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several types of lipids that will be favorable of forming mixed micelles with bile acids, as shown
in Figure 4, such as phosphatidylcholine (PC), fatty acid-fatty acid mixtures and
monoglycerides®. Bile acids with phospholipids (consist mostly of phosphatidylcholine) can
form mixed micelles in the bile, cholesterol can be dissolved by the micro-domains of these
mixed micelles'. Bile acids alone can convert cholesterol into bile acid®, however, the mixed

micelle formation greatly accelerates the cholesterol elimination.

Figure 3 (a) Dimer, (b) tetramer and (c) polymer formed by bile acids.
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Figure 4 Mixed micelles formed by bile acids® with phosphatidylcholine (PC), cholesterol,

fatty acid and monoglycerides.

Pharmacological applications of bile acids have also been studied. Bile acids and their
derivatives have been employed in treatments such as some liver diseases, bile acid deficiency
and dissolving cholesterol gallstones'®. There are some promising results for their antifungal'!

112

and antiviral © properties.

1.2 Self-Assembly

Molecular self-assembly is a spontaneous process of molecules organizing themselves
into order through cooperative weak interactions (non-covalent bonding) without any external

intervention. Assume the molecules are building blocks, self-assembly is a processing that puts



these building blocks into order. In recent decades, the term self-assembly has been broadly
discussed and in many cases it is confused with another term “formation”. Therefore, G. M.
Whitesides made a more precise definition. He limits the term self-assembly only to reversible
processes that use pre-existing components from separate or distinct parts of a disordered
structure, which also can be controlled by the design of components'®. In molecular self-
assembly, the structure of the assembly (usually in equilibrium states) is determined by the
molecular structure'*.

Self-assembly can be divided into two types, static self-assembly and dynamic self-
assembly'®. Static self-assembly happens in equilibrium systems. In static self-assembly no
more external energy needs to be consumed after the ordered structure is formed, however
energy maybe required during formation. In dynamic self-assembly, the order structure forms
only when there is energy provided. Most of the study of self-assembly is focusing on the static
self-assembly.

Most of the natural building blocks for self-assembly are amphiphiles. These amphiphilic
molecules contain both distinct hydrophilic and hydrophobic segments, and will be able to form
micelles, vesicles, monolayers and tubules in a solution environment or at the interface'>. The
driving force for amphiphilic molecules to self-assemble is largely due to the hydrophobic part
(non-polar) of the molecules driving them away from water and getting closer to one another.
The self-assembled supramolecular structures formed by amphiphilic molecules depend on
various factors, such as the coordination and repellence between the hydrophobic and
hydrophilic segments to the ambient environment!®, the length and shape of the hydrophobic

parts and the curvature and geometric factor of the hydrophilic parts'>. Figure 5 shows the



schematic draft of amphiphilic molecules self-assembled into double-layer tube (Figure 5a) and
vesicle (Figure 5b) structures. The hydrophilic head groups in these two structures are pointing
out to interact with the ambient solution while the hydrophobic parts of the molecules are getting

away from the solution by interacting with the non-polar parts of one another.

(a) Hydrophilic group (b) Hydrophobic group
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Figure 5 Double-layer (a) tube and (b) vesicle structures formed by amphiphilic molecules

through self-assembly.

1.2.1 Self-Assembly of Surfactants

Surfactants (surface active agents) are compounds that can significantly alter the
interfacial energy of the system when they are absorbed into the interface at low concentration'”.

Typically, they bear the amphiphilic structure as shown in Figure 6, with a non-polar tail that is



compatible with oil and a hydrophilic head group favors water. This distinct structure provides

the surfactants with their unique interfacial characteristics'®.

Hydrophilic group

<€ >|
Hydrophobic group

Figure 6 Schematic image of a conventional surfactant structure.

Due to the hydrophobic effect', surfactant molecules tend to self-aggregate in water and
form various supramolecular structures, such as spherical micelles, rodlike structures and
spherical bilayer structures'®. Some typical micellar structures formed by self-aggregation of
surfactants are shown in Figure 7. Among these aggregations, the hydrophilic polar groups of
surfactant molecules are pointing outwards contacting with water, with the hydrocarbon chains
interacting with one another in the middle avoiding contact with water. Due to the availability of
hydrophobic domains provides by these micellar structures, surfactants have excellent capability
of solubilizing hydrophobic solutes in solution’’, which signifies one of the distinguishable

features of surfactants.



Figure 7 (a) Single layer micelles, (b) single layer rod like micelles, (c) bilayer micelles and

(d) vesicles formed by conventional surfactant molecules through self-assembly.

Tanford" points out the cooperative growth of micelles is due to the hydrophobic effect;
while due to the anti-cooperative interactions between the hydrophilic groups, the micelle size is
controlled at a finite size. Both highly cooperative process and a critical micelle concentration
(CMC) are needed for the micelle formation'”. CMC is defined as the point of a small

concentration range, regarding to the solubility of the surfactants of the micelle phase®!. No



micelle structure can form below CMC while surfactant aggregates can take place when their

concentration in solution goes beyond CMC.

1.2.2 Self-Assembly of Bile Acids

Bile acids are amphiphilic molecules which have a unique structure compared to
conventional surfactants®’. The unique molecular structure of bile acids, as shown in Figure 8,
has a rigid steroid ring system which has a hydrophobic convex surface and a less hydrophobic
concave surface (hydrophilic compared to the convex surface) with one or more hydroxyl groups
and a carboxyl group. The hydrophilic segments (hydroxyl and carboxyl group) are indicated as
red in Figure 8, and the hydrophobic steroid ring is marked as blue. The number of hydroxyl
groups has a large effect on the solubility of bile acids as well as their association behavior®.
The conventional surfactant molecules can be looked as a line structure with very long and
flexible hydrophobic hydrocarbon chains and a small polar group; while the bile acids molecule
is a planar structure with a polar (hydrophilic) side and a non-polar (hydrophobic) side, which is
called bi-planar structure?*. The less hydrophobic of the concave surface®* is due the existence of
hydrophilic hydroxyl group(s) which are oriented to the concave side. Also, the acidic group
provides a strong hydrophilic moiety to the hydrophilic side when it is interacted with another

interface®.
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Figure 8 Molecular structures of common bile acids.

Like conventional surfactants, bile salts will form micelles above the CMC. Below CMC,
bile salts will present in the form of monomers. The CMC of bile salts is suggested to have a
wider range region than the conventional surfactants*®?’. For conventional surfactant molecules,
their hydrophobic parts bury in the core of the micelle and the hydrophilic parts will be in
contact with water. However, this is not what always the case when it comes to bile salt micelles.
Some of the hydrophobic parts of the bile salts may remain in contact with the aqueous medium,
while part of the hydrophilic sides will be remained inside the micelles. The main reason®® is that
the domains of the hydrophobic and hydrophilic are not well separated due to the facial structure

of bile salts.
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Figure 9 (a) Primary micelles and (b) aggregation of micelles formed by bile acid molecules.

The most accepted model for bile salt micelles formation is a two steps model*, which
involves a primary micelle (Figure 9a) and secondary micelles (Figure 9b). Due to the driving
force from the hydrophobic side of bile salts to reduce contact with the aqueous medium?®, bile
salts molecules turn their back to each other to have back to back interaction to form aggregates
with the hydrophilic surfaces with the hydroxyl and acidic groups pointing outward. The number
of the bile salts molecules involve in the primary micelles is predicted to be up to ten’!. Primary
micelles can form secondary micelles at a higher concentration. Through hydrogen bonding
between hydroxyl groups of bile salts molecules, primary micelles aggregate and form secondary
micelles, which can also be looked like elongated primary micelles in many cases.

Bile acids have been reported to form structures other than micelles, such as helical
fibers®?, nanotubes® and lamellar sheets®*. Due to the characteristic such as amphiphilicity,
biocompatibility, structural rigidity and the capability of forming a variety of structures under
different conditions®®, bile acids are being considered as ideal building blocks for synthesizing
supramolecular structures. A considerable amount of research has been focusing on bile acids as

a potential material of drug delivery*®3’.
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1.3 Conclusion

Bile acids and their derivatives, due to their distinct features such as unique
amphiphilicity, high rigidity of the steroid structures, chirality, polarity, biocompatibility and
availability, are ideal building blocks for constructing supramolecular structures. They can be
self-assembled to form structures such as helical fibers, helical and straight nanotubes and

ribbons.
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CHAPTER 2 SELF-ASSEMBLY OF LITHOCHOLIC ACID

2.1 Introduction

Nature is in favor of helical structures. The most commonly known example may be the
double helical nucleic acid deoxyribonucleic acid (DNA). Biological helical structures are
formed by self-assembled of basic building blocks. Inspired by this marvelous synthetic art of
nature, scientists have been attempting to achieve well-controlled morphology and geometry
helical supramolecular structures by self-assembly of small molecules®®. Chiral amphiphilic
molecules received exceptional attention among other basic building blocks due to the unique
chirality of individual molecules is capable of forming helical supramolecular structures in
aqueous medium.

Molecular self-assembly is based on cooperative weak, non-covalent interactions, such as
hydrophobic interactions, water-mediated hydrogen bonds, electrostatic interactions and van der
Waals interactions®®. These bonds are not isolated during the self-assembled process; in fact,
they combine as a whole to establish the macromolecular structures. Among all these cooperative
interactions, for biological systems the water mediated hydrogen interactions are of particular
importance®® because water is indispensable.

Bile acids are facial amphiphilic, biologically active surfactants with distinct chirality and
high structural rigidity that makes them ideal building blocks for supramolecular self-assembled
structures. Differ from the hydrophilic head and hydrophobic tail structure of conventional
surfactants; they embed a steroid ring structure that has a hydrophilic concave face with hydroxyl

and carboxyl groups and a hydrophobic convex side. Upon a certain concentration, bile acids
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self-aggregate to form micellar structures. The driving force for the aggregation is believed to be
driven by the hydrophobic interactions of the hydrophobic parts of bile acid molecules.
Lithocholic acid (3a-hydroxyl-5B-cholan-24-oic acid, LCA) is a secondary bile acid,
which was first isolated from a calf’s gallstone®. As shown in Figure 10, LCA has a rigid
hydrophobic steroid nucleus, with a hydroxyl group points towards the concave side and a
carboxyl group connects to the other end through a short hydrocarbon chain staying on the

convex surface.

Figure 10 Chemical structure of LCA.

The solubility of LCA in pure water solution is low. However, with increasing pH value,
the solubility of LCA increases. The concentration of LCA-COO and H' is in the equilibrium
state in the solution. As the pH value is raised, due to the deprotonation process of LCA
dramatically increases, the concentration of the LCA-COO" can increase exponentially*® when

sufficient non-dissolved LCA is presented. Furthermore, when the LCA concentration reaches
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the CMC, the limit of solubility will be practically removed*’ as the formation of micelles takes
place, and the solubility can be increased by further increasing the pH of the solution.

The self-assembly of LCA is very sensitive to the experimental conditions*!>**%3, It has
been reported LCA can form vesicles of a uniform diameter about 1.5um at pH 12 solutions*.
By dispersing LCA in sodium hydroxide (NaOH) solution, uniform distributed hollow nanotubes
are synthesized with a diameter of 52nm and the tubule wall thickness is 3nm®*. Another study
showed silica rods with mesoporous structure can be formed by mixing LCA and
tetracthoxysilane (TEOS) in NaOH solution*. One of our group’s previous works*® show that
LCA can coil into spiral shape at pH 12 and turned back to the straight shape when the pH was
decreased to 7.4; the transition can take place again while the pH was increased back to 12 by
adding NaOH, which means the spiral to straight shape transition is reversible and controllable

by changing the pH value.

2.2 Experimental Methods

Chemicals and solutions. 98% pure Lithocholic acid (LCA), sodium hydroxide (NaOH)
and ammonium hydroxide (NH3.H>O, 28 wt%) were purchased from Sigma-Aldrich and used as
received. Water used in our experiments was purified with an Easypure II system. Microscope
cover glass slides were purchased from Fisher Scientific.

Stock solutions of NaOH for LCA self-assembly were prepared by dissolving NaOH
pallets in water. Stock solutions of NH4OH of 1 wt%, 5 wt%, 10 wt%, 15 wt% and 20 wt% for

LCA self-assembly were made by diluting 28 wt% NH4OH solution in water.
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LCA (5mM) was dissolved in stock NaOH solutions and NH4OH solutions with 30
minutes of sonication. The solutions were then stored in the dark at room temperature.

Unless otherwise stated, all chemicals are of analytical reagent grade and used without
further purification.

Optical microscopy. Optical images were obtained by Olympus BX40 microscope
equipped with a digital camera Olympus C2020 Zoom.

X-ray diffraction analysis (XRD). XRD patterns of LCA tubes and LCA/DiSCs(5)
complexes dried on silicon substrates were recorded with a Rigaku D/max diffractometer with

CuKa radiation (  =1.542 A") operated at 40 kV and 30 mA.

2.3 Results and Discussion

2.3.1 Self-Assembly of LCA in Sodium Hydroxide Solutions

The self-assembly of chiral amphiphilic molecules in aqueous solutions attracts special
interest because of the chirality of individual molecules is often expressed in their
supramolecular structures. For our study of the self-assembly of LCA in either NaOH or NH4OH
solutions, we fixed the LCA concentration at SmM in order to investigate the influence of solvate
concentration as well as how different types of solvate cations will effect on the self-assembled
structures.

1 hour after LCA was dissolved in 0.01M NaOH solution, the LCA molecules form

vesicles with an external diameter of about 1um + 0.5um (Figure 11a). The LCA self-assembled
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