures formed by all four GLs/water system were
relatively independent of temperature within the measured range (10-62 °C). These
sugar surfactants were temperature-insensitive which suggested that there was no
significant removal of water molecules from the head group due to the strong
hydrogen bond between the OH groups of the sugar unit and water [108]. However,
a variety of lyotropic phases were observed with increasing water content.
Representative 1-D SAXS patterns of intensity versus s (reciproca spacing) are
illustrated in Figure 5.7 for all types of observed phases at various temperatures and
water compositions. The calculated lattice parameters for each phase are tabulated
as afunction of temperature and water content in Tables B1-B4 of the Appendix B.
In addition, the lattice parameters for selected samples are tabulated in Tables 5.3

5.6.

Table 5.3: Phase assignments and lattice parameters for a-Glc-OC,oCs as afunction
of water content and temperature. Error in lattice parameter measurementsis

<0.1A.
Water L attice parameter (A)
Content
(% (Wiw)) 11.0 19.0 325 39.8 50.2
Temperature
E)OC) u Lo Lo Qi° Q° QfF Q° Q°
10 26.9 28.4 78.4 92.6 59.7 62.0 61.8
24 26.8 28.2 76.9 92.0 58.8 61.6 61.3
30 26.7 28.2 76.6 92.5 59.0 61.5 61.3
37 26.7 28.2 76.7 91.7 59.0 61.1 60.9
55 25.9 76.3 90.1 57.6 59.2 60.2
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Table 5.4: Phase assignments and | attice parameters for -Glc-OC10Cs as a function
of water content and temperature. Error in lattice parameter measurementsis

<0.1A.
Water L attice parameter (A)
Content
(% (wiw) 119 206 20.8 40.1 49.8
Temperature
?OC) Qi° Qi° Q¢ Q/° Q¢ Q° Qi° Q°
10 71.3 775 87.2 554 875 558 87.7 55.9
24 71.2 75.8 86.7 55.1 87.3 555 875 b55.7
30 71.2 2.7 86.8 55.1 874 557 87.6 55.6
44 70.4 78.8 86.1 55.0 87.0 553 87.3 55.6
50 70.0 77.4 85.6 86.8 55.2 86.2 55.6

Table 5.5: Phase assignments and lattice parameters for a-Gal-OC,oCs as afunction
of water content and temperature. Error in lattice parameter measurementsis

<0.1A.
Water L attice parameter (A)
Content
(% (Wiw)) 11.2 21.7 30.3 40.3 49.9
T t
emE)oe(r:;:l ure Hi  Qu° Qi° Q¢ QfF Q° Q°
12 290 75.8 82.1 91.3 584 60.0 60.3
18 29.0 755 81.8 904 58.1 59.6 59.7
24 290 740 815 899 5K8.2 59.3 59.3
30 70.5 80.9 89.5 58.6 59.1 59.1
37 69.8 80.0 89.3 5738 58.4 58.5

Table 5.6: Phase assignments and | attice parameters for -Gal-OC10Cs as a function
of water content and temperature. Error in lattice parameter measurementsis

<0.1A.
Water L attice parameter (A)
Content
(% (Wiw)) 10 20 30 40 50
Temperature

?OC) ! Hi Qi° Hi Qi° Hi Hi Hi
25 29.1 29.1 29.1 29.1 29.1
30 29.1 29.1 29.1 29.1 29.1
44 29.2 67.9 29.2 29.2 29.2 29.2
50 29.2 64.9 29.2 82.3 29.2 29.2 29.2
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Figure 5.7 (continued)
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Figure 5.7: Representative small-angle X-ray scattering (SAXS) patterns for (a) dry
0-Glc-OC1oCs at 30°C. The first order reflection of an Ly phase is seen. (b) dry (-
Gal-OCyoCs at 44°C. The V1, V3, V4, V7 and V9 reflections of a H,, are observed. (c)
B-Glc-OC1oCs With 10% (w/w) at 10°C. The V6, V8, V14, V16, V20, V22 and V24
reflections of a Q,,® phase are seen. (d) a-Gal-OC1oCs With 60% (w/w) at 10°C. The
V2, V3, V4, V6, V8 V9 and V10 reflections of a Q,,° phase are seen. (€) Co-existing
Ly and Q€ phases of a-Glc-OC1oCs With 20% (w/w) at 12°C. The first order
reflection of an L, phase is seen. (f) Co-existing Q,,° and Q,,° phases of B-Glc-
OC1oCs With 60% (w/w) at 30°C. The V2, V3, V4 and V6 reflections of a Q,,° phase
are seen, together with the Q,,© peaks.

The phase diagram for a-Glc-OC10Cs is given in Figure 5.6(a). At low water
contents (i.e. below 20% (w/w)), SAXS data confirmed the existence of a lamellar
phase. At 20% (w/w) water composition, a co-existence of lamellar and Q,,° phases
(crystallographic space group la3d) was observed in the temperature range of 10 to

37 °C. Above 40 °C, the lamellar phase peak disappeared |leaving only those of the

Qi® phase with characteristic peaks of V6, V8, V14, V16, V20, V22 and v24. As the
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water content was increased, just before the excess water point (35% (w/w)), we
observed a second co-existence of the gyroid Q,,° and the Schwarz diamond Q,,°
phase, of crystallographic space group Pn3m. In the excess water region, a single
Q\° phase (V2, V3, V4, V6, V8 V9 and V10 peaks) was found to be stable.

A partiad binary phase diagram for B-Glc-OC410Cs is provided in Figure
5.6(b). The anhydrous B-Glc-OC,oCs formed an inverse hexagonal phase, which co-
existed with a gyroid phase in the temperature range 10 to 18 °C. This unusual
behaviour was most probably due to the presence of trace water in the compound.
However, as the temperature was increased, the water molecules were removed, so
that only inverse hexagonal phase was observed at ambient temperature. Above 10%
(w/w), a single Q,® phase was observed. At approximately 30% (w/w) this phase
co-existed with a Q,° phase within the temperature range of 10 to 44 °C. Unusually,
this co-existence region between Q,® and Q,,° was stable above the excess water
point (30% (w/w)) for al temperatures studied. At an excess water concentration of
80% (w/w), a stable Q,° phase was detected between 30 and 37 °C. This
observation was in good agreement with the previously reported work [119].
Interestingly, the same sample of 80% (w/w) was found to give a perfect Q,® phase
with V6, V8, V14, V16, V20, V22 , V24 and V26 peaks after it was equilibrated for 8
months. The formation of the Q,;© phase in excess water was rare since the gyroid
(G) surface is the most compact space filling followed by the diamond (D) and the
primitive (P), according to the Bonnet relationship of the three minimal surfaces
[235]. Consequently, the Q,® phase normally occurs at a reduced hydration
compared to the Q,° phase, which is more commonly found in excess water
systems. The unusual observation of a Q,°/Q,® coexistence over a wide

temperature and composition range, including under putative excess water
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conditions, was backed up by the calculated ratio as/ap which agreed within a few
percent with the expected Bonnet relation ag/ap = 1.576.

According to the horizontal transverse rule, at a constant temperature, the
phase sequence upon concentration of any horizontal line in a binary phase diagram
should start and end with a homogeneous phase (i.e. one-phase region) and alternate
between homogeneous and heterogeneous phases [97]. The phase diagram of a-Glc-
OC10Cs/water (Figure 5.6(a)) and a-Gal-OC,oCg/water systems (Figure 5.6(c)) arein
agreement with the horizontal transverse rule. In contrast, the phase behaviour of 3-
Glc-OCoCo/water and B-Gal-OC,oCe/water are in apparent contradiction to this
simple thermodynamic rule. For instance, the wide co-existence Q,;° and Q,°
phases region was sandwiched between the gyroid phase at low and high water
concentration up to 80% (w/w) and 30-37 °C. The re-appearance of Q,° a high
water concentration was unexpected and could be due to a kinetically controlled
factor related to the asymmetric chain structure of this Guerbet lipid with a C10Cs
hydrocarbon chain. The effect of chain asymmetry on the material properties of
bilayer membrane has been investigated by computer ssmulation using dissipative
particle dynamics (DPD) by Illyaet. a. in 2005 [236]. Their work showed that chain
asymmetry leads to latera stress re-distribution in membrane, a process thought to
be important for the functioning of anaesthetics [237].

The phase diagram for a-Gal-OC;,Cs (Figure 5.6(c)) was dlightly different
from that of both glucopyranoside compounds. At low water content (less than 20%
(w/w), a Q;° phase was observed at al temperatures; whereas at a water
composition of greater than 40% (w/w), only the Q,° phase was observed at all
temperatures studied. The co-existence of both cubic phases was observed at 30%
(w/w) water. For the sample at 10% (w/w), an inverse hexagonal phase was detected

via SAXS in the temperature range of 10 to 24 °C. However, the birefringent trace
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of a hexagonal texture was not observed via polarizing microscopy. The excess
water point was higher than those of a-Glc-OC1oCs and B-Glc-OC,10Cs, occurring
above 40% (w/w).

For 3-Gal-OCyoCs/water system, the inverse hexagonal phase was formed at
al concentrations and temperatures studied (see Figure 5.6(d)). In the presence of
water, coexistence between the hexagona and cubic phases was observed at higher
temperatures, where the Q,° and Q,,° phases were detected at low (less than 20%
(w/w)) and high water (above 30% (w/w)) concentrations respectively.

We note that, except for the 3-Glc-OCyoCg/water system, many samples gave
weak diffraction patterns at higher water compositions (particularly above 40%
(w/w)). Some radiation damage was aso observed particularly at higher
temperatures (above 44 °C) for the B-Glc-OCyoCs/water and a-Gal-OC,oCe/water
systems and was manifested as highly spotty diffraction patterns leading to diffuse
poorly-defined peaks. Data from samples suspected of radiation damage was not
used in developing the partial phase diagrams presented in Figure 5.6.

Figure 5.8 shows representative X-ray scattering patterns for samples both in
the dry and hydrated forms. Except for Figure 5.8(c), these scattering patterns are
typical of those for the lamellar, inverse hexagona and inverse cubic bicontinuous

phases with characteristic peaks as shown in Table 5.7.

Table5.7: Characteristics spacing ratios of phases obtained.
Phase Characteristic peaks

L, 1
Hi V1, V3, V4, \7,9...
Qi° \6, V'8, V14, V16, V20, 22, \24....

Qi° V2,3, V4, \6, \/8, V9, \10...
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Figure 5.8: SAXS patterns under dry and wet conditions: (a) Lqat 44 °C, (b) Q,,° at 30
°C with 80% (w/w), (c) Hy at 44 °C, (d) Q€ at 30 °C with 80% (w/w), (e) Q€ at 44
°C, (f) QP at 24 °C with 80% (w/w), (g) Hy at 44 °C, (h) H,; at 30 °C with 80% (w/w).
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For dry B-Glc-OC,0Cs (see Figure 5.8(c)), the scattering pattern is rather
untypical of the hexagonal phase. The characteristic 2-D hexagonal higher-order
peaks V3, V4, V7 etc. are not observed. The absence of the higher order peaksin this
case is related to the form factor as found similarly for dry H, phase of
phospholipids [103]. A dry H;, phase can be modelled as a 2-D hexagonal lattice of
solid cylinders of uniform electron density (consisting of the dry aggregated head
groups), together with fluid hydrocarbon chains of uniform electron density. The
form factor of asingle such cylinder is aBessel function, whose first node (zero) lies
beyond the V1 peak of the hexagonal lattice, but before the next peak in the pattern.
Since the form factor lobes beyond the first node are characteristically of very low
amplitude for a solid cylinder, the higher-order peaks are too weak to be observed,
and only the V1 peak is seen. In the presence of water (lyotropic H phase), the
water content introduces a core of lower electron density relative to the head groups.
As aresult, the Bessel function (form factor) is more strongly oscillatory, thereby
allowing some of the higher-order peaks to become visible [119].

In the glucose head group, all the peripheral OH groups are equatorial while
in galactose, the OH group a the C4 position is axial. As a result, the lattice
parameter of the B-Gal-OC,0Cs is relatively larger than that of B-Glc-OCy0Cs (See
Table B4 and B2 respectively in Appendix B). In the absence of water, the C4-OH
group in the galactose head group may form intraayer hydrogen bonding with
neighbouring galactose units. We believe the intralayer hydrogen bonding due to the
C4-OH group has resulted in a core of hydroxyl group within the column much in
the same manner as a water column for hydrated hexagona phase sample (discussed
above), which will lower the electron density relative to the rest of the head groups.
Accordingly, the Bessel function is more strongly oscillatory, thereby allowing

higher-order peaks to become visible in the dry B-Gal-OCy,Cs pattern (see Figure
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5.8(g)). Thus the dry B-Gal-OC,0Cs sample exhibits similar scattering patterns as the
hydrated B-Gal-OC,0Cs (see Figure 5.8(h)). However, the behaviour of B-Gal-
OC10Cs continues to puzzle us, since the lattice parameter (see see Table B4 in
Appendix B) of the hydrated sample remains the same at different water
concentration. This observation is confirmed by the water penetration scan (see
Figure 5.5(g)). This implies that B-Gal-OC,0Cs forms a non-hydrating hexagonal
phase. In our case, the non-hydrating lipid may be attributed to the formation of the
hydroxyl core due to C4-OH of the galactose unit. In arecent modelling work [238],
it was shown through bond critica point (BCP) analysis that n-octyl-3-D-
ga actopyranoside formed an extra five-membered ring (compared to n-octyl-p-D-
glucopyranoside) which possibly contributed to its strong intralayer hydrogen

bonding observed in self-assembly structures.

Temperature and Composition Dependence

The lattice parameter temperature dependence for glycopyranosides/water
systems at different concentrations are shown in Figure 5.9-5.12. All observed
phases, including the Ly and cubic (Q,° and Q,°) phases, display a reduction in
lattice parameter with increasing temperature. This may reflect the increased
curvature of the interface at higher temperatures due to increased chain splay, and/or
the removal of absorbed water leading to a reduction in head group size. The
elimination of water molecules is more pronounced when there is more water
available (i.e. higher water content); the reduction in lattice parameter is therefore
greatest for samples with excess water. The increase in therma energy and
concomitant increase in molecular chain splay and average curvature have been

previously reported for these mesophases [94, 218, 239].

140



Chapter 5 Branched-Chain Glycolipids Self-Assembly
100 100

< 11.0% < 0, 19.0%
380' 380' XXX X XXX X

£ 60 - § 60 -

3 3

8 o ....L.a.‘ 3 ] .QOLGOQ

® 20 . —ceep 8 20 : . .

0 20 40 60 80 0 20 40 60 80
Temperature (°C) Temperature (°C)

100 100

< XXX X X XXX % < 39.8%
% 80 - Q”G % 80 - o 5

I

§60- XOCOOC OO o §60' XOOO o000

g 40 - Q,° g 40

% 32.5% %

® 20 : . . 8 20 : . :

0 20 40 60 80 40 Q0 80
Temperature (°C) %oempef ature ( C?

Figure 5.9: Temperature dependence of the lattice parameter of the mesophases for
0-Glc-OCyoCy/water. Symbols: Lo (*); Qi (*); QiP ().
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According to theoretical predictions on triply periodic minima surfaces
(TPMYS) [82, 235, 240], the sequence of bicontinuous cubic phases observed with
increasing water content should be Q,°~ Q,° -~ Q. The appearance of the Q,®
phase at lower hydration is expected since its underlying minimal surface has the
most efficient space packing, followed by Q,° and finaly Q,°, which has less
volume occupied by the lipid bilayer per unit cell volume [235]. However, in the
phase diagrams of these glycosides, not all three bicontinuous cubic phases will
necessarily appear. Figure 5.13 shows the dependence of the lattice parameter on the
water content. In the four lyotropic systems, all phases swell upon hydration
implying more water is absorbed by these phases until they reach saturation point or
excess water point (indicated by the dashed line in Figure 5.13). At this point, both
the Q,° and Q,° phases are in equlibrium with excess water and the lattice

parameters remain constant.
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Figure 5.13: Composition dependence of the lattice parameter of the mesophases at
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The shape factor, g= vy./(as(dy-)dy:), can be used to provide a
quantitative description of the molecular shape, useful for rationalizing the self-
assembly behaviour of individua lipids. The shape factors of the inverse
bi continuous cubic phases were calculated using equation 5.1. y was plotted for both
the Q€ and Q,,° phases formed by the a-Gal-OC,oCg/water system in Figure 5.14,
as a function of water content (Figure 5.14(a)) and temperature (Figure 5.14(b)).
The results indicated that the Q,,° phase gave a higher y value than the Q,° phase,
consistent with a more pronounced wedge shape for this molecule. In other words,
the large shape factor implied the lipid/water interface was more highly curved and
the phase could accommodate less water [241]. This finding is in good agreement
with the theory in which the average mean curvature of cubic phases decreases from
Qi° to Q,° to Q,". Based on the slopes, clearly the shape factor is strongly
dependent on hydration and relatively weakly dependent on temperature as reported
by Kulkarni [218] for the monoelaidin/water system. This argument is supported by

the calculated averaged mean curvature <H;.> values (see Equation 5.2) shown in

Figure 5.15.
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Figure 5.14: Shape factor, y values for cubic phases and their (a) water content and
(b) temperature dependence for a-Gal-OC;oCe/water. Symbols: Q€ (*); Qi° (2).
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Figure 5.15: <H,.> values for cubic phases and their (a) water content and (b)
temperature dependence for a-Gal-OCyCe/water. Symbols: Q€ (*); Qu° (¢).
5.3.3 Anomeric-Epimeric Relationships

Considering 10 carbon atoms as the longest chain in these Guerbet
glycosides (see Figure 5.1), we may compare these with the structure properties of
n-decyl glucopyranosides observed by other authors [36, 210, 242] for both a and 3
anomers. It is clear that the chain branching effectively increases the hydrophobic
taill volume relative to that of the head group, thus increasing the critical packing
parameter to greater than one. According to Israglachvili [101, 243], this value
favours the formation of inverse structures such as inverse hexagona and
bicontinuous cubic phases since the molecule effectively has a wedge shape such
that the hydrophilic head group volume is small compared to that occupied by the
hydrophobic chain. Thus, the branched-chain lipids are more likely to adopt non-
lamellar phases compared to monoalkylated n-decyl glucopyranosides. Similarly the
addition of two aiphatic chains leads to the formation of curved phases as observed
in phenylazophenyl glycosides [233].

Table 5.8 gives the structure versus thermotropic phase relationship of the
four Guerbet glycosides demonstrating the stereochemical (anomeric vs. epimeric)
effect. The a-Glc-OC,oCs gives an L, phase. However, its -gluco anomer displays

an H,, phase. Thisimplies that the mean curvature in 3-glucoside is higher compared
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to a-glucoside and the former is more wedge-like in shape (highly curved).
Comparing the molecular structure of both a/p-glucopyranosides, the cross-sectional
area of the hydrophobic branched-chain to the sugar head group is larger for the 3-
anomer than for a-anomer. Again a dlight conformational difference in the two
anomeric compounds has led to a large difference in the structural property. A
similar trend is also observed in a/f-galactopyranosides in which a-Gal-OC1oCs

forms a Q,,° phase whereas p-Gal-OC1oCs forms amore highly curved H,, phase.

Table5.8: Anomeric-Epimeric relationship of thermotropic liquid crystalline phases
determined by OPM (above 23°C).

Anomer pairs Epimer pairs
a-Glc-OC10Cs  B-Glc-OC10Cs 0-Glc-OCy0Cs  0-Gal-OC40Cs
Lo 4751 H 76 (66*) | L4751 Q°511
a-Ga-0Cy0Cs  B-Gal-OC10Cs B-Glc-OCy1oCs  B-Gal-OC10Cs

Qi°511 Cr43H, 741 H, 76 (66*)1  Cr43H, 741

*previous reported result [119].

In the anhydrous state, a-glucoside adopts an L, phase whereas its epimer, a-
galactoside gives a Q,,° phase at comparable temperatures. This result shows that the
dlight conformational difference at the C4 of the OH group between a glucoside
(equatorial) and a galactoside (axial) has a profound effect on the phase behaviour.
The molecular structure of a-Gal-OC;0Cs has a wedge-like shape and a liquid-like
branched-chain. Hence, the cross-sectional areas are larger compared to those in a-
Glc-OC10Cs. As a result, molecular splay effect is introduced into the bilayers,
favouring the curved Q,,° phase. For a-Glc-OC10Cs, both the sugar head and the two
aliphatic chains have an equivalent cross-sectional area value, which results in the
formation of the lamellar phase in the neat compound. It seems that both

gaactosides are more curved than the corresponding C4-epimers. Hence we may
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assume that the H,, phase of B-Gal-OC,;0Cs has more curvature than 3-Glc-OC1Cs.
Generally, the hydrated samples of the four Guerbet glycosides compounds form
curved phases of the inverse bicontinuous cubic type over a wide range of

temperatures and compositions.

54  Conclusions

In this chapter, we report the partia temperature-composition phase
diagrams of four anomeric-epimeric related Guerbert glycosides namely a-Glc-
OC10Ce/water, B-Glc-OC,0Co/water, a-Gal-OCyoCe/water and B-Gal-OC,oCe/water
systems in the temperature range of 10 to 62 °C. In genera, the introduction of
chain branching of the hydrocarbon chains leads to the formation of inverse
structures such as the inverse hexagonal and bicontinuous cubic phases over a broad
range of temperature and water composition. This reflects the characteristic wedge
shape of these molecules such that the hydrophilic head group is small compared to
the volume occupied by the hydrophobic chain. Besides that, these Guerbet
glycosides have lower transition temperatures than single chain glycosides resulting
from the chain branching which leads to an increase in conformational disorder in
the hydrocarbon chain region. Interestingly, in excess water, 3-Glc-OC,oCs exhibits
an inverse bicontinuous cubic phase of space group 1a3d, which is very rarely seen
in single component amphiphile/water systems. It is presumably the asymmetric
chain of this Guerbet lipid with C10Cs hydrocarbon chain that stabilizes the l1a3d
phase, athough the mechanism of thisisnot clear at present.

Additionally, B-Gal-OC,0Cs forms a non-hydrating hexagonal phase at all
water contents. This result suggests that the axial OH group at C4 position in the
gal actose head group forms stronger intralayer hydrogen bonding with neighbouring

gal actose units than with water molecules in the inverse hexagonal phase.
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The anomeric-epimeric relationship shows that the p-anomers have a
stronger tendency to form inverse phases than the a-anomers. For the C4-epimers,
the galactoside is more highly curved than the corresponding glucoside. The
formation of liquid crystaline inverse hexagonal and bicontinuous cubic phases by
these Guerbet branched-chain glycosides over a wide range of temperatures and
water composition, opens up arange of potential applications, including as new drug
carriers in drug-delivery systems or for in meso crystalization of membrane

proteins.
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CHARACTERIZATION OF THE INVERSE PHASE OF A BRANCHED-
CHAIN GLYCOLIPID SELF-ASSEMBLY USING FLUORESCENT

PROBES

We continue our investigation using fluorescence spectroscopy to study the
inverse bicontinuous cubic phase of the 2-hexyl-decyl-f-D-glucopyranoside (5-Glc-
OC;oCg)/water system in order to understand the dynamics of confined water in

aqueous nanochannels of the lipidic cubic phase.

6.1 Introduction

Inverse liquid crystalline mesophases, such as the inverse bicontinuous
cubic, inverse hexagonal or inverse micellar cubic phase, are being widely studied
for their potential to produce new and/or better functionalities in food and
pharmaceutical products. So far, among these phases, the inverse bicontinuous cubic
phase has shown the finest studied applications in the field of controlled drug-
delivery [25, 26, 75] membrane proteins crystallization [78, 87] and material
synthesis [244]. In nature, the cubic lipid structures (i.e. cubic membranes) are
ubiquitous in biological systems and they are also involved in different biological
processes such as membrane fusion and fat digestion [245-248].

The inverse bicontinuous cubic phase is in fact a three-dimensional (3-D)
structure composed of a single, continuous bilayer that divides the aqueous
component into two interpenetrating but non-contacting channels of diameters
between about 20-50 A, draped over a triply periodic minimal surface (TPMS) [82,
90, 204, 245, 248]. The sponge-like structure of this phase allows the passage of
water-soluble as well as lipo-soluble molecules or peptides and proteins [26, 245].

Owing to these properties, cubic phase has proven useful for the nanoencapsulation
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of drugs as well as facilitating the crystallization of membrane proteins which do not
easily crystallize in bulk solution. The molecular mechanism in membrane protein
crystallization for instance, is not yet clear, but interfacial water and transport are
thought to play an important role in the nucleation and growth of crystal [249, 250].
In Chapters 3 and 4, we have investigated the lamellar and normal non-
lamellar phases (e.g. cubic bicontinuous, hexagonal and micellar) formed by straight
chain GLs. Herein, we characterize the inverse bicontinuous cubic phase formed by
the Guerbet glycoside, 2-hexyl-decyl-f-D-glucopyranoside ($-Glc-OC;¢Ce) using
the same fluorescent probes and techniques as described before. f-Glc-OC;¢Cg
consists of a single sugar unit with a branched alkyl chain of total 16 carbon atoms.
The pS-Glc-OC;yCg can give an inverse bicontinuous cubic phase with gyroid
structure (la3d symmetry) due to the branched-chain, which leads to an increased
desire for curvature. The gyroid structure can be formed by intercellular lipid
membranes of the biological systems and this structure has various technological
applications such as mesoporous sieves, catalyst and material for making contact
lenses [83]. For this study, the cubic phase is observed at 20% (w/w) water content
of f-Glc-OC,(C¢/water system according to its partial binary phase diagram shown
in Figure 5.6(b) of Chapter 5. The chemical structure of f-Glc-OC;(Cg is depicted in

Figure 6.1.

OH
"0 R \/C:/\:/\/
HO o

OH

Figure 6.1: The chemical structure of 2-hexyl-decyl-S-D-glucopyranoside (f-Glc-
OC(Co).
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6.2 Research Methodology
6.2.1 Materials

The synthesis of -Glc-OC,(Cq is described elsewhere [114]. Pyrene (99%)
was purchased from Sigma-Aldrich. L-tryptophan (99%) was obtained from Merck.
Tryptophan butyl ester (Trp-C4) and its octyl analog (Trp-Cg) were prepared
according to the literature procedure [181] mentioned in Chapters 3 and 4. All

chemicals and solvents were used without further purification.

6.2.2 Sample Preparation

The concentration of tryptophan/tryptophan ester/pyrene in the p-Gle-
OCoCe¢/water system for both steady-state and time-resolved experiments was
adjusted to 0.1 mM. The value was based on an estimated density of ~1.0 g mL™ for
the mixture. The inverse bicontinuous cubic phase used for this study was observed
at 20% (w/w) water content of -Glc-OC,(C¢/water system according to its partial
binary phase diagram as reported in Chapter 5 (see Figure 5.6(b)). The inverse
bicontinuous cubic phase was confirmed to be formed by illuminating the sample in
the flame-sealed tube and examining it through a cross-polarizing filter. These cubic
phase samples were optically isotropic under the cross-polarizing filter and highly
viscous-two properties characteristic of the cubic lipid phases. All samples were
treated with the same procedure used in Chapter 3. The aqueous buffer used was 25
mM sodium phosphate buffer, pH 7.2. The samples included the lipid mixed with
the different probes, in addition to one sample with no probes, which was used as a

standard in the measurements.
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6.2.3 Instrumentation

Fluorescence spectra were recorded on a Shimadzu RF-5301 PC
spectrofluorophotometer and lifetime measurements were performed using a
TimeMaster fluorescence lifetime spectrometer. In all the experiments, samples
were measured in a 1-cm path length quartz cell at 23 + 1 °C and were treated with

the same procedure used previously.

6.3 Results and Discussion

6.3.1 Probing the Polar Region of the Lipid

—— Buffer (pH 7.2)

1.2 7 ———- Methanol
........... Ethanol
1.0 - 1,4-Dioxane
Trp + Lipid

Trp-C4 + Lipid

081 Trp-Cg + Lipid

0.6 -

Fluorescence (normalized intensity)

290 310 330 350 370 390 410 430 450
A (nm)

Figure 6.2: Fluorescence spectra of tryptophan and its derivatives in different
solvents and in the inverse cubic phase of the f-Glc-OC;(Cg lipid. Aex = 280 nm.
Tryptophan molecule is again used in this work to probe the head group
region. Figure 6.2 shows the fluorescence spectra of tryptophan in solvents of
different polarity as well as the three probes (Trp, Trp-C4 and Trp-Cg) embedded in
the inverse cubic phase with la3d space group of the f-Glc-OC¢Cs lipid. From the

graph, the fluorescence peak positions of Trp and its derivatives in lipid are red-
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shifted (Amax = 360361 nm) compared to that of tryptophan in buffer (Apax = 355
nm). This observation is an indication of the different environment experienced by
the tryptophan moiety in the polar region of the head groups of the lipid which is
slightly more polar compared to water.

The normal and inverse cubic phases show that the tryptophan and its
derivatives are clearly experiencing different environments in the head group region
(see Figure 6.3 and Table 6.1). In the former, the peak positions of tryptophan
moieties are close to those of methanol and ethanol (Anax = 340—342 nm), whereas in
the latter, the fluorescence peak maxima are more polar than buffer (Ay.x = 355 nm).
This probably indicates that tryptophan in the inverse cubic phase is very close to
bulk water, a sign for the presence of bulk-water like channels that facilitate the
transformation of water-soluble substances to the cell in the inverse cubic phase

more than in any other phase.

1.2 -

—— Buffer (pH 7.2)
———- Normal Cubic Phase
T Inverse Cubic Phase

Fluorescence (normalized intensity)

290 310 330 350 370 390 410 430 450
A (nm)

Figure 6.3: Fluorescence spectra of Trp embedded in the normal cubic phase of -
Glc-OCy and the inverse cubic phase of f-Glc-OC1¢Cs. Aex = 280 nm.
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Table 6.1: Fluorescence spectral peak maxima of tryptophan and its derivatives in
the normal cubic phase of f-Glc-OCg and the inverse cubic phase of f-Glc-OC;(Ce.

Aex = 280 nm.
Peak maximum (nm)
Probe . .
Normal cubic Inverse cubic
Trp 346 361
Trp-Cy4 346 360
Trp-Cs 347 360

The results obtained for tryptophan and its derivatives in the inverse cubic
phase of the f-Glc-OC;¢Cs lipid are in stark contrast to those obtained for the
inverse cubic phase of monoolein reported by Kim et al. [149]. There are a few
differences in the lipidic cubic phase used in the present study and in previously
reported work that may have led to these differences. First, in monoolein the
tryptophan molecule and its derivatives were anchored into the inverse cubic phase
of Pn3m instead of la3d space group. The water channels in the Pn3m meet in four-
way junctions at 109° whereas in the /a3d they meet in three-way junctions at 120°.
Unlike in the Pn3m, the two water regions in the /a3d are no longer identical
(enantiomers) and each has a different chirality [85].

Second, the size of water nanochannels in the lipidic cubic phase in
monoolein is about 50 A [149]. In this work, we calculate the aqueous channel
diameter to be ~23 A by simply using the following equation described by Kraineva

et al. [248]:

Tw= 0.248a, — dp,, Equation 6.1
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where the chain length,d. of the cubic phase can be calculated by using the cubic
lattice parameter, a. which is determined by SAXS of the known sample
composition, ¢ . (refer to Equation 5.3). Moreover, this calculated value was

obtained under the experimental conditions described in Chapter 5 (20% (w/w) of
the f-Glc-OC,oCe/water system and at 23°C) which form an inverse cubic phase of
the space group la3d with a,=75.8 A and d,.=7.3 A. The size of our aqueous
nanochannels is half that of the cubic Pn3m space group measured by Kim et al.
[149] (23 A vs. 50 A).

We estimate the length of the tryptophan molecule to be about 12 A. The Cy-
and Cs-tails are approximately 4.5 and 9.0 A in length, respectively. Therefore, the
molecular length of the Trp-Cy is about 16.5 A whereas the Trp-Cy is about 21 A.
Similar to the observation reported by Kim et al. [149], we anticipate, as the chain
length increases, the tryptophan molecule especially Trp-Cs is likely to be pulled
closer to the polar head groups due to the nature of the alkyl ester chain being
hydrophobic and tending to avoid the hydrophilic region. However, the fluorescence
spectral position contradicts this proposition. Two possible situations may be
offered since the length of the Trp-Cg molecule (21 A) is comparable to the water
channel diameter (23A). On the one hand, the Trp-Cg maybe trapped inside the
aqueous nanochannels with restricted movement causing its Cg-chain not to
penetrate the tail region of the lipid. Alternatively, the Trp-Cg molecule may also be
dispersed in the continuous phase on the outside of the cubic structure. The results
for the behaviour of the tryptophan probes in the head group region of the inverse
cubic phase are far from being conclusive and further experiments are needed in

order to establish a solid conclusion regarding these findings.
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In the next section 6.3.2, we provide some supporting evidences of why the
alkyl ester chain of tryptophan does not infuse into the hydrophobic region. Both
Trp and Trp-C,4 are presumably experiencing the same condition as Trp-Cg but with
less constraint. As shown in Figure 6.2 and Table 6.1, all the three probes (Trp, Trp-
C4, and Trp-Cg) have similar spectral positions when embedded in lipid which
implies that the tryptophan molecule is located in a similar polar environment. This
observation confirms that the glucose unit of the head group does not show any
polarity gradient as reported in Chapter 4 for other phases.

The fluorescence lifetimes of tryptophan and its ester derivatives are
measured in the inverse cubic phase of the f-Glc-OC,(Cg lipid. Tryptophan has two
lifetime components in buffer which are due to two different rotamers (0.5 and 3.8
ns) [137, 196, 197]. Figure 6.4 shows the decay transients for Trp-Cg in buffer and
in the S-Glc-OC(Cq lipid as an example. The two decay components are not much
affected by changing the environment from buffer to inverse cubic phase. Lifetime
measurements indicate that the lifetimes of tryptophan and its derivatives are close
to those in buffer. The biexponential nature of the tryptophan fluorescence decay in
lipid establishes a strong support for the ground state heterogeneity. This
heterogeneity indicates that the lipid self-assembly has a degree of flexibility that
allows the tryptophan side chain to exist in two different rotamers. The only effect
of the lipid is observed in the relative contribution from each lifetime component.
The major contribution in solution is from the long lifetime component (85-90%),
as tabulated in Table 3.2, Chapter 3. This trend is similar to that in the inverse cubic
phase of the f-Glc-OC,oC¢ where the long lifetime component gives a major

contribution of 73—78%.
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Figure 6.4: Fluorescence decay transients of Trp-Cg in buffer alone and in buffer

containing the inverse cubic phase of f-Glc-OC;(Cg¢. Aex = 280 nm. IRF is shown by
a dashed line.

6.3.2 Probing the Hydrophobic Region of the Lipid

Pyrene is used as a probe to explore the tail region of the lipid due to its
fluorescence sensitivity towards its local microenvironment [201]. The spectra of
pyrene in cyclohexane, buffer, and in buffer containing the inverse cubic phase of
the f-Glc-OC¢Cs lipid is depicted in Figure 6.5. In buffer, the hydrophobic nature
of pyrene causes aggregation of the pyrene molecules to avoid the highly disliked
polar nature of the solvent as shown in the high yield of excimer formation
represented by unstructured band centred at ~465 nm. The excimer fluorescence is
completely absent in the S-Glc-OC,¢Cs lipid and only monomer fluorescence is
observed, as reflected by the sharp and structured band (~360—450 nm). This result
denotes that pyrene molecules are distributed among the tails of the lipid assembly

and prefer to be isolated from one another by hydrophobic solvation, similar to

pyrene in cyclohexane [137, 198].
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Figure 6.5: Fluorescence spectra of pyrene dissolved in cyclohexane, in buffer
alone and buffer containing the inverse cubic phase of the f-Glc-OC,(Cg lipid. Aex =
340 nm.

The intensity ratio of the two vibronic peaks of pyrene (I;/I3) with maxima at
~375 nm for I; and ~385 nm for Is (marked in Figure 6.5) clarifies the local
environment of pyrene in f-Glc-OC;¢Ce [156, 199, 200]. An increase in the I;/Is
ratio indicates more polarity. The I;/I; ratio in cyclohexane and buffer are reported
to be 0.58 and > 1.08, respectively (see Chapter 3). In the present study, the I;/I3
ratio for the inverse cubic phase is calculated to be about 0.78. This ratio indicates
that pyrene is in a hydrophobic environment in the tail region of the lipid. This can
be attributed to the more compact interaction of the double alkyl chains of f-Glc-
OC;¢C¢ with the pyrene molecules which leads to an increase in the pyrene local
hydrophobicity. Although pyrene is hydrophobic in nature, the results presented in
Chapters 3 and 4 (see Figure 6.6) indicate that the pyrene molecules reside close to

the polar region, yet hidden within the tail region of the lipid.
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Figure 6.6: A schematic diagram showing the pyrene molecule in the hydrophobic
region of the cubic /a3d phase. The continuous blue area is the aqueous channel of
size 23 A.

Table 6.2 shows the values of I;/I5 for the inverse cubic phase of the f-Glc-
OC,0Cg lipid. The I,/I; ratios for the normal cubic phase of the f-Glc-OCg are also
included for comparison. Unlike in the normal cubic phase, the presence of Trp and
Trp-Cs in the head group region of the inverse cubic phase has no effect on the I;/I3
values. This finding suggests that the Cs-chain of tryptophan is not embedded inside
the hydrophobic region of the lipid system and hence supports the results found for
the polar region. On the contrary, the slight decline in the I,/I; value in the presence
of Trp-Cg for the normal cubic phase can be related to a slight increase in
hydrophobicity around the pyrene molecules due to penetration of the Cg chain in
the tail region of the lipid assembly. Besides that, comparing the normal cubic phase
with the inverse cubic phase, we find a drop of about 16% in the I,/I; values as
shown in Table 6.2 where the values are the average of three measurements. The
lower polarity in the inverse cubic phase is due to the presence of the double alkyl

chains of the p-Glc-OC;¢Cs lipid which, as mentioned above, increases the
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hydrophobicity around pyrene. In the normal cubic phase of the f-Glc-OCg lipid,
only straight alkyl chains form the tail region, and have less interaction with the

pyrene molecules compared to the double alkyl chains.

Table 6.2: Fluorescence intensity ratio of the vibronic peaks of pyrene (I,/13) in the
normal cubic phase of the f-Glc-OCsg lipid and the inverse cubic phase of the 5-Glc-
OC10C6 llpld kex =340 nm.

1,/13
Probe - :
Normal Cubic Inverse Cubic
Py 0.93 0.78
Py + Trp 0.93 0.78
Py + Trp-Cs 0.91 0.78

Table 6.3 summarizes the fluorescence lifetime measurements for pyrene in
the p-Glc-OC;¢C¢ lipid. The fluorescence decay of pyrene is best-fitted to a
biexponential function. The two lifetime components in this inverse cubic phase
show a short component of 0.83—1.11 ns and a long component of 4.5-4.8 ns. The
presence of two decay components reflects the heterogeneity in the local
environment of pyrene inside the hydrophobic region. There is no change
(reduction) in the long lifetime component of pyrene upon the addition of Trp-Cy
which confirms that there is no interaction between pyrene and the Cg-chain of
tryptophan as the Cg-chain does not penetrate the tail region of the lipid. A
comparison between the long lifetime component of pyrene in the inverse cubic
phase (4.8 ns) and that of the normal cubic phase (11.0 ns) as reported in Chapter 4
(see Table 4.4) proves that the former has more interactions between the pyrene
molecules and the branched chains of f-Glc-OC,¢C¢. Again, we do not detect any
rise time for pyrene in lipid which confirms the absence of excimers in the lipid

assembly.
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Table 6.3: Fluorescence lifetime (ns) data of pyrene, pyrene + Trp, and pyrene +
Trp-Cs in the inverse cubic phase of the f-Glc-OC,(Cg lipid.

Inverse Cubic

Probe o o .
11 48
Py ©28) (72 09
0.83 45
Py +Trp (0.28) 072 104
Py + Trp-Cs 0.93 4.8 0.95

(0.28) (0.72)
* Uncertainty in measurements is = 0.05 ns. ° Uncertainty in measurements is + 0.1 ns. Relative
contributions are listed in parentheses. Emission is detected using Schott WG-380 nm filter. A., = 340
nm.

6.4 Conclusions

The fluorescence spectra of Trp, Trp-C4, and Trp-Cg embedded in the
inverse cubic phase of the f-Glc-OC,(Cg lipid indicate a local polarity slightly larger
than that in bulk water. This is probably due to the nature of this inverse cubic phase
that forces the tryptophan molecules to be close to water. This configuration may
assist the transformation of water-soluble substances to the cell in the inverse cubic
phase through water channels that behave as bulk water.

The fluorescence characteristics of pyrene indicate that the pyrene molecules
tend to disperse among the tails of the hydrophobic region as monomers. The I;/I3
vibronic ratio indicates that the pyrene molecules exist in a hydrophobic
environment inside the tail region of the lipid. This can be attributed to the more
compact interaction of the double alkyl chains of the f-Glc-OC,(C lipid with the
pyrene molecules which increases the local hydrophobicity around pyrene. The
results indicate that pyrene resides close to the polar region of the head group, yet
hidden inside the tail region of the lipid. When adding Trp-Cs to the lipid assembly,
there was no measurable change in the I,/I; ratio of the vibronic peaks of pyrene, nor
in its lifetimes which implies that there is no interaction between the pyrene

molecules and the Cg-chain of Trp-Cg inside the tail region. This observation
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indicates that the Cg-chain does not penetrate inside the tail region of the lipid. The
results presented here are anticipated to help for a better understanding of the
processes involving confined water in aqueous nanochannels of the lipidic cubic

phase.

163



CHAPTER 7

CONCLUSIONS



Chapter 7 Conclusions

CONCLUSIONS

The single and branched-chain GLs have been observed to exhibit normal
and inverse mesophases respectively. These phases are important biologically and
technologically, thus our interest to characterize them. In this thesis our
investigations were divided into four themes, involving fluorescence approach, to
study the microenvironment of the lipidic phases for known monoalkylated GLs (n-
dodecyl-f-D-maltoside and n-octyl-f-D-glucoside). We also studied the liquid
crystal phases of four branched-chain lipids derived from Guerbet alcohols using
small-angle X-ray scattering to obtain their detailed structural information as well as
their partial phase diagram. For one of these branched-chain lipids, which gave
extensive inverse bicontinuous cubic phase of /a3d space group, we also conducted
similar fluorescence investigation.

The hexagonal phase formed by single chain n-dodecyl-f-D-maltoside (-
Mal-OCj,)/water system was characterized using tryptophan (including its
derivatives) and pyrene as the fluorescent markers, to probe both the hydrophilic and
hydrophobic regions of the self-assembly. Probing the different parts of the polar
head group region using Trp, Trp-C4 and Trp-Cs indicates a polarity gradient. Both
Trp and Trp-C4 reside slightly away from the maltoside sugar units, and the local
polarity is similar to that of simple alcohols (methanol and ethanol). For Trp-Cs, the
long Cg-chain pulls the Trp moiety closer to the head groups and the local polarity
approaches that of 1,4-dioxane. The reduction in polarity indicates a smooth
transition from the polar domain to the hydrophobic domain, which is important for

the stability of the lipid.
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Chapter 7 Conclusions

The temperature-induced phase transitions of hexagonal <> micellar and
cubic <> lamellar in n-octyl-f-D-glucoside (f-Glc-OCsg)/water systems were also
studied. Both hexagonal <> micellar and cubic <> lamellar temperature-induced
phase transitions completely reversible, reflecting the thermodynamic equilibrium
structures of their mesophases. The polarity of the head group region was estimated
to be close to that of simple alcohols (methanol and ethanol) for all phases due to the
glucose head group. Unlike maltose, it is too short to show any polarity gradient.

Among the important findings in both single chain GLs (#-Mal-OC;; and S-
Glc-OCys) was the hydrophobic region (probed by pyrene) of the lipid self-assembly
indicating the tendency of the pyrene molecules to disperse among the hydrophobic
tails to avoid dimerization. By comparing the I,/I5 ratio in lipid to that in buffer and
in cyclohexane, we conclude that pyrene must be close to the head groups.
However, the hexagonal phase of f-Glc-OCg shows a reduced polarity in I,/15 ratio
compared to that of f-Mal-OC;,. The results imply that increasing the tail length
from Cg to C;, would lead to less interaction with pyrene, which is attributed to the
more random and wobbling motion of the longer alkyl tail. Besides that, in f-Glc-
OCg/water system, we observed a reduction in the I;/I5 ratio for the lamellar phase
than in the cubic phase. The higher polarity in the cubic phase can be correlated to
the nature of its interface, which curves toward the bulk water. This geometry also
explains the slight reduction in polarity of the head group region compared to the
other phases. Two fluorescence lifetimes were measured for Trp and its derivatives
in both f-Mal-OC;; and S-Glc-OCs lipids. The results point to a degree of flexibility
of the lipid self-assembly that allows the Trp side chain to adapt two different
rotamers. Again, two lifetime components were measured for pyrene in lipid which

indicate a degree of heterogeneity in the pyrene local environment. Interaction
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Chapter 7 Conclusions

between the Cs-chain of Trp-Cg with pyrene is observed as a slight decrease in the
I1/15 ratio and the pyrene lifetime.

The partial phase diagram of four branched-chain GLs namely 2-hexyl-
decyl-a-D-glucopyranoside (a-Glc-OC;¢Cg), 2-hexyl-decyl-S-D-glucopyranoside (f-
Glc-OC¢Cs), 2-hexyl-decyl-a-D-galactopyranoside (a-Gal-OC;oCs) and 2-hexyl-
decyl-S-D-galactopyranoside ($-Gal-OC;¢Cs) with a total alkyl chain length of 16
were investigated extensively by small-angle X-ray scattering (SAXS). The chain
branching on the hydrocarbon region supports the formation of inverse hexagonal
and bicontinuous cubic phases. The four compounds exhibit different degrees of
polymorphism, an effect of anomeric and epimeric stereochemistry. The anomeric-
epimeric relationship shows that the f-anomers has a stronger tendency to form
inverse phases compared to a-anomers. As for the C4-epimers, the galactoside is
more highly curved than in the case of the corresponding glucoside. The formation
of inverse non-lamellar phases by these Guerbet branched-chain glycosides over a
wide range of temperatures and water composition, has opened up many potential
applications such as new drug carriers in delivery systems and for in meso
crystallization of membrane proteins.

In continuation, the inverse bicontinuous cubic phase formed by one of these
Guerbet branched-chain glycosides namely f-Glc-OC,(Ce/water was investigated
using fluorescent probes to understand the dynamics of confined water in aqueous
nanochannels of the lipidic cubic phase. The polarity of the head group in the
inverse cubic phase indicate a local polarity slightly larger than that in bulk water,
probably due to the nature of this inverse cubic phase that forces the Trp molecules
to be close to water. This configuration may assist the transformation of water-
soluble substances to the cell in the inverse cubic phase through water channels that

behave as bulk water. The fluorescence characteristics of pyrene indicate that the
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pyrene molecules tend to disperse among the tails of the hydrophobic region as
monomers. The I,/I5 ratio indicates that the pyrene molecules exist in a hydrophobic
environment inside the tail region of the lipid. This can be attributed to the more
compact interaction of the double alkyl chains of the f-Glc-OC,(Cs lipid with the
pyrene molecules, thus increasing the local hydrophobicity around pyrene. There
was no measurable change in the I;/I3 ratio of pyrene, nor in its lifetime which
implies the absence of any interaction between the pyrene molecules and the Cs-
chain of Trp-Cs inside the tail region. This observation indicates that the Cg-chain of
Trp does not penetrate the tail region of the lipid.

In future studies, we will further investigate the branched-chain GLs which
have exhibited the inverse non-lamellar lyotropic liquid crystalline phases. In
particular, the inverse bicontinuous cubic phases have shown potential for use in in
meso crystallization of membrane proteins. The choice of lipids used for the
formation of cubic phase remains small in which monoolein is the most common
lipid for in meso crystallization. Thus the inverse bicontinuous cubic phase formed
by these Guerbet branched-chain glycosides makes them potential lipids to be used

in membrane protein crystallization.
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DIFFERENTIAL SCANNING CALORIMETRY SPECTRA

APPENDIX A
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APPENDIX B: SMALL-ANGLE X-RAY SCATTERING DATA

Table B1: Lattice parameter of a-Glc-OCy0Cs as afunction of water content and

temperature.
Water Content | Temperature L attice parameter (A)
(% (wiw)) (°C) » of | ap »
0 10 24.0
0 12 24.0
0 18 23.9
0 24 23.9
0 30 24.4
0 37 24.4
0 44 23.8
0 50 *
0 55 *
0 62 *
11.0 10 26.9
11.0 12 26.9
11.0 18 26.8
11.0 24 26.8
11.0 30 26.7
11.0 37 26.7
11.0 44 26.4
11.0 50 26.1
11.0 55 25.9
11.0 62 26.0
19.0 10 28.4 78.4
19.0 12 28.4 78.2
19.0 18 28.3 77.2
19.0 24 28.2 76.9
19.0 30 28.2 76.6
19.0 37 28.2 76.7
19.0 44 77.3
19.0 50 76.7
19.0 55 76.3
19.0 62 75.3
325 10 92.6 59.7
325 12 92.2 594
32.5 18 91.9 59.0
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Table B1 (continued)

Water Content | Temperature Lattice parameter (A)
(% (wiw)) (°C) La Q° Qu° Lo
325 24 92.0 58.8
325 30 °.5 59.0
325 37 91.7 59.0
325 44 92.0 58.3
25 50 91.4 58.0
25 55 90.1 57.6
325 62 89.2 56.8
39.8 10 62.0
39.8 12 62.0
39.8 18 61.8
39.8 24 61.6
39.8 30 61.5
39.8 37 6l.1
39.8 44 60.4
39.8 50 59.8
39.8 55 59.2
39.8 62 r.d.
50.2 10 61.8
50.2 12 61.8
50.2 18 615
50.2 24 613
50.2 30 613
50.2 37 60.9
50.2 44 60.6
50.2 50 60.2
50.2 55 59.7
50.2 62 58.9
60.0 10 617
60.0 12 61.7
60.0 18 615
60.0 24 61.3
60.0 30 61.2
60.0 37 61.0
60.0 44 60.6
60.0 50 60.3
60.0 55 60.0
60.0 62 5904
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Table B1 (continued)

Water Content | Temperature Lattice parameter (A)
(% (wiw)) (°C) La Qi Qi° L
70.9 10 614
70.9 12 614
70.9 18 6l.1
70.9 24 61.0
70.9 30 61.1
70.9 37 60.8
70.9 44 60.6
70.9 50 60.2
70.9 55 59.9
70.9 62 59.5
80.0 10 60.2
80.0 12 60.0
80.0 18 59.6
80.0 24 59.2
80.0 30 58.9
80.0 37 58.3
80.0 44 60.5
80.0 50 60.1
80.0 55 59.5
80.0 62 58.8

* denotes L, phase is detected. r.d. denotes radiation damaged.
Error in lattice parameter measurementsis< 0.1 A.
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Table B2: Lattice parameter of 3-Glc-OC,0Cs as afunction of water content and

temperature.
Water Content | Temperature L attice parameter (A)
(% (wiw)) (°C) Hi Qi° Qi° L
0 10 28.7 61.1
0 12 28.7 61.1
0 18 28.7 61.1
0 24 28.7
0 30 28.7
0 37 29.1
0 44 28.5
0 50 28,5
0 55 28.5
0 62 28.5
11.9 10 71.3
11.9 12 71.3
11.9 18 71.1
11.9 24 71.2
11.9 30 71.2
11.9 37 71.2
11.9 44 704
11.9 50 70.0
11.9 55 69.7
11.9 62 69.2
20.6 10 775
20.6 12 77.5
20.6 18 76.3
20.6 24 75.8
20.6 30 72.7
20.6 37 70.9
20.6 44 78.8
20.6 50 77.4
20.6 55 76.0
20.6 62 74.1
29.8 10 87.2 554
29.8 12 87.1 55.3
29.8 18 86.8 55.3
29.8 24 86.7 55.1
29.8 30 86.8 55.1
29.8 37 86.6 55.0
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Table B2 (continued)

Water Content | Temperature Lattice parameter (A)
(% (wiw)) Q) Hi Q¢ Qi° L2

29.8 44 86.1 55.0
29.8 50 85.6

29.8 55 84.7

29.8 62 82.9

40.1 10 87.5 55.8
40.1 12 87.5 55.7
40.1 18 87.4 55.5
40.1 24 87.3 55.5
40.1 30 87.4 55.7
40.1 37 87.3 55.6
40.1 44 87.0 55.3
40.1 50 86.8 55.2
40.1 55 r.d. r.d.
40.1 62 r.d. r.d.
49.8 10 87.7 55.9
49.8 12 87.6 55.9
49.8 18 87.5 55.7
49.8 24 87.5 55.7
49.8 30 87.6 55.6
49.8 37 87.6 55.6
49.8 44 87.3 55.6
49.8 50 86.2 55.6
49.8 55 r.d. r.d.
49.8 62 r.d. r.d.
59.8 10 87.7 55.9
59.8 12 87.7 55.9
59.8 18 87.7 55.8
59.8 24 87.7 55.8
59.8 30 87.7 55.8
59.8 37 87.5 55.7
59.8 44 87.6 55.8
59.8 50 86.2 55.7
59.8 55 r.d r.d
59.8 62 r.d. r.d.
69.8 10 87.5 55.9
69.8 12 87.6 55.8
69.8 18 87.6 55.8
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Table B2 (continued)

Water Content | Temperature Lattice parameter (A)
(% (wiw)) (°C) Hi Q¢ Qi° L2

69.8 24 87.6 55.8
69.8 30 87.8 55.9
69.8 37 87.6 55.7
69.8 44 87.5 55.7
69.8 50 r.d. r.d.
69.8 55 r.d. r.d.
69.8 62 r.d. r.d.
80.3 10 87.6 55.8
80.3 12 87.5 55.9
80.3 18 87.3 55.8
80.3 24 87.2 55.8
80.3 30 87.7

80.3 37 875

80.3 44 87.5 55.7
80.3 50 r.d. r.d.
80.3 55 r.d. r.d.
80.3 62 r.d. r.d.

r.d. denotes radiation damaged.
Error in lattice parameter measurementsis< 0.1 A.
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Table B3: Lattice parameter of a-Gal-OC;4Cs as afunction of water content and

temperature.
Water Content | Temperature L attice parameter (A)
(% (wiw)) (°C) Hi Qi° Qi° L
0 10 60.5
0 12 60.5
0 18 60.4
0 24 60.4
0 30 61.6
0 37 61.0
0 44 60.3
0 50 60.2
0 55 *
0 62 *
11.2 10 28.9 60.5
11.2 12 29.0 75.8
11.2 18 29.0 75.5
11.2 24 29.0 74.0
11.2 30 70.5
11.2 37 69.8
11.2 44 r.d.
11.2 50 r.d.
11.2 55 r.d.
11.2 62 r.d.
21.7 10 82.2
21.7 12 82.1
21.7 18 81.8
21.7 24 815
21.7 30 80.9
21.7 37 80.0
21.7 44 79.9
21.7 50 774
21.7 55 r.d.
21.7 62 r.d.
30.3 10 91.2 58.5
30.3 12 91.3 58.4
30.3 18 904 58.1
30.3 24 89.9 58.2
30.3 30 89.5 58.6
30.3 37 89.3 57.8
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Table B3 (continued)

Water Content | Temperature Lattice parameter (A)
(% (wiw)) Q) Hi Q¢ Qi° L2
30.3 44 87.7 56.2
30.3 50 r.d. r.d.
30.3 55 r.d. r.d.
30.3 62 r.d. r.d.
40.3 10 60.1
40.3 12 60.0
403 18 50.6
403 24 59.3
40.3 30 59.1
40.3 37 58.4
40.3 44 58.0
40.3 50 575
40.3 55 57.1
40.3 62 r.d.
49.9 10 60.4
49.9 12 60.3
49.9 18 59.7
49.9 24 59.3
49.9 30 59.1
49.9 37 58.5
49.9 44 57.9
49.9 50 57.4
49.9 55 56.9
49.9 62 r.d.
60.2 10 60.0
60.2 12 59.9
60.2 18 59.6
60.2 24 59.4
60.2 30 59.2
60.2 37 58.5
60.2 44 58.0
60.2 50 57.4
60.2 55 57.0
60.2 62 r.d.
70.2 10 60.1
70.2 12 60.0
70.2 18 59.6

180



Table B3 (continued)

Water Content | Temperature Lattice parameter (A)
(% (wiw)) (°C) Hi Qi Qi° L
70.2 24 59.3
70.2 30 59.1
70.2 37 58.4
70.2 44 57.9
70.2 50 57.4
70.2 55 57.0
70.2 62 r.d.
80.1 10 59.9
80.1 12 59.8
80.1 18 59.5
80.1 24 59.2
80.1 30 59.0
80.1 37 58.3
80.1 44 57.9
80.1 50 57.5
80.1 55 57.1
80.1 62 56.8

* denotes L, phase is detected. r.d. denotes radiation damaged.
Error in lattice parameter measurementsis< 0.1 A.
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Table B4: Lattice parameter of 3-Gal-OC,0Cs as a function of water content and

temperature.
Water Content | Temperature L attice parameter (A)
(% (wiw)) (°C) Hi Qi° Qi° L
0 25 29.1
0 30 29.2
0 37 29.2
0 44 29.3
0 50 29.3 66.0
0 55 29.3 65.6
0 60 29.3 65.4
0 65 294 65.0
5 25 29.1
5 30 29.1
5 37 29.1
5 44 29.2 72.6
5 50 29.2 69.2
5 55 29.3 67.2
5 60 29.3 65.9
5 65 29.3 64.9
10 25 29.1
10 30 29.1
10 37 29.1
10 44 29.2 67.9
10 50 29.2 64.9
10 55 29.3 64.1
10 60 29.3 64.4
10 65 r.d. r.d.
15 25 29.0
15 30 29.1
15 37 29.1
15 44 29.2
15 50 29.2 73.5
15 55 29.2 66.8
15 60 29.3 65.1
15 65 r.d. r.d.
20 25 29.1
20 30 29.1
20 37 29.1
20 44 29.2
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Table B4 (continued)

Water Content | Temperature Lattice parameter (A)
(% (wiw)) Q) Hi Q¢ Qi° L2

20 50 29.2 82.3

20 55 29.2 73.1

20 60 29.3 66.6

20 65 r.d. r.d.

25 25 29.0

25 30 29.1

25 37 29.1

25 44 29.2

25 50 29.2

25 55 r.d.

25 60 r.d.

25 65 r.d.

30 25 29.1

30 30 29.1

30 37 29.1

30 44 29.2

30 50 29.2

30 55 29.3 62.1
30 60 29.3 61.5
30 65 r.d. r.d.
35 25 29.1

35 30 29.1

35 37 29.1

35 44 29.2

35 50 29.2

35 55 29.2 61.9
35 60 29.3 60.9
35 65 r.d. r.d.
40 25 29.0

40 30 29.1

40 37 29.1

40 44 29.2

40 50 29.2

40 55 29.2 61.9
40 60 29.3 60.7
40 65 r.d. r.d.
50 25 29.0
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Table B4 (continued)

Water Content | Temperature Lattice parameter (A)
(% (W) (°C) H Q° Q° Lo
50 30 29.1
50 37 29.1
50 44 29.2
50 50 29.2
50 55 29.2 62.0
50 60 29.3 61.5
50 65 r.d. r.d.
60 25 29.0
60 30 29.1
60 37 29.1
60 44 29.1
60 50 29.2
60 55 r.d.
60 60 r.d.
60 65 r.d.
70 25 29.1
70 30 29.1
70 37 29.1
70 44 29.2
70 50 29.2
70 55 29.3 62.5
70 60 29.3 61.9
70 65 61.6
80 25 29.0
80 30 29.1
80 37 29.1
80 44 29.2
80 50 29.2
80 55 29.2 62.6
80 60 29.3 61.9
80 65 61.8

r.d. denotes radiation damaged.
Error in lattice parameter measurementsis< 0.1 A.
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