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ABSTRACT

Noponen, Virpi

Amides of bile acids and biologically important small molecules: properties and
applications

Jyvéaskyla: University of Jyvaskyld, 2012, 85 p.

(Department of Chemistry, University of Jyvaskyld, Research Report Series
ISSN 0357-346X; 156)

ISBN 978-951-39-4836-8

The research described in this thesis covers the synthesis and characterization of
18 bile acid derivatives of certain biologically important small molecules
conjugated via an amide bond. The thread of the research has been the self-
assembly studies of the compounds, along with the investigations of the formed
systems.

A variety of self-assembled systems are shown to be formed by the inves-
tigated compounds. Seven of the compounds have been shown to be capable of
self-assembly leading to organogelation. The nature of the compound conjugat-
ed to the bile acid moiety has proven to be the determinant factor for the gel-
forming ability of the compounds.

Morphologies of the self-assembled systems have been investigated utiliz-
ing microscopic methods. Mainly two kinds of morphologies for the gel sam-
ples have been observed - fibrous structures or interconnected sphericals.
Moreover, the sample preparation protocol has been shown to affect the sample
appearance. NMR spectroscopic methods have been exploited to investigate the
interactions involved in the gel formation. Additionally, solid state NMR stud-
ies have been performed for the native gel samples.

Solid state properties of the compounds have been investigated by means
of both powder and single crystal X-ray diffraction along with solid state NMR
spectroscopy. Single crystal structures for seven of the compounds have been
solved. Moreover, a thermoreversible solid to solid phase transition for one of
the compounds has been detected. The preliminary toxicological evaluation for
the cysteamine conjugates has been performed. Finally, one of the compounds
has been exploited in preparing steroid-capped gold nanoparticles via a single
phase reduction process.

Basics of supramolecular gels, gold nanoparticles, and bile acids together
with the most relevant achievements in the field of bile acid-based nanomateri-
als are reviewed in the literature part of the thesis.

Keywords: Bile acid, amino acid, cysteamine, amide, self-assembly,
supramolecular gel, gold nanoparticle, SEM, TEM, NMR spectroscopy, 13C
CPMAS NMR, X-ray crystallography, toxicity tests
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1 REVIEW OF THE LITERATURE

1.1 Supramolecular gels

A simple approach to the spontaneous generation of nanomaterials is offered
by the use of organic building blocks able to self-assemble into nanoscale archi-
tectures. Of particular interest in this regard has been the rapid development of
gel-phase materials constructed via the hierarchical assembly of molecular
building blocks.

Gels can be found in our everyday life in a variety of forms. The wet soft
solids encountered in the form of commercial products such as soap, toothpaste,
hair gel, and contact lenses are all gels derived from polymeric compounds, the
gelation properties of which have been known for centuries. However, the gels
derived from low molecular weight compounds, called physical or supramo-
lecular gels, although known for a long time, have started to gain an increasing
interest only during the past 20 years or so.23

Gels are, in general, viscoelastic solid-like materials comprised of an elas-
tic cross-linked network, and a solvent as the major component. The formation
of the cross-linked network can either result from the chemical cross-linking or
physical interactions. The gels formed by strong chemical bonds cannot be re-
dissolved and are thermally irreversible, whereas the gels formed by the weak
non-covalent interactions are reversible. The gels derived from low molecular
weight compounds (Fig. 1) are formed by the self-assembly of the gelator mole-
cules through a combination of non-covalent interactions like hydrogen bond-
ing, n-n stacking, donor-acceptor interactions, metal coordination, solvophobic
forces, and van der Waals interactions, and are thus supramolecular in the
strictest sense.?
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Figure 1. Photographs of a supramolecular gel.

As already mentioned the process of gelation is often described as hierar-
chical and depends on a number of steps. Usually, the process involves the self-
association of the gelator molecules to form long, polymer-like fibrous aggre-
gates, which get entangled during the aggregation process forming a matrix,
which traps the solvent mainly by surface tension. However, in spite of exten-
sive investigations, several aspects of the gel forming process are poorly under-
stood and thus remain as an area of intense interest. The power of the hierar-
chical assembly is demonstrated by the fact that very small amounts (typically <
2% w/v) of the gelator compound often achieve complete solvent immobiliza-
tion.!

1.1.1 Building blocks

Gelation is highly dependent on the choice of the solvent. Gels can be broadly
divided into two categories: in aqueous solutions forming hydrogels, and or-
ganogels, that form in organic solvents. In addition, there exists a structurally
varied group of ambidextrous gelators,*? which are able to form gels both in
polar and apolar solvents.

The design of a gelator molecule is typically a challenging task, and very
often the gelators are discovered by serendipity. However, some broad conclu-
sions about the requirements for a molecule to be capable of self-assembly lead-
ing to gelation can be drawn. First, the molecule should be partly soluble in the
solvent of choice. However, at the same time the compound should be partly
insoluble, as well. Second, the molecule should have the potential to self-
assemble via multiple non-covalent interactions, which should occur in a direc-
tional manner. Van der Waals forces are usually needed to support the gelation
process.! In addition, chirality has been shown to play an essential role in the
molecular packing, and thus the gel formation in many cases.1? In recent years,
more and more effort has been put to achieve the goal of rational design and
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synthesis of gelator molecules.’’ Two approaches, namely molecular engineer-
ing and crystal engineering can be utilized to design the gelators.

The —CONH- group found in the amide, urea, and carbamate type of
compounds has both a hydrogen bond donor (N-H) and a hydrogen bond ac-
ceptor (C=0), and is thus ideal for the formation of intermolecular hydrogen-
bonded networks. Hydroxyl groups, likewise, contain both a hydrogen bond
donor and an acceptor. Carbohydrates, as naturally occurring building blocks
having multiple hydroxyl groups with different organizations and chiralities,
are particularly interesting. Normally, for the formation of organogels, some of
the sugar hydroxyl groups are protected, whereas in hydrogelators the fully
deprotected carbohydrate is employed. Steroids, such as cholesterol and bile
acids, as naturally occurring lipid molecules having apolar tetracyclic skeletons
and relatively planar rigid structures, have been widely explored as gelators.!
Nucleobases, for one, represent interesting structures for the preparation of gel-
phase materials, because they are able to form hydrogen bonding interactions
within the plane of the heteroaromatic ring, and n-r interactions perpendicular
to the plane. Moreover, an interesting feature of nucleobase derivatives is their
ability to form specific interactions with their complementary nucleobase part-
ner, by which the self-assembly process and hence the properties of the formed
gel can be modified. Alkyl chains are nearly ubiquitous in the gel-phase sys-
tems, since they provide a simple way of tuning the solubility of the molecular
building blocks. Alkyl chains pack together via van der Waals forces, which
may enhance gelation by supporting other intermolecular forces, particularly
during the organogel formation. In hydrogels, for one, alkyl chains are often the
driving forces in the aggregation process as a consequence of the hydrophobic
effect. Yet another interesting group of compounds explored as gelators are
dendritic molecules that possess multiple functional groups within their
branched structure, and are thus capable of forming multiple intermolecular
interactions.! Selected examples of molecules capable of self-assembly leading
to gelation are presented in Figure 2.

Two-component gelation systems!? are of considerable interest, since the
extra level of supramolecular control in the hierarchical self-assembly of these
materials provides additional tunability and controllability in comparison to the
one-component systems. In two-component gels, the self-assembly relies on the
initial interaction between two complementary components to form a complex,
which subsequently self-assembles into a gel-phase material. Variation of one of
the two components provides a simple way to build functionality into the mate-
rial. Moreover, the ratio of the components is yet another parameter that can be
varied in order to generate new morphologies and tune the materials” behavior.

Metallogels, the gels that in some way incorporate a metallic element into
the system, have recently become highly topical.’314 In these systems, the metal
ions can form part of the covalent structure of the gelator, or be bound by the
coordination interactions.
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Figure 2. Examples of molecules capable of forming supramolecular gels.!

1.1.2 Preparation of the gels

Supramolecular gels are often formed by heating the solid low molecular
weight gelator in an appropriate solvent resulting in the solubilization of the
gelator. Sometimes sonication either exclusively or in addition to heating is ap-
plied. The solution transforms into a gel upon (preferably controlled) cooling.
In some cases, the gel forms instantly on dispersing the gelator in the appropri-
ate solvent. Since the gel properties may vary depending on the precise details
of preparation, the accurate reporting of the gel preparation method is essen-
tial.1

1.1.3 Analysis of the systems

Among the most interesting features of supramolecular gels are the connectivi-
ty between the molecular structure, nanoscale self-assembled morphology, and
macroscopic materials’ properties. There are many techniques across the full
range of length scales available in order to investigate the materials.
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Two simple parameters widely used to define the macroscopic properties
of the gels are minimum gelation concentration (MGC) and gel-sol transition
temperature (Tge). MGC represents the minimum concentration of a gelator
required to form a sample-spanning self-supporting gel at a given temperature.
Tgel can be determined by monitoring the gelation with the use of a thermo-
regulated heating—cooling bath either by using the tube inversion or the drop-
ping ball method.!

The macroscopic behavior of the gels can also be explored utilizing rheol-
ogy. Typically, the magnitudes and ratios of the elastic (G') and loss (G”)
moduli determined under oscillatory shear are the parameters studied. The
ability of the deformed material to regain its shape is indicated by the elastic
modulus, whereas the loss modulus represents the ability of the material to
flow under stress. Rheological studies performed for a number of supramolecu-
lar gels have proven that the gels can be rheologically classified as cellular sol-
ids, fractal/colloidal systems, or soft glassy materials depending on their be-
havior. Differential scanning calorimetry (DSC) provides yet another way to
examine the macroscopic properties of the gels. DSC provides a way to directly
measure the enthalpy of the phase-change (AHgel-so1) and gives an insight into
the thermodynamics of the gelator—gelator interactions.!

The utilization of electron microscopy gives an insight into the nanostruc-
tures of the gel-phase materials. Scanning electron microscopy (SEM, Fig. 3) is
by far the most applied technique. For SEM the gel sample is first allowed to
dry on a substrate, and then coated under vacuum with a thin metallic layer,
after which the imaging is performed. Usually the drying of the gel sample
causes the gel network to collapse to yield a xerogel. Besides this collapse, also
some other changes in the nanostructure may occur during the drying process;
however, the effects of these changes are often assumed to be minor. Using
SEM, a wide variety of morphologies (fibers, tapes/ribbons, helical objects,
platelet-like structures, efc.) is observed. In general, transparent gels exhibit na-
noscale structuring, whereas opaque gels have microscale features. Transmis-
sion electron microscopy (TEM) is also applicable to gel imaging, although
normally it requires a heavy metal staining agent to be applied in order to en-
hance the image contrast. Moreover, it is possible to utilize cryo-electron micro-
scopic techniques, which use a rapid freezing step to prevent the thermal mo-
tion of the assembled network. This leads to significantly diminished disruption
of the gelator network, and therefore a more expanded and “solvated” network
is visible in a cryo-EM image, compared to the EM images of xerogel samples.!
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Figure 3. SEM images of dried supramolecular gels (xerogels)."IV

X-ray scattering analysis of gel-phase materials provides a way of “visual-
izing” the molecular-scale fibrils, which underpin the morphology observed by
electron microscopy. Further, X-ray diffraction can be utilized to study the
dried gels (xerogels) in order to obtain a more precise understanding of the mo-
lecular packing within the fibrils. However, the results must again be treated
with some care, as the drying process may lead to morphological changes.
Computer modeling is often used as a complementary tool to X-ray diffraction
(as well as the other techniques used) to study the supramolecular gels. In some
cases, such approaches can be used to predict the fibril /fiber packing and even
lead to pictorial models describing the self-assembled systems.!

Spectroscopic methods, such as NMR, IR, and fluorescence spectroscopy
are useful tools when investigating the molecular scale assembly.! NMR data
gives information on the chemical nature as well as on the molecular or collec-
tive mobility of an observed component.!> In most cases attention is paid to the
analysis of the variation of chemical shifts, spin relaxation times, or intensity of
the NMR signals along with concentration, solvent composition, or temperature.
Besides information on the intermolecular interactions, NMR data can be used
to obtain information on the critical concentration values, the change in the mo-
tion of the molecules, or thermodynamic parameters associated within the gel
formation.

Infrared (IR) spectroscopy is very useful for probing the hydrogen bond
interactions between the molecular building blocks. Also van der Waals interac-
tions can be detected by monitoring the changes in the C-H stretching interac-
tions. Typically the IR spectra of a gelator in both the solution and the gel phase
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are compared in order to determine the main non-covalent interactions. Fluo-
rescence spectroscopy can be utilized to track the aggregation of gelators that
bear a fluorophore in their structures. Both variable temperature IR and fluores-
cence can be useful techniques to study, which spectral features are responsive
to the aggregation process.!

Circular dichroism (CD) spectroscopy provides a way to monitor both mo-
lecular and nanoscale chirality. The self-assembled nanostructures often give
rise to much larger CD bands than their isolated molecular building blocks, and
therefore the presence of a CD signal provides a good evidence for the presence
of a chiral nanoscale object. In the case of well-characterized chromophores, it is
sometimes possible to use CD spectroscopy to predict whether the molecules
within the helical assembly are packed in a clockwise or anticlockwise manner.
Moreover, CD spectroscopy provides an ideal method for probing the assembly
of enantiomeric mixtures of molecular building blocks into gels.!

1.1.4 Stimuli-responsive systems

Supramolecular gels are thermoreversible, which makes them thermorespon-
sive. In addition to that, the incorporation of a receptor site or a photorespon-
sive group in the gelator molecule might give sensitivity towards external stim-
uli, such as chemicals or light. Azobenzene and anthracene units have often
been exploited as the photoresponsive entities, whereas pH-responsiveness is
commonly achieved by the introduction of acidic or basic sites in the gelator
compound. Gel-phase materials responsive to other stimuli, such as mechanical
stress or oxidation state, are also known. The most common response of the sys-
tems is a transition from solution to gel (or vice versa). Other responses include
changes in chemical or physical properties, such as conductivity, color, or light
emission. Stimuli-responsive gels are of great potential in designing and con-
structing new functional materials, such as sensors, actuators, molecular devic-
es, or drug delivery vehicles, as described later in this thesis.16-18

1.1.5 Hybrid materials derived from supramolecular gels

The design of inorganic—organic hybrid materials, in which the matrix of su-
pramolecular gels is exploited to organize the nanoparticles into two- or three-
dimensional architectures, has been of considerable interest. These materials
have potential applications in optics, electronics, ionics, mechanics, biology, fuel
and solar cells, catalysis, sensors, etc.16

One of the earliest reports has described the incorporation of superpara-
magnetic ferrite and semiconducting CdS nanoparticles into an organogel
formed by the addition 4-chlorophenol to a solution containing the reverse mi-
cellar aggregates of the well-known surfactant bis(2-ethylhexyl)sulfosuccinate
(AOT)."” Kimura and Shirai with their co-workers were the first to describe the
self-organization of gold nanoparticles (AuNPs) into a gel network structure.
The organogelator contained two functional groups, a trans-1,2-bis(alkylamide)-
cyclohexane unit and two thiol groups. The octanethiol-stabilized AuNPs were
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prepared separately. When the gel components and the AuNPs were mixed, the
octanethiol residues were shown to be replaced by the thiol groups of the gela-
tor by site-exchange reactions, as depicted in Figure 4. An interlocked 3D struc-
ture of fibrous aggregates consisting of individual AuNPs was observed by
TEM.20

Self-Assembly

V«\/WV%H
vig Hydrogen bond

M'——*’

Physical gel

Three dimensmnai
network structire

Fibrous aggregates of
Au nanoparticles

Figure 4. Schematic illustration of the organization of AuNPs around the gel fibers.20 Reprinted
with permission. Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

A number of ways to incorporate Au/AgNPs into the gel network struc-
tures have been reported. The materials can be prepared either by mixing the
pre-formed nanoparticles with the gel components?!?5 or synthesizing the na-
noparticles within the supramolecular gel network.26-31

The influence of the gold nanoparticle capping agent on the morphological
features and viscoelastic properties of the gel-AuNP hybrid materials has been
investigated by Bhattacharya and co-workers.?2 A fatty acid amide of L-alanine
was used as the gel-forming component. Different sets of capping agents based
on n-alkanethiols, a cholesterol-based thiol, and p-thiocresol were utilized in
order to investigate the gel-AuNP interactions. The incorporation of the AuNPs
in the gel was shown to have a notable impact on the morphological features of
the resulting hybrid materials as evidenced by SEM. Moreover, the rheological
characterization of the materials revealed interesting viscoelastic properties.
The incorporation of the alkanethiol- and cholesterol thiol-capped AuNPs led to
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the hybrid materials with increased rigidity compared to the native gel. How-
ever, the thiocresol-based AuNPs in the gel were shown to decrease the rigidity
of the resulting hybrid material. It was proposed that the van der Waals interac-
tions of the gel fibers with the alkyl chains or cholesteryl units on the surface of
the AuNDPs collated the gel fibers into the close-packed aggregates resulting in
increased rigidity of the materials.

The gelator compound discussed above has also been exploited for the
preparation of novel near IR (NIR)-responsive organogel-single-walled carbon
nanotube (SWCNT) hybrid materials.32 In order to improve the solubility of the
SWCNTs in the gel matrix, a variety of SWCNTs funtionalized with different
aliphatic and aromatic chains were synthesized. SEM investigations of the pre-
pared materials revealed that the texture and organization of the gel aggregates
were altered upon the incorporation of SWCNTs. The nature of the SWCNT
used was shown to determine the microstructure of the hybrid material. The
sol-to-gel phase transition temperature was shown to decrease with increasing
chain length of the functionalized SWCNTs, suggesting greater miscibility of
such nanotubes in the organogels due to the enhanced induction of the chain
interdigitation of the pendant chains with the fatty acid amides of L-alanine.
Also the flow behavior of the materials was found to depend on the length of
the hydrocarbon chain of the functionalized SWCNTs. Finally, by using the
near IR laser irradiation at 1064 nm for 1 min at room temperature, it was pos-
sible to selectively induce a gel-to-sol phase transition of the hybrid materials,
whereas the native gel did not show similar melting behavior even after irradi-
ating for a longer time.

Also Ajayaghosh and co-workers prepared novel nanotube-containing
hybrid materials by dispersing the carbon nanotubes (both SWCNTs and
MWCNTs) in oligo(p-phenylenevinylene) (OPV) gels in nonpolar solvents.?3
The gelation of the OPV derivatives in toluene was shown to be induced below
their normal critical gelation concentration when the carbon nanotubes were
dispersed. In addition, the hybrid gels were found to be both thermally and
mechanically more stable compared to the native gels. This is expected to be
caused by the strong n-n stacking interactions between the OPV moieties of the
gelators and the carbon nanotubes.

1.1.6 Applications

A myriad of applications exploiting the nanoscale architectures of supramolecu-
lar gels e.g. in the fields of optoelectronics, light harvesting, hybrid materials
(discussed above), tissue engineering, and regenerative medicine have been
reported and reviewed.216.173435 [n this section, a very general introduction to
the theme is given.

The self-assembly of organic building blocks is able to generate a variety
of supramolecular structures showing diversity in size, shape, chemical compo-
sition, and function. The transcription of these structures may lead to the devel-
opment of novel inorganic materials. Several reports concerning the transcrip-
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tion of the supramolecular gel structure into silica have been published. In some
studies even the chirality of the materials has been transcribed in the resulting
inorganic systems. Many studies reporting the synthesis of metal ox-
ide/sulfate/sulfide materials with a wide variety of morphologies using su-
pramolecular gels as templates have been published.163¢ One of the most inter-
esting findings was introduced by Stupp and co-workers,3” who designed a
nanostructured organic template to study the mineralization of bone material
(Fig. 5). The self-assembled peptide amphiphile fibers were shown to be able to
nucleate hydroxyapatite on their surfaces in a manner that is analogous to the
alignment observed between the collagen fibers and hydroxyapatite crystals in
bone. This observation could find use in designing of materials for mineralized
tissue repair.

As already mentioned, stimuli-responsiveness of the gels provides acces-
sibility for the design and construction of new functional materials, such as sen-
sors, actuators, molecular devices, etc. Several stimuli-responsive gels have been
designed by coupling chromophores to cholesterol-based gelators. In many of
the systems irradiation with light of different wavelengths can reversibly in-
duce the gel-sol transition of the system.!® Hamachi and co-workers33° have
demonstrated the immobilization of artificial receptors in a hydrogel matrix of
the glycosylated amino acid derivative for both sensing and discriminating
phosphate derivatives, such as phosphate ion, phosphate esters, ATP, etc. Urea-
based systems, in particular, represent anion-tunable systems, in which the self-
association and anion binding are tensioned against one another to allow the
anion binding to modulate the urea self-association and hence the bulk materi-
als behavior of the gels.#? This phenomenon was recently exploited by Steed
and co-workers, who described the use of supramolecular gels as media for
controlling the pharmaceutical crystal growth (Fig. 6). It was shown in many
cases that the supramolecular nature of the gels allowed facile recovery of the
formed crystals upon the addition of acetate anion without any damage to the
crystals.4!
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Figure 5. Chemical structure (A) and molecular model (B) of the peptide amphiphile reported
by Stupp et al. (C) Schematic model showing the self-assembly of the peptide amphiphile mole-
cules into a cylindrical micelle.3” Reprinted with permission. Copyright © The American Asso-
ciation for the Advancement of Science
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Figure 6. ’hotographs of carbamazepine crystals grown in a supramolecular organogel.341
Reproduced by permission of The Royal Society of Chemistry

Carrying out reactions in the supramolecular gel medium has considera-
ble potential, since the constrained environment provided by this approach can
bring the advantage of specific interactions between the reactants, thus leading
to better selectivity.1¢ In supramolecular gels, the reactions can take place within
the gel phase, on the surface of the fibrillar network, or in solution, depending
on the relative affinity between the reagents, solvent, and gelator. In the case of
catalytic supramolecular gels, non-covalent interactions are used for the con-
struction of a multitopic catalyst, catalytic centers of which can be metals coor-
dinated to the gel fibers (metallocatalysts) or catalytic organic fragments (or-
ganocatalysts).4?

The creation of artificial architectures to mimic photosynthesis, the natural
light harvesting process, has been an active area of research. The gel matrix of a
supramolecular system as a scaffold may help in the proper organization of the
donor and acceptor chromophores in order to gain efficient energy transfer.
Additionally, the energy transfer in the supramolecular gels can be controlled
by changing the temperature. Several studies concerning the use of supramo-
lecular gels in light harvesting systems, that show promise for the design of
electronic devices, have been reported. However, certain practical problems,
such as long-term stability, should be addressed before real applications can be
expected.1°

Construction of 1D ordered assembly of electroactive molecules through
non-covalent interactions may give rise to conducting supramolecular materials.
The favorable electronic and optical properties of the molecules together with
the proper spatial positioning of them leads to efficient electron mobility, which
may find use e.g. in solar cells, light-emitting diodes, or field-effect transistors.
There are many reports on the use of n-conjugated molecules like tetrathiafulva-
lene, thiophene, and phthalocyanine for forming electroactive self-assembled
nanofibers. In addition, the physical gelation of ionic liquids is of current inter-
est, as the materials hence prepared are attractive replacements for generally
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volatile and flammable organic electrolytes. Grinding or sonication of a suspen-
sion of single-walled carbon nanotubes (SWCNTs) with imidazolium-based
ionic liquids has led to the formation of physical gels, the so-called “bucky gels”
(Fig. 7).43 These gels bear good potential for electrochemical applications, since
they contain both dispersed nanotubes (n-conjugated materials) and an electro-
lyte (the ionic liquid) in the very same system. Finally, the physical gels of lig-
uid crystals represent an important class of compounds for optoelectronic ap-
plications.16

Figure 7. “Bucky gel” formed by mixing SWCNTSs and imidazolium-based ionic liquid.*
Adapted with permission. Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

Natural and synthetic gel-like materials have appeared in the develop-
ment of biomaterials for wound healing and other tissue engineering purposes.
As a consequence of the expansion of supramolecular gel research, also their
use for biomaterials purposes has gained ever increasing interest. When mixed
with, or conjugated to therapeutic drugs or other bioactive molecules, these ma-
terials hold great promise for treating/curing various diseases, such as cancer,
osteoarthritis, and neural injuries. Numerous potential applications for self-
assembled (hydro)gels in the fields of 3D cell-culturing,444> drug delivery,46-48
tissue engineering,%’ and regenerative medicine,® for example, have been out-
lined in the literature. When compared to the polymeric gels traditionally ex-
ploited for these purposes, the self-assembled hydrogels possess a variety of
advantages. From the chemical perspective, these include their easily controlled
gel-to-sol state reversibility and the fact that their chemistry is a lot easier to
manipulate than that of polymer hydrogels. Further, as a result of their dynam-
ic nature, the supramolecular hydrogels can easily change their pore sizes and
thus readily reassemble during shrinkage/swelling processes. Self-assembled
hydrogels are also readily biodegradable due to the weak forces that hold their
supramolecular structure together. High water content of the gels, together
with mostly naturally occurring components comprising them, further assist
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their biodegradability.3> Figure 8 represents a schematic description of an en-
zyme-triggered B-peptide hydrogel, which could be of use when designing bi-
omaterials for long-term biostability .5
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Figure 8. A schematic depiction of the process using enzyme to control the balance between
hydrophilic and hydrophobic interactions to form a supramolecular hydrogel in vivo.>! Adapted
with permission. Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1.2 Gold nanoparticles

Gold nanoparticles (AuNPs) and their arrays are perhaps the most studied na-
nomaterials, with promising applications e.g. in the fields of chemistry, biology,
engineering, and medicine. The history of AuNPs dates back to the ancient Ro-
man times, where they were used for staining glasses for decorative purposes.
Over 150 years ago, Michael Faraday was probably the first to observe that col-
loidal gold solutions have properties that differ from bulk gold. Over the last
half-century, reliable and high-yielding methods for the synthesis of AuNPs
have been developed. AuNPs possess unique properties, such as size- and
shape-dependent optical and electronic features, a high surface-to-volume ratio,
and surfaces that can be readily modified with ligands that show affinity for
gold surfaces.5253

1.2.1 Synthesis, surface functionalization, physical properties, and charac-
terization

Numerous methods for preparing AuNPs have been reported. In 1951, Tur-
kevich developed one of the most popular approaches for the synthesis of
AuNPs, namely citrate reduction of HAuCls in water.5* This method provides
AuNPs with diameters of 20 nm, and utilizes citric acid as both reducing and
stabilizing agent. The Brust—Schiffrin method>® reported in 1994 was a signifi-
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cant breakthrough in the field of AuNP synthesis. The method relies on a two-
phase strategy in which AuCls™ is transferred from aqueous phase to toluene
using tetraoctylammonium bromide (TOAB) and reduced by sodium borohy-
dride (NaBH34) in presence of dodecanethiol (Fig. 9). Easily handled, character-
ized, and functionalized AuNPs with controlled diameters in the range of 1.5-5
nm are generated by this method. By varying the reaction conditions, such as
gold/ thiol ratio, temperature, and reduction rate, the particle size can be tuned.
This method has been further modified into a single-phase system. Place ex-
change method reported by Murray et al.5657 describes the substitution of thiol
ligands by different thiols. This technique can be used for introduction of chem-
ical functionality onto the AuNP monolayer in a divergent fashion. While most
functionalization of AuNPs has been done utilizing thiol/ thiolated ligands, a
variety of other ligands have also been used as reducing/capping agents. Those
include e.g. other sulfur containing ligands (disulfides, multivalent di- and tri-
thiols, thioethers, xanthates, and resorcinarene tetrathiols), amines, amino acids,
porphyrins, certain polymers, and dendrimers.?® In a recent study, the con-
trolled synthesis of AuNPs in quaternary ammonium ionic liquids by simple
heating has been described.

NaBH4/TOAB 584
HAUCl = ss
(Y
HS/'\/\/\/\/ S

Figure 9. Brust-Schiffrin method for two-phase synthesis of AuNPs by reduction of gold salts in
the presence of thiol ligands.58

Besides chemical methods, physical methods for the manipulation of the
structure and hence the properties of AuNPs are available, as well. These in-
clude e.g. thermolysis, digestive and conventional ripening, UV and laser irra-
diation, sonication, and radiolysis. Further, the formed nanoparticles can be
separated by shape and size utilizing size-exclusion chromatography.5258

AuNPs possess quantum size effect, which arises when the de Broglie
wavelength of the valence electrons is of the same order as the size of the parti-
cle itself. The particles behave electronically as zero-dimensional quantum dots
(or quantum boxes) relevant to quantum-mechanical rules. Freely mobile elec-
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trons are trapped in such metal boxes and show a characteristic collective oscil-
lation frequency of the surface plasmon resonance (SPR), giving rise to the so-
called plasmon resonance band (SPB) observed near 530 nm for the AuNPs with
the diameter of 5-20 nm.?2 The SPR frequency is sensitive to the proximity of
other nanoparticles. The aggregation of nanoparticles results in significant red-
shifting and broadening in the SPB, thus changing the solution color from red to
blue due to the interparticle plasmon coupling. This phenomenon is utilized in
AuNP-based colorimetric sensors.58

The most utilized characterization technique for AuNPs is high-resolution
transmission electron microscopy (HRTEM), by which an image of the gold
core of the AuNPs is obtained. The core dimensions can also be determined us-
ing scanning tunneling microscopy (STM), atomic force microscopy (AFM),
small-angle X-ray scattering (SAXS), laser desorption—ionization mass spec-
trometry (I.DI-MS), and X-ray diffraction. The histogram ohtained from the
TEM images provides the size distribution of the cores and gives information
on the dispersity of the AuNPs. The mean number of gold atoms, Nay, can be
determined when the mean diameter, d, of the cores is known: Nay =
4n(d/2)3/ vau. From these data, the elemental analysis, giving the Au/S ratio,
allows calculation of the average number of S ligands. Same information is ob-
tainable by X-ray photoelectron spectroscopy (XPS) or thermogravimetric anal-
ysis (TGA), whereas UV-Vis, IR, and NMR spectra give information on the lig-
and moiety.52

1.2.2 Chemical and recognition properties

As already mentioned in the previous section, some of the thiolate ligands in
alkanethiolate-stabilized AulNPs can be substituted, and various functional thi-
ols can be incorporated into AuNPs by this way. For example, chelating proper-
ties of incorporated carboxylate groups have been utilized for metal detection
and formation of AuNP films.6061 Various simple groups, such as halides, ni-
triles, alkenes, and sulfonates, as well as electro- and photoactive groups, spin
labels, and catalysts can be introduced to the AuNPs using this method. Further,
nucleophilic substitution of bromide in w-bromoalkanethiolate-functionalized
AuNPs with alkylamines or w-hydroxyl-functionalized AuNPs with alkyl hal-
ides gives rise to modification of the ligand moiety. By the nucleophilic addition
of w-maleimido thiol-AuNPs onto sulfhydryl groups the AuNPs can be at-
tached to proteins, peptides, and oligonucleotides. Moreover, polymerization of
AuNPs can be achieved by appropriale (unclionalizalion. Finally, the thiolate-
stabilized AuNPs can be decomposed for example by the reaction of cyanide by
photoirradiation in the presence of bromine-containing trihalomethanes yield-
ing mononuclear gold cyanide and the free thiols.52

AuNPs offer a suitable platform for functionalization with a wide range of
organic or biological ligands for selective binding and detection of small mole-
cules and biological targets. Detection of chemical and biological agents plays a
significant role in biomedical, forensic, and environmental sciences as well as in
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anti-bioterrorism actions. In general, sensors are composed of two functional
components: a recognition element to provide selective/specific binding with
the target analytes and a transducer component for signaling the binding event.
Tunable recognition properties of AulNPs together with their straightforward
synthesis, stability, unique optoelectronic properties, and high surface-to-
volume ratio make excellent scaffolds for the fabrication of novel chemical and
biological sensors. Moreover, the binding event between the recognition ele-
ment and the analyte can alter the physicochemical properties (plasmon reso-
nance absorption, redox behavior, conductivity, etc.) of the transducer AuNPs,
which in turn can generate a detectable response signal (Fig. 10). AuNP-based
sensors are discussed further in the following section.8
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Figure 10. Physical properties of AuNPs and a schematic illustration of a AuNP-based
detection system.

1.2.3 Applications

As already mentioned, the aggregation of AuNPs of appropriate sizes induces
interparticle surface plasmon coupling, resulting in a visible color change from
red to blue at nanomolar concentrations. This provides a basis for absorption-
based colorimetric sensing of a target analyte that directly or indirectly triggers
the AuNP aggregation/redispersion. AuNPs have many applications in fluo-
rescence-based sensors, and they can serve as excellent fluorescence quenchers
for FRET-based assays for detecting e.g. various metal ions, certain small organ-
ic molecules, or nucleic acids.?® Rotello and co-workers have developed a sensor
array of six non-covalent AuNP—fluorescent polymer conjugates which, based
on a “chemical nose” strategy, is able to detect, identify, and quantify protein
targets (Fig. 11).62 The polymer fluorescence is quenched by the AuNPs, but the
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presence of proteins disrupts the nanoparticle-polymer interaction and pro-
duces distinct fluorescence response patterns. Analogous AuNP—-polymer sys-
tems have been developed to detect and identify bacteria, and similar systems
have also been used for rapid and effective differentiation between normal,
cancerous, and metastatic cells.58

Figure 11. Schematic illustration of the “chemical nose” sensor array based on fluorophore dis-
placement.®2 Reprinted with permission from Macmillan Publishers Ltd., copyright 2007.

Excellent conductivity, high surface area, and catalytic properties make
AuNPs excellent materials for electrocatalytic and electrochemical sensing of a
wide range of analytes. Chemiresistors are solid-state devices that rely on the
sensitivity through changes in electrical resistance upon interaction with a
chemical species. A number of chemiresistor vapor sensors based on AuNPs
have been developed. In addition, the combination of electroactive AuNPs and
macrocyclic compounds has shown to provide useful sensor systems. Further,
AuNPs have been exploited in electrochemical detection of numerous small
molecules, toxic chemicals, drugs, and even mammalian cells. Additionally,
AuNP-based electrochemical enzymatic biosensors and immunosensors for the
detection of a wide variety of analytes have been developed. AuNP-based sen-
sors taking advantage of surface plasmon resonance or surface-enhanced Ra-
man scattering (SERS) have been investigated, as well.®® Very recently, a review
article describing the exploitation of functionally modified gold colloids in the
detection of a broad range of threat agents, including radioactive substances,



31

explosive compounds, chemical warfare agents, biotoxins, and biothreat patho-
gens, has been published.®

Gold is chemically very inert and resistant to oxidation, and it is indeed
one of the most stable metals in the group 8 elements. However, catalysis with
AuNPs, particularly the very active oxide-supported ones, is an expanding area
with a large number of new catalytic systems for a variety reactions being un-
der study. Most of the research on the catalytic activity of oxide-supported
AuNPs concerns CO oxidation. Catalysis by functional thiolate-stabilized
AuNPs in addition to other miscellaneous catalytic applications exploiting
AuNPs has been investigated, as well 52

Gold nanoparticles represent attractive vehicles for the delivery of drugs,
genetic materials, proteins, and small molecules. The inert, non-toxic, and bio-
compatible gold core is ideal starting point for the carrier construction. As al-
ready mentioned many times, AuNPs with a wide range of core size with con-
trolled dispersity are rather easily synthesized. Moreover, the high surface area-
to-volume ratio of AuNPs enables dense loading of the delivered materials. The
highly tunable and multivalent surface structures offer the diversity to incorpo-
rate delivered items by covalent or non-covalent fashion. Moreover, the ability
to tailor the surface makes AuNPs effective in both active and passive targeting.
Finally, a variety of release strategies using internal or external stimuli, such as
glutathione, pH, heat, and light, may be provided by the variety of functional
monolayers. AuNPs intended for delivery applications can be roughly divided
into two categories based on the type of functionalities present on the NP sur-
face, namely synthetic monolayers and biomolecule coating.64

Organic monolayer coated AuNPs have been utilized e.g. in DNA/RNA
binding, protein delivery, drug delivery (Fig. 12), and targeted delivery.646> For
example, AuNPs functionalized with cationic quaternary ammonium head-
groups bind plasmid DNA via electrostatic interaction and can inhibit the tran-
scription of DNA.% AuNPs with engineered monolayer are thought to be able
to overcome the issues of poor permeability through the cell membrane or di-
gestion of the proteins by enzymes. The high surface area and tunability of
AuNPs provide an excellent platform for attachment of drugs for controlled
and sustained release. Both covalent and non-covalent strategies have been em-
ployed for loading drugs onto AulNPs; both approaches having their ad-
vantages and disadvantages. Stable delivery systems are provided by the cova-
lent attachment, but intracellular processing of the prodrug is typically required.
However, intracellular activation of the prodrug enables the delivery of inert
forms of the drug, resulting in reduced side effects. Non-covalent loading of
drugs, for one, allows direct release of active drug forms, but the premature
release might cause problems. AuNP surfaces can be modified with a variety of
biomolecules, such as oligonucleotides, peptides/proteins, carbohydrates, and
lipids, thus leading to efficient transport of biomacromolecules with minimal
cytotoxicity.64
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Figure 12. Functionalization of AuNPs with aspartatc ligands followed by loading of insulin
protein leading to enhanced reduction in blood glucose levels of diabetic rats.6?
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Antibody-labeled gold nanoconjugates have been used in immunohisto-
chemistry for a long time. However, as a consequence of the development of
gold nanoconjugates for live cell studies, interest in them has risen further.
AuNPs modified with antibodies specific to cancer-associated proteins can be
used to image cancerous cells, whereas gold nanorods and nanoshells conjugat-
ed with antibodies are being developed as photothermal therapy agents.5

Novel hybrid materials with interesting properties for various applica-
tions, such as catalysts and gas sensors as well as electronic and magnetic de-
vices, have been prepared by attaching AuNPs to carbon nanotubes. The mate-
rials can be prepared by two ways: the AuNPs can be grown and/or incorpo-
rated into the hollow cavities of the carbon nanotubes (endohedral approach) or
the AuNPs can interact on the outer part of the carbon nanotubes (exohedral
approach).t8.69

1.3 Bile acids

1.31 Chemistry and biology

Bile acids are a group of steroidal compounds biosynthesized in the liver from
cholesterol through several complementary pathways. Although their best-
known role is their participation in the emulsion and absorption of dietary fats
and liposoluble vitamins, they play important roles in several other physiologi-
cal processes. Bile acids, for example, facilitate intestinal calcium absorption, are
known to modulate pancreatic enzyme secretion and cholecystokinin release,
and are potent antimicrobial agents that prevent bacterial overgrowth in the
small bowel. Moreover, they have been discovered to act as signaling molecules
modulating the expression of proteins involved in the cholesterol homeosta-
sis. 7071

After their biosynthesis from cholesterol, bile acids are conjugated with ei-
ther glycine (75%) or taurine (25%). This amidation increases the aqueous solu-
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bility of bile acids under physiological conditions. The bile acids biosynthesized
in the liver are stored in the gall bladder, from which the bile, being composed
of bile acids as the main component, is secreted through the bile duct into the
intestine when food passes from stomach to the duodenum. In the intestine, bile
acids emulsify dietary fat droplets through the formation of mixed micelles,
making the fat available for digestion by lipases. Most of the bile acids secreted
into the upper region of the small intestine are absorbed along with dietary li-
pids at the lower end of the small intestine. Then the bile acids are separated
from the dietary lipids and the majority of them returned to the liver for re-
circulation. This movement of bile acid molecules between the liver and intes-
tine is termed as enterohepatic circulation.”0

Bile acids consist of two connected units; a rigid steroidal nucleus com-
posed of four rings and a short aliphatic side chain (Fig. 13). The steroidal nu-
cleus contains three six-membered rings (A, B, and C) and a five-membered
ring (D). In addition, there are angular methyl groups attached to the positions
C-10 and C-13. The side chain is attached to the position C-17. In higher verte-
brates the rings A and B are in a cis-fused configuration causing curvature to
the skeleton. In mammals, commonly from one to three hydroxyl groups at po-
sitions C-3, C-7, and/or C-12 are attached to the steroidal nucleus.”

Name R R2 R3 R?

Cholanoic acid 1 H H H OH

Lithocholic acid, LCA 2 OH H H OH
Chenodeoxycholic acid, CDCA 3 OH a-OH H OH
Ursodeoxycholic acid, UDCA 4 OH B-OH H OH

Deoxycholic acid, DCA 5 OH H OH OH

Cholic acid, CA 6 OH a-OH OH OH
Glycocholate 7 OH a-OH OH NHCHCOO~
Taurocholate 8 OH o-OH OH NHCH;CH>S03~

Figure 13. Structures of the most common bile acids, together with the glycine and
taurine salts of cholic acid.

1.3.2 Bile acid/salt self-assembly in aqueous solutions

The salts of bile acids self-assemble to form micelles in aqueous environments,
similar to classical amphiphiles. However, the structure of bile acids deviates
quite a lot from the classical amphiphiles, which have hydrophilic head groups
consisted of relatively small polar or charged groups in addition to typically
long, flexible, and apolar hydrocarbon chains as hydrophobic tails. In bile salts
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the polar hydroxyl groups are oriented to the concave a-face of the rigid steroi-
dal ring system, which is thus rendered hydrophilic. The convex p-face, for one,
has the three methyl groups and is hydrophobic. Because of this facial am-
phiphilicity, the hydrophilic and hydrophobic domains of bile salts are not as
clearly separated as in classical amphiphiles. Moreover, the rigidity of the ste-
roidal core often results in an incomplete separation of the hydrophilic and hy-
drophobic domains in aggregates.”2

The hydroxyl and acidic groups of bile acids may, beyond providing polar
domains, participate in intermolecular hydrogen bonding. Co-operative hydro-
gen bonding between several hydroxyl groups is typically allowed by their po-
sitions and orientations. The directed, specific nature of the hydrogen bonds
limits the possible orientations consequently introducing additional rigidity
into the aggregates. The micellization is thus driven by the interplay of two
modes of interaction — hydrogen bonding and hydrophobic cffcct latter of
which, in the case of bile salts, is relatively weak and complex. Bile salts are ion-
ic amphiphiles, since the carboxylic acid group is dissociated under physiologi-
cal conditions. This leads to electrostatic interactions between the bile salt mole-
cules both in bulk and aggregates.”2

Precise determination as well as quantitative comparison of critical micel-
lar concentration (cmc) values of bile salts has proven to be difficult due to the
very small size of the aggregates. In addition, because of the low aggregation
numbers, the aggregates are very susceptible to external influences. However,
the cmc of bile salts has been extensively determined under various condi-
tions.”>80 It has been shown that the cmc values exhibit similar general trends
on solution parameters (e.g. ionic strength, pH, and temperature) as classical
amphiphiles. Increasing the ionic strength reduces the electrostatic repulsion
between charged groups, and hence favors aggregation and decreases cmc.
Charges are also controlled by the pH. A change in the pH has a significant ef-
fect, if the ionization state of the bile salt molecules is thereby changed. At pH
close to the pK of the bile acid both dissociated and undissociated, i.e. charged
and uncharged, molecules participate in micelle formation thus reducing the
cmc. The temperature dependence of the cmc has shown to be very weak. The
minimum value for cmc is obtained around room temperature and it is shown
to increase at higher temperatures. The micellization also depends on the bile
salt species, the more hydrophobic deoxycholate and chenodeoxycholate hav-
ing smaller cmc values compared to the more hydrophilic cholate. The number,
position, and orientation of the hydroxyl groups have a great impact on the cmc
values.”?

Several models have been used to describe the unusual self-assembly of
bile salts (Fig. 14).72 The earliest model proposed the formation of primary and
secondary micelles. The primary micelles are suggested to be formed by the
hydrophobic association of the hydrophobic faces of the bile salts. The hydroxyl
and acidic groups are pointing outside and are in contact with water, thus
shiclding the hydrophobic parts from water. Without creating a cavity, a maxi-
mum of ten bile salt molecules can assemble in this manner. At higher concen-
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trations these primary micelles form hydrogen bonds leading to the formation
of elongated, secondary micelles. The nature of the interaction leading to the
aggregate formation has been debated though.”28! In the disclike model,”? the
bile salt molecules are thought to associate with their hydrophobic faces orient-
ed towards the micelle interior and the hydrophilic faces towards the water.
The long axes of the molecules are approximately parallel, and the molecules
are alternatingly oriented. Yet another suggested model is based on the struc-
ture of the crystalline state.82 The crystal structure determined by X-ray diffrac-
tion suggests a helical arrangement of the molecules driven by polar interac-
tions. The interior of the helix is filled with cations surrounded by water mole-
cules. However, this model requires that the arrangement of the bile salt mole-
cules is not significantly affected by the presence/absence of forces due to the
crystalline order and that the dynamics of the molecules in the crystalline and
liquid state are comparable.”2

A

Figure 14. Schematic representation of different models for the bile salt micellar structure. Dif-
ferent primary micelles (A and B), disclike micelle (C), and helical micelle (D, seen from the
top).”2 Reprinted with permission from Elsevier.

Besides micelles, in aqueous solutions bile acids and their salts have
shown to form a variety of self-assembled structures such as helical fibers,® tu-
bules,?-8 and tubular spherulites.8” Blow and Rich8? reported in 1960 that in the
aqueous solution of deoxycholate at lowered pH some of the deoxycholate mol-
ecules are protonated, and arranged into helical fibers, with the helical diameter
of 36 A. It was also shown, that if the complex forms in an undisturbed medium,
these structures will grow in all directions and form a matrix of high viscosity,
eventually recognized as a gel.

Sodium lithocholate, for one, has been shown to form organic nanotubes
exhibiting monodisperse cross sections with a large inner cylindrical cavity of
49 nm in alkaline aqueous solutions.8¢ Furthermore, the tubules have shown to
be easily oriented under a weak elongational stress. Fang et al. have also studied
the self-assembly of lithocholic acid in alkaline solutions.85 When dissolved in
alkaline aqueous solution with pH 12.0, the LCA molecules were after 2 h
shown to form vesicles with an external diameter of about 1.5 um, as evidenced
by the optical microscope imaging. These initially formed vesicles then linearly



36

aggregated, and the fusion of the vesicles led to the formation of hollow cylin-
drical tubes. The LCA tubes were shown to continuously grow until all of the
vesicles were consumed. Furthermore, the tubes were shown to coil into 3D
spirals as their lengths increased. The coiling of the tubes was shown to be a
slow process and take a few days to complete. The formed tubes were stable in
aqueous solution at pH 12.0. However, as the pH of the solution was reduced to
7.4 by adding HCl, the tubes were shown to transit into a straight shape. When
the pH was adjusted back to 12.0 by adding NaOH, the straight tubes switched
back to the spiral ones. These pH-switchable tubes may act as supramolecular
springs in response to chemical and environmental stimuli.

Smart organic tubes have also been shown to be formed by the co-
assembly of lithocholic acid and taurolithocholic acid (TLCA) in aqueous solu-
tion at pH of ~8.86 After two days of ageing the sample prepared by mixing so-
lutions of LCA dissolved in aqueous NaOH and TLCA in water, formation of
fibers with a diameter of about 150 nm was observed. These fibers were then
shown to laterally aggregate and fuse into sheets over time, finally leading to
the formation of tubes after two weeks. The formed tubes were able to transit
into flat sheets after being dried on a glass surface. This was shown to result
from a longitudinal unzipping of LCA/TLCA tubes induced by the capillary
force. The tubes were tested for the encapsulation and release of guest mole-
cules (red dye #40). Indeed, the guest molecules could be loaded into the tubes,
and the dried tubes were shown to release the guest molecules via unzipping of
the tubes. After the release of the guests, the LCA/TLCA sheets were shown to
zip back into tubes by the hydration with aqueous solution.

The self-assembly of lithocholic acid at pH 7.5 has also been studied by
Fang et al. (Fig. 15).87 They first prepared the 0.1% (w/w) solution of LCA in
aqueous NaOH with pH 12.3 at room temperature. After ageing of the sample
in a sealed vial for 2 h, the pH of the LCA solution was reduced to 7.5 by add-
ing water. The sample was then allowed to stand for two months, after which
optical microscopy revealed the formation of self-assembled rod-like structures,
interestingly showing splitting at both ends. The splitting was shown to pro-
gress to the middle of the rods in the process of time, resulting in the formation
of sheaf-like bundles in which the hollow tubules developed from the intensive
splitting were tied in the middle. Finally spherulites in which the tubules radi-
ate from the spherulite center were formed. The tubular spherulites were
shown to be metastable, and the disassembly of the spherulites through brief
sonication led to the well-dispersed crystalline tubules in solution. When the
pH of aqueous solution was increased to above 12.0 by the addition of NaOH,
the LCA tubules were shown to coil into three-dimensional spiral or helical
shapes, depending on their diameters. Also the tubules, which were tied at the
center of the spherulites, were shown to display the pH-switchable shape tran-
sition. As the pH of the aqueous solution was increased to 12.0, the tubules in
the spherulites became flexible and the free ends of the tubules were shown to
coil into a worm-like shape. Moreover, when the pH was adjusted back to 7.5
by adding HCI the worm-like tubules were straightened.
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Figure 15. Top: Bright-field optical microscope images of self-assembled LCA rods with split-
ting ends in aqueous solution at pH 7.5. Images were taken after 60 (a), 65 (b), and 70 (c) days.
Bottom: Schematic representation for the formation of dispersed LCA tubules through the self-
assembly and disassembly of tubular spherulites in aqueous solution at pH 7.5.87 Microscopy
images reproduced by permission of The Royal Society of Chemistry.

1.3.3 An overview of applications of bile acids and their derivatives in
pharmacology, synthesis, and supramolecular chemistry

The enterohepatic circulation of bile acids — a complex process involving nu-
merous transport proteins — is one of the most efficient recycling routes in the
human body. The exploitation of the tremendous transport capacity and organ
specificity of enterohepatic circulation combined with versatile derivatization
possibilities, high stability of the steroidal skeleton, enantiomeric purity, bio-
compatibility, availability, and low cost have raised interest to utilize bile acids
in designing pharmacological applications.88-92 Certain bile acids are used ther-
apeutically as such to correct deficiency states, to decrease the cholesterol satu-
ration of bile, or to decrease the cytotoxicity of retained bile acids in cholestatic
liver disease.” The utilization of bile acid transport proteins in drug delivery
and targeting, and the applicability of bile acids as building blocks in prodrug
design have been widely studied and several reviews on the topic have been
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published.?12495 Molecular umbrellas prepared from bile acids have been found
to be capable of transporting certain hydrophilic peptides, nucleotides, and oli-
gonucleotides across liposomal membranes by passive diffusion. They have
also been shown to increase water solubility and hydrolytic stability of a hy-
drophobic drug, and to exhibit significant antiviral activity.% In addition to the
above-mentioned molecular umbrellas, several other bile acid derivatives have
been shown to possess antimicrobial and/or antifungal activity. These studies
and other advances in the field of bile acid medicinal chemistry have been ex-
tensively reviewed recently.”?

Achieving high levels of stereoselectivity is one of the major challenges in
modern organic synthesis. The transfer of chirality via the utilization of chiral
auxiliaries has proven to be an effective way for preparing homochiral mole-
cules. Facial amphiphilicity of chiral bile acids with a rigid backbone and the
unique disposition of hydroxyl groups have led to the discovery of their usage
as chiral templates, organocatalysts, and chiral ligands.®”-%° They are also able to
act as enantioselective host compounds in solid state; deoxycholic acid being
the classical example by forming crystalline inclusion compounds with various
organic guests. In addition, bile acids are capable of generating supramolecular
chirality in achiral molecules by causing the molecules to be fixed in a chiral
conformation or to be arranged in a chiral manner in the crystal lattice.1% More-
over, bile acids have been utilized as enantioselective receptors in solution.”

A massive number of both cyclic and acyclic bile acid-based compounds
have been designed to act as receptors for molecular and ionic recogni-
tion 8998101102 In addition, bile acids have found use in certain oligo- and poly-
meric structures, such as dendrons, which might be exploited for example in
drug delivery or in artificial light harvesting systems.103,104

Gelation of organic or aqueous solvents by low molecular weight com-
pounds has received an enormous interest in recent decades,? as already men-
tioned earlier in this thesis. A vast number of bile acids and their derivatives
have been shown to be capable of self-assembly leading to gel formation.105!
Nanomaterials derived from bile acids and their derivatives including supra-
molecular gels, gold/silver nanoparticles, and hybrid materials combining
them are further discussed in the following section.

1.4 Bile acid-based nanomaterials

There exists a vast number of bile acid-derived compounds capable of forming
nanoscale materials, most of which originate from the compounds’ unique abil-
ity to self-assemble leading to a variety of structures. Numerically the largest
group of bile acid-based materials is undoubtedly the supramolecular gels.
However, exploitation of bile acids and their derivatives as capping and/or re-
ducing agents in gold/silver nanoparticle synthesis, and in hybrid materials
combining supramolecular gels and gold/silver nanoparticles or carbon nano-
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tubes are attracting an ever increasing attention. Besides the before-mentioned,
there are many other nanoscale materials, some of which have been briefly de-
scribed in the following sections. In this context one has to mention the bile ac-
id-derived polymeric materials,!06107 which have proven to be promising mostly
in biomedical and pharmaceutical fields. This thesis, however, concentrates on
materials relying on weak interactions.

1.4.1 Supramolecular gels!

The earliest reports on the gel formation by cholic acid salts in water date back
to the early 20t century.108110 The gelation of aqueous solutions of the salts of
deoxycholic acid and lithocholic acid, for one, was observed in the 1950’s.111 As
already mentioned in section 1.3.2, the helical fiber formation of deoxycholic
acid eventually leading to gelation in aqueous solution of lower pH was report-
ed in 1960.83 Forty years later, the use of sodium deoxycholate hydrogel for
drug delivery applications was investigated.!l2 However, the interest in the gel
formation of bile acids and their derivatives has grown rapidly only during the
last two decades. In fact, one of the earliest reports on bile acid-based organo-
gelators introduced the organogelation properties of N-isopropyl cholamide not
until in 1998.113

Organic salts are found to be popular in supramolecular gel research be-
cause of their relatively easy and fast preparation, which enables rapid scanning
of their gelation ability. Moreover, the self-assembly in such salts is typically
based on strong and directional hydrogen bonding as well as stronger but less
directional electrostatic interactions between the charged species.> Maitra and
co-workers have reported a series of cationic analogues of bile salts as hydro-
gelators. The majority of the investigated compounds have been shown to re-
quire the use of NaCl for better gelation of aqueous solvents, but one of the
compounds has been shown to form a stable gel even in pure water at concen-
trations above 0.8%. The authors suggest that besides providing the ionic envi-
ronment, NaCl is also responsible for salting out effect. In addition to NaCl so-
lutions, gels have been obtained in 1 M aqueous solutions of several other inor-
ganic salts.’* A combinatorial library approach has been applied in preparing
60 organic salts by reacting five bile acids and 12 secondary amines. Gelation
tests revealed that six of the salts were ambidextrous displaying the ability to
form gels with organic as well as aqueous solvents. Didodecylammonium cho-
late was found to be the most versatile gelator of the series displaying gelation
ability with a maximum number of solvents. The authors were able to classify
the gelation process into three stages: 1) a dispersion of the gelator molecules
(solution), 2) fibrous structures of the associations (pregel), and 3) a pseudo-
infinite network (gel), based on dynamic light scattering (DLS) and small-angle
neutron scattering (SANS) investigations.®> Bhattacharya and co-workers, for
one, have demonstrated the formation of two-component gel systems by simply
mixing lithocholic acid in aqueous solution in the presence of various dimeric
or oligomeric amines. FT-IR studies were shown to confirm the involvement of
the carboxylate and ammonium residues in the salt formation leading to the
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formation of a continuous hydrogen-bonded network eventually giving rise to
a hydrogel. The morphology of the network was shown to be controllable by
varying the amine component.’1® Yet another example of a two-component gel
system described sodium deoxycholate-assisted gel formation of a two-tailed
anionic surfactant, sodium bis(2-ethylhexyl) sulfosuccinate (AOT), in nonpolar
solvents.116

Huang and co-workers have rather recently reported temperature-
controlled, one-dimensional hierarchical architectures including nanotubes,
coiled-coil rope-like structures, nanohelices, and nanoribbons fabricated by su-
pramolecular selt-assembly of lanthanum cholate (Fig. 16).117 The entanglement
of these nanostructures has been found to generate “super” hydrogels with the
lowest gelation concentration of as low as 0.04 wt-%. Moreover, the gels have
been shown to display unprecedented “heating-enhanced stiffness” and “heat-
ing-promoted gelation” behavior.

—.

Figure 16. Representation of temperature-dependent nanostructural evolution of lanthanum
cholate hydrogel.""” Copyright © 2010 American Chemical Society

Lanthanide ions as an integral part of the gel matrix have also been ex-
ploited by Maitra and co-workers in novel luminescent materials composed of
cholic acid-based lanthanide hydrogels. In a preliminary study, hydrogels were
found to be formed from mixtures of variable compositions of europium acetate
and sodium cholate. The gelation process was shown to efficiently increase the
sensitization of the Eu(III) emission by accommodating a hydrophobic chromo-
phore, pyrene, on the hydrophobic gel fibers.118 In a subsequent study, hydro-
gel formation by several other lanthanide cholates was reported. The hydrogel
matrix was utilized for the sensitization of Tb(III) by doping a non-coordinating
chromophore, 2,3-dihydroxynaphthalene (DHN). Tunable multi-color emis-
sions were shown to be achieved from mixed cholate gels of Tb(IlI) and Eu(III)
both in the gel phase as well as in dried xerogels.!’® Very recently, a novel “pro-
sensitizer” based sensing of two completely different enzymes (lipase and p3-
glucosidase) using a cholate gel-based Tb(III) luminescence assay was reported
(Fig. 17).120
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Figure 17. A strategy presented by Bhowmik and Maitra towards the design of enzyme-induced
luminescent gel.'? Reproduced by permission of The Royal Society of Chemistry.

An interesting example of light-responsive hydrogel systems has been re-
ported by Zhao and Stoddart (Fig. 18).121 They showed that the formation of a
supramolecular inclusion complex by a deoxycholic acid-modified p-
cyclodextrin derivative and an azobenzene-branched poly(acrylic acid) is ac-
companied by the formation of a hydrogel. In the hydrogel state, the trans-
azobenzene units of the copolymer are included inside the cavity of the p-
cyclodextrin derivative. Upon photoirradiation with UV-light of 355 nm, the
hydrogel is converted into the sol phase because of the photochemical conver-
sion of the trans-azobenzene units into the cis-configuration, which causes the
cis-azobenzene units to dissociate away from the B-cyclodextrin rings. The hy-
drogel formation is reversible, and the gel can be recovered via photoirradiation
with visible light of 450 nm.

< 11
L uv
h Vis £
9 10 &
4 0 | "H'C _;1‘?_('82—”')—}—
e N/_\N . d ovzo_’{ 0.08'n
[ w Gl i Na o
a ‘ ! ~, | [
ot o= 0 =
HON—~ T
N\EN
10 ® 11

Figure 18. Supramolecular inclusion complex 9 formed from deoxycholate-p-cyclodextrin de-
rivative 10 and azobenzene-branched poly(acrylic acid) copolymer 11.12! Copyright © 2009
American Chemical Society
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Recently, a novel method for the modification of sodium deoxycholate
hydrogels, their application as templates for nanomaterial synthesis, as well as
their potential applications in biotechnology and drug delivery was present-
ed.’?? In the presence of increasing concentrations of tris(hydroxymethyl) ami-
nomethane (TRIS) the gel crystallinity and rigidity were shown to be enhanced.
Cyanine-based fluorescent nanoGUMBOS (nanoparticles from a group of uni-
form materials based on organic salts) were synthesized utilizing hydrogel mi-
crostructures obtained under various conditions as templates. In addition, the
release profiles of the gel systems were studied in order to evaluate their utiliza-
tion for drug delivery purposes.

Maitra and co-workers were the first to design and synthesize a bile acid
analogue with a neutral hydrophilic side chain capable of forming gels in aque-
ous solvent mixtures. The amide conjugate of deoxycholic acid and 2-amino-2-
hydroxymethyl-1,3-propanediol was shown to be insoluble in water, but
formed stable, thermoreversible, and transparent gels when varying amounts of
polar organic solvents were added.’?® Maitra and co-workers have also pre-
pared a series of 23- and 24-phosphono-bile salts from cholic, deoxycholic, che-
nodeoxycholic, ursodeoxycholic, and lithocholic acids (12a—j, Fig. 19), all of
which have been shown to form hydrogels at rather narrow pH ranges. These
materials might be useful for drug delivery and other pH-responsive sys-
tems.124 Certain cholic acid esters with hydrophilic tails represent yet additional
examples of neutral bile acid derivatives capable of hydrogel formation. To
form the gels, the compounds synthesized by a simple esterification of cholic
acid with tri(ethylene glycol) and tetra(ethylene glycol) (13a-b, Fig. 19) are dis-
solved in a small amount of organic solvent, followed by the addition of water.
The turbid solutions are successively heated and cooled down to room tempera-
ture, after which the gel is formed.1? A tripodal cholamide 14 (Fig. 19) has
turned out to be a supergelator of aqueous fluids with the minimum gel con-
centration of as low as 0.15 mM.12% Transparent and thermally stable gels have
been obtained in acetic acid water systems ranging from 0.01 to 30% of AcOH
in water. A variety of physical techniques have been exploited in order to un-
derstand the structure and dynamics of the gels. In addition, the gel formed by
the tripodal cholamide has been utilized in preparing gold nanoparticle—

hydrogel hybrid materials, as further discussed in a later part of this the-
sis.21,127,128
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Figure 19. Structures of selected hydrogel-forming bile acid derivatives.12412

A new class of efficient gelators of organic and aqueous-organic media,
namely perfluoroalkyl bile esters, were recently introduced.'® Three different
bile acid moieties (LCA, DCA, and CA) were exploited in the syntheses, and the
perfluoroalkyl chains of different lengths were attached through two different
ester linkages (Fig. 20a). The presence of COz-philic perfluoroalky! group is ex-
pected to enhance the solubility of the studied compounds in supercritical COz,
thus making the compounds promising candidates for forming aerogels. The
organogelation ability of certain conventional bile acid esters were serendipi-
tously discovered by Maitra et al.,’3° and the systems further studied by solid
state NMR and X-ray powder diffraction methods to reveal a close resemblance
in the packing pattern between the gelators and the bulk solid, xerogel, and the
gel in its native state.13! Alkyl esters of cholic acid with chain lengths of 8, 10,
and 12 carbon atoms studied by Marcelis and co-workers were not shown to be
able to undergo self-assembly leading to organogelation. However, these com-
pounds were shown to form thermoreversible two-component gels with carbo-
hydrates isomannide and isosorbide in apolar solvents, such as hexane or oc-
tane (Fig. 20b).132
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Figure 20. General structure of fluorinated bile acid-based gelators by Maitra et al. (a)!? and
alkyl cholates (15a—c) and carbohydrates (16,17) used for forming two-component gels (b).132

The majority of the bile acid-based compounds capable of forming or-
ganogels have the amide functionality in their side chain. As already mentioned
previously, the amide group is ideal for the formation of intermolecular hydro-
gen-bonded networks.! Besides the above-mentioned alkyl esters, a group of
amide and urea derivatives of cholic acid were prepared and tested for their
gelation ability by Marcelis et al.3> The compounds gelated aromatic solvents
and cycloalkenes. The direction of the amide bond was shown to have a minor
influence on the gelation ability, as was demonstrated by preparing compounds
with a reversed amide bond. However, the introduction of an aryl group was
shown to decrease the gelling capability.

A series of N-cholyl amino acid alkyl esters were reported to act as or-
ganogelators for aromatic solvents and cyclohexene.13? The compounds capable
of gel formation were cholic acid derivatives of selected hydrophobic or aro-
matic amino acid esters (Fig. 21). L-Leucine methyl ester conjugates of LCA,
CDCA, and DCA were prepared in order to study the effect of the bile acid
moiety in the gel-forming properties. These reference compounds did not form
any gels. Detailed network structures of certain gels formed by the CA-
derivatives were further studied by SANS.134
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Figure 21. N-Cholyl amino acid alkyl ester organogelators reported by
Sudholter and co-workers.133

Structurally related groups of aminoalkyl and (di)hydroxyalkyl amides of
certain bile acids have been prepared and their gelation properties investigated
in our laboratory. Amides of lithocholic and deoxycholic acids with 2-
aminoethanol and 3-aminopropanol have been shown to be effective gelators
for mainly chlorinated organic solvents or aromatic solvents.13 LCA- and DCA-
derivatives of dihydroxypropyl amine, for one, have not been able to form
gels.13¢ However, during the extensive investigation of aminoalkyl amides of
bile acids (LCA, DCA, and CDCA) several gel-forming systems have been ob-
tained. Apart from one exception, the compounds capable of gel formation have
shown to be lithocholic acid derivatives. A correlation between the values of
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Kamlet-Taft parameters and solvent preferences for gelators has been observed
as depicted in Figure 22.136 The Kamlet-Taft parameters for the gel-forming sol-
vents (1-14) show rather uniform values compared to values for solvents which
do not form gels (15-36). Additional examples of organogel-forming com-
pounds from our laboratory provide the monomeric and dimeric alkylamide-
phenylurea derivatives of DCA,137 and structurally very interesting and rather
rare bile acid-derived monoketals of pentaerythritol.138
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Figure 22. A correlation between the Kamlet-Taft parameters and solvent preferences for cer-
tain bile acid-based gelator compounds observed by Loéfman and Sievénen with co-workers.136

Maitra and co-workers have observed that the 3a-esters of 1-pyrene butyr-
ic acid of certain DCA-alkylamide/esters are effective gel-forming compounds
in many organic solvents when the gelation is triggered by the addition of a
charge transfer agent 2,4,7-trinitrofluorenone (TNF).1® The same research group
also reported two bile acid-derived compounds containing a basic amino group
in their structures to act as efficient gelators for organic and aqueous solvents.
The organogelator has been shown to be a non-gelator in its neutral form.
However, as its iodide salt the compound forms strong gels in 1,2-
dichlorobenzene and chlorobenzene. For the hydrogelator the situation has
shown to be reversed; as its neutral form the compound is able to form gels in
certain aqueous mixtures of organic solvents, but the salt formation has been
shown to disrupt the gel network.1? A bile acid-based anion receptor (Fig. 23),
which forms a stable gel in CHCl3/ DMSO mixture in the presence of HSO4~
anion and can thus be used for the recognition of hydrogen sulfate anions, has
been recently reported.14!
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Figure 23. A bile acid-based anion receptor reported by Pandey and Tripathi.*#!
1.4.2 Gold/silver nanoparticles

Maitra and co-workers were the first to report gold nanoparticles with bile acid-
derived thiols as capping agents.2-142 The AuNPs utilizing bile acid derivatives
as stabilizers were prepared by the NaBHs reduction of HAuCls in methanol.
Molar ratio of 1:1 between the gold salt and the steroidal thiol was employed.
The prepared steroid-capped AuNPs were shown to be stable through several
cycles of drying and re-dissolution. The shapes of the observed surface plasmon
resonance bands and the sizes of the spherical nanoparticles were shown to de-
pend on the structure of the steroidal capping agent. Further, the steroidal
AuNPs exhibited a tendency to agglomerate in aqueous medium due to the
amphiphilic nature of the stabilizing agent. The exploitation of the steroid-
capped AuNPs in preparation of nanoparticle-gel hybrid materials was further
investigated,?! as presented in the following section. Acetylation as one of the
simplest reactions was chosen to carry out on the steroidal AuNPs. Nanoparti-
cles stabilized by the lithocholic acid-derived thiol bearing a single hydroxyl
group at the position C-3 of the steroidal backbone were acetylated in pyri-
dine-acetyl chloride in order to demonstrate a functional group transformation
on the capped AuNPs. The same research group also prepared silver nanoparti-
cles (AgNPs) employing the same bile acid-derived thiols as stabilizing
agents.142

A novel strategy for the synthesis of silver and gold nanoparticles using
naturally occurring sodium salts of taurocholate and glycocholate as both re-
ducing and capping agents was presented rather recently.14 The size and the
shape of the nanoparticles were shown to be determined by the nature as well
as the concentration of the bile salt employed. Thereafter the synthesis of
AuNPs employing sodium cholate and sodium deoxycholate as reducing and
capping agents has been reported.!44 Variation of the sodium cholate concentra-
tion was shown to provide control over the size and shape of the nanoparticles
formed (Fig. 24). At concentrations below cmc the formed nanoparticles were
shown to be exclusively anisotropic in nature. However, at concentrations
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above cmc the NPs were essentially shown to be spherical. The formation of
AuNPs was shown to proceed at greater rate in the presence of sodium cholate
in comparison to sodium deoxycholate at identical concentrations of bile salts.
This was suggested to indicate the important role of the hydroxyl groups in the
reduction of Au®* ions. Further evidence supporting this hypothesis was
achieved by FT-IR. The combination of steady-state and time-resolved quench-
ing studies using fluorescent probes revealed the hydrophobic interaction be-
tween the sodium cholate micelles and AuNPs. Finally, the prepared AuNPs
were evaluated as a colorimetric sensor for the detection of Gemini viral DNA
using degenerate probes.
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Figure 24. TEM images of AuNPs prepared by varying the sodium cholate concentration ((a)
0.0015, (b) 0.008, and (c) 0.033 M). Particle size distribution of 0.033 M sodium cholate-capped
AuNPs is also seen.’ Reprinted with permission.

Copyright © 2011 American Chemical Society

Very recently, the one-step “green” process for the formation of AuNPs
with sodium cholate as the reducing and stabilizing agent in aqueous condi-
tions at ambient temperature was reported.!*> The size and shape of the AuNPs
can be tuned by changing the cholate/HAuCls ratio and solution pH (Fig. 25).
The cholate-capped AuNPs prepared by this way have shown to exhibit good
electrocatalytic activity toward methanol oxidation. Thin films prepared from
the AuNPs have shown to be capable of serving as efficient substrates for sur-
face-enhanced Raman scattering (SERS).
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Figure 25. Sodium cholate-capped AuNPs prepared by varying the initial HAuCls concentra-
tion: (a) DLS analysis; (b) UV-vis spectra. Insetin (b) shows the macroscopic appearance of
AuNPs in solution.!® Reprinted with permission. Copyright © 2011 American Chemical Society

Bile acid-based polymers prepared by click chemistry have shown to stabi-
lize silver nanoparticles. Moreover, the AgNPs of 4.0-4.2 nm of average size
were shown to be capable of selective colorimetric sensing for the iodide ion.146

1.4.3 Hybrid materials

As already mentioned in the previous section, Maitra and co-workers utilized
the steroidal thiol-capped AuNPs for preparing novel AuNP-hydrogel hybrid
material.2 A bile acid-derived hydrogelator 14126 (Fig. 19) that forms a fibrillar
network upon aggregation in AcOH/water medium was chosen as the gel-
forming part. The hybrid material was prepared by dissolving the nanoparticles
and the gelator compound in AcOH first, and then diluting the system with
four volumes of water. The dispersion was shown to form a gel within 4-5 h.
TEM images of the hybrid material revealed the steroid-capped NPs being well
immobilized on the gel fibers (Fig. 26).

A single-step synthesis of narrowly dispersed AgNPs by reducing AgNO3
in the presence of natural light in a hydrogel system composed of cholic acid
conjugate of polyethylene glycol 400 (CA-PEG400) has been introduced by
Wang, Li, and co-workers.1¥” The gelator compound was shown to act not only
as a stabilizer preventing the silver particles from further growth and aggrega-
tion, but also as a reducing agent. Yet another example from the same research
group described the formation of narrow-dispersed gold nanospheres, regular
single crystal nanoplates, and nanobulks, respectively, by reducing HAuCls
within the above-mentioned hydrogel system under UV-irradiation.’® The ini-
tial concentration of HAuCls and the microenvironment of the gel matrix were
shown to determine the geometric shape and size of the gold products.
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Figure 26. TEM images of AuNP gel hybrids prepared by Maitra and co-workers.2! Scale bars:
200 nm (GN1), 100 nm (GN2), 20 nm (GN3), and 10 nm (GN4). Reprinted with permission.
Copyright © 2006 American Chemical Society

Self-assembled organic/inorganic hybrid tubes are attractive since they
can display dual physical properties; the inorganic fraction might, for example,
enhance the mechanical strength of the tubes allowing them to sustain harsh
conditions, while the organic fraction may provide biocompatible environment.
Fluorescent hybrid tubes in which the in situ-formed cadmium sulfide (CdS)
nanoparticles are embedded in lithocholic acid tube walls have been presented
by Fang and co-workers.!*? As already mentioned earlier, LCA can in aqueous
solutions self-assemble into tubular structures with different morphologies and
shapes by controlling the experimental conditions in which the self-assembly
occurs.8587150 The self-assembly of LCA-CdS tubes has been carried out in a
mixed solution of LCA, Cd(ClO4)2-2H20, and C;HsNS. At pH 9.5 the negatively
charged COO™ groups coordinate with Cd?* ions, which then react in situ with
52" to form CdS seeds during the self-assembly of LCA-Cd molecules, eventual-
ly growing into CdS nanoparticles inside the walls of the LCA tubes. The fluo-
rescence of the hybrid tubes has been shown to originate from the embedded
CdS nanoparticles with the cubic (zinc blende) crystal structure. The shape of
the tubes has shown pH-dependency, since at pH 9.5 the self-assembled tubes
display a straight shape (Iig. 27), while at pII 13.0 the tubes coil inlo a lefl-
handed helix. These fluorescent hybrid tubes with pH-controlled shapes show
promise for a variety of materials and biological applications.14
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Figure 27. (a) Optical microscopy image of hybrid LCA/CdS tubes in aqueous solution at pH
9.5. (b) Low-resolution TEM image of a tube dried on a carbon-coated grid. (c-d) High-
resolution TEM images of individual CdS nanoparticles embedded in the tube walls.14?

Reproduced by permission of The Royal Society of Chemistry.

Hybrid material composed of a hydrogel of sodium deoxycholate (NaDC)
and single-walled carbon nanotubes (SWCNTs) with excellent viscoelastic
properties and electrical conductivity has been reported by Tan and co-
workers.15! NaDC-functionalized SWCNTs were shown to be well-dispersed in
a NaDC-hydrated matrix eventually forming a supramolecular hydrogel in
such a matrix. The formed hydrogel could be extended 50-fold along the direc-
tion of additional stretching force. Rheological properties of this
NaDC-SWCNT supramolecular hydrogel were shown to be 100 times larger
compared to other small molecule-SWCNT gel systems being thus competitive
with polymer-SWCNT hybrids. Excellent rheological properties together with
good electrical conductivity make this gel a promising candidate for flexible,
stretchable electronic applications.

1.4.4 Other nanoscale materials

Self-assembly of organic molecules provides a “bottom-up” approach for the
synthesis of supramolecular structures with controlled sizes, shapes, and mor-
phologies. As already mentioned earlier, the transcription of these self-
assembled supramolecular objects into inorganic materials has attracted a lot of
interest recently.3¢ Particularly attractive are tubular structures of silica, which
have potential applications in catalysis, separation, photonics, and bioengineer-
ing. Template-directed sol-gel polycondensation of tetraethoxysilane (TEOS) is
a representative method to synthesize silica nanomaterials. Fang and co-
workers have exploited the pH-dependent self-assembly of lithocholic acid in
preparing micro- and submicro-scale silica structures from straight (Fig. 28),
coiled, and helical tubes to single and double fan-like bundles using TEOS in
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the presence of ammonia catalyst.’52 Also Huang and Weiss have reported the
preparation of mesoporous rod-like silica and titania nano-objects using very
dilute (0.1 wt%) aqueous solutions (0.1 M NaOH) of sodium lithocholate as
templates.’>® The aggregates formed by the cholic acid self-assembly in the
presence of benzylamine in aqueous solution have also been exploited as tem-
plates for the formation of hollow silica spheres.1> Moreover, aqueous mixtures
of different bile salts have been used as templates for the synthesis of sponge-
like silica materials resembling the structure found in trabecular bone. The ma-
terials” ability to induce a bone-like apatite layer in contact with simulated body
fluid has been investigated, as well.15

Figure 28. (a) Optical microscopy image of straight LCA microtubes in solution at pH 7.4. (b)
SEM image of silica microtubes dried on carbon films. The arrows shown in (b) indicate the
open ends of the tubes.152 Reproduced by permission of The Royal Society of Chemistry.

Ammonium lithocholate (NHsLC) nanotubes forming in strongly alkaline
ammonia solutions have been used as templates to form short copper rods with
external diameter of about 80 nm. The electroless plating method in which the
Pd-catalyst is adsorbed on the surface of the nanotubes to catalyze the reduc-
tion of copper on the surface has been employed. The NH4LC nanotubes carry-
ing a net negative charge have been wrapped with poly(ethylene-imine) (PEI)
polyelectrolyte to render the tubes positively charged before the copper metalli-
zation.156

With the helical structure being a central structural motif in biological sys-
tems and having appealing applications in nanoscience, it has been an attractive
subject of research. Huang and co-workers have demonstrated the formation of
well-defined right-handed helical nanoribbons in calcium cholate systems,
where metal ions (Ni?*, Zn?*, Co?*, and Cu?*) are employed to drive the helix
formation. These nanohelices have been further transcribed into helical silica
materials via the traditional sol-gel process. Moreover, with the addition of
NazS, helical ZnS semiconductor nanotubes have been obtained via self-
templating approach in which the metal ions serve as both the inorganic pre-
cursor and as the constituent of the template (Fig. 29).1” The authors have re-
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cently presented the self-templating method as a general approach toward 1D
inorganic nanotubes.158

50nm 50nm

Figure 29. TEM (a,b) and SEM (c) images of ZnS semiconductor helical tubes.’s” Reprinted with
permission. Copyright © 2009 American Chemical Society

As already discussed in section 1.4.1, Huang and co-workers have report-
ed the formation of a variety of architectures by the self-assembly of lanthanide
cholate.l’” They have also shown that these photoluminescent materials can
serve as functional templates to prepare inorganic nanomaterials; novel lantha-
nide-doped silica nanotubes in which the lanthanide ions are embedded into
the tube walls have been prepared by using sol-gel transcription of TEOS. In
this approach, the lanthanide ions are efficiently uptaken by silica nanotubes,
making the nanotubes photoluminescent. Moreover, the diameter of the silica
nanotubes can be varied by adjusting the environmental temperature. Finally,
by changing the doping ions or co-doping with multiple ions different kinds of
lanthanide-doped silica nanotubes with tunable photoluminescent emission
colors can be achieved.!%?

The self-assembly of amides of 3f-amino derivatives of deoxycholic and
cholic acids in aqueous solutions has been extensively studied. These com-
pounds have shown to form e.g. lamellar structures,!® molecular tubes originat-
ing from vesicles,’! and tubular structures through helical ribbons initially
formed from planar sheets.162 Additionally, a very dilute mixture of anionic and
cationic derivatives of sodium cholate has been shown to form tubules, whose
compositions and charges can be tuned by controlling the stoichiometry of the
mixture. These new catanionic structures may have applications in controlled
loading of charged molecules and macromolecules.163

Nanostructured silicon is of interest as a bio-investigation tool because of
its photoluminescence at room temperature and slow degradation into safe
components. However, a successful application of silicon nanocrystals requires
tuning of certain characteristics, such as emission properties, toleration towards
water and oxygen, and toxicity. Deoxycholate has been shown to function as an
efficient coating agent for hydrophilic silicon nanocrystals, as reported by Scar-
pa and co-workers. In their work, the silicon nanocrystals were first made com-
pletely water soluble by covalent binding of an alkyl chain bearing a carboxy]l
group on the tail. The hydrophilic nanocrystals were then coated with sodium
deoxycholate. The resulting silicon nanocrystals had an average diameter of 3-5
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nm, could be dispersed in aqueous solutions, and showed stable photolumines-
cence.164

An organic lattice framework is a promising platform to achieve spatially
oriented molecular arrays with a wide range of dye molecules. Hisaki and
Miyata with their co-workers have demonstrated that inclusion crystalline lat-
tice composed of deoxycholamide can be applied as a platform to arrange vari-
ous dye molecules, such as anthracene and 1,6-diphenylhexatriene, into a tan-
demly aligned array without n—n stacking in the inclusion channel. Moreover,
the density of the guest dyes included in the channels is controllable upon the
change of the crystallization solvent: nonpolar solvents give inclusion crystals
containing a small amount of dye molecules (Fig. 30a), while polar ones give
inclusion crystals whose channels are filled by tandemly arrayed dyes (Fig. 30b).
The results contribute to the development of efficient fluorescent solid materi-
als.165

(b)

Figure 30. Schematic representation of inclusion crystals with isolated (a) and fully
aligned (b) guest molecules in the channels.’5 Reprinted with permission. Copyright © 2011
American Chemical Society
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2 EXPERIMENTAL PART

2.1 Aims and background of the study

Bile acids are fascinating compounds from a chemist’s point of view because of
their unique structural features, availability, low cost, and versatile derivatiza-
tion possibilities. Further, bile acids are chemically well-characterized and their
chemistry is understood in great detail. Thus, they have found numerous appli-
cations in the fields of pharmacology, supramolecular chemistry, and materials
science.

The main objective of this research was to prepare amide conjugates of
bile acids and biologically important small molecules, as well as to investigate
the chemical and physical properties along with the structural details of the
prepared compounds. The target compounds are biocompatible and exhibit
potential applicability in the field of nanoscience, for example as nanoparticle
coating or supramolecular gel-forming materials. Consequently, studies con-
cerning the gel and nanoparticle formation and morphology, along with the
phenomena underlying them, were of particular interest. Based on interesting
preliminary self-assembly results of mainly cholic acid—amino acid derivatives
reported by Sudholter and co-workers!3® we were intrigued to investigate bile
acid—amino acid based systems in more detail. Our aim was to utilize bile acids
bearing a varying number of hydroxyl groups and amino acid alkyl esters with
a variety of functional groups and different polarity profiles in order to see the
effects of those parameters to the self-assembly properties of the compounds.
Additionally, after positive gelation results obtained in our laboratory for hy-
droxy- and aminoalkyl amides of varying bile acids,!35136 we were prompted to
explore the self-assembly properties of structurally related cysteamine deriva-
tives.

All of the 18 target compounds were prepared using simple synthetic
methods and characterized utilizing NMR spectroscopy, mass spectrometry,
and elemental analysis. X-ray diffraction and solid state NMR spectroscopy
were employed to explore the solid state properties of the prepared compounds.
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Self-assembly properties of all of the compounds were extensively investigated,
and the formed systems studied by versatile methods.IV One of the com-
pounds was exploited for preparing steroid-capped gold nanoparticles.v

2.2 Synthesis of bile acid amide conjugates™V

The target compounds were synthesized by slightly modifying the mixed an-
hydride method described in the literature.!%¢ First, a mixed anhydride from
bile acid and ethyl chloroformate was synthesized without isolating the product.
Then, the freshly prepared bile acid anhydride was allowed to react with the
amino acid alkyl ester or cysteamine. The reaction conditions somewhat varied
between different syntheses, and more detailed information on the methods
and specific conditions can be found in publications II-V. Unoptimized yields
for the target compounds after column chromatographic purifications varied
between 28-99%. The general depiction for the synthesis of the compounds
studied in this research is presented in Scheme 1.

(o]
5 N o
7 0
R3 THF / 1,4-Dioxane R3
EtN, +10°C 0’40,\
R! R2 R! R2
H H

R4—NH," HCI
EtzN / 10% NaOH
DMF / CH,Cl,

R'-R3 = CH,, CHOH, or C=0
R* = L-Met-OMe, L-Cys-OFEt, L-Val-OFEt,
L-Ser-OMe, or cysteamine

Scheme 1. General scheme for the synthesis of the investigated compounds.

Altogether 18 amide conjugates of different bile acids [LCA (2), CDCA (3),
UDCA (4), DCA (5), CA (6), and dehydrocholic acid, DHCA] with different
amino acid alkyl esters (L-methionine methy]l ester,!! L-cysteine ethyl ester,!l'V L-
valine ethyl ester,Il and L-serine methyl ester!ll) or cysteamine!V were prepared.
Structures of compounds 24-28 are presented in Figure 31.
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o)
OH
27a R'=R2=H
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Figure 31. Chemical structures of the compounds prepared and investigated within this study.
2.3 Self-assembly studies™1V

Self-assembly properties of compounds 24-28 were investigated in numerous
solvent systems, and versatile self-assembled systems were detected. The num-
ber of the hydroxyl groups possessed by the steroidal skeleton and the charac-
ter of the moiety attached via amidation to the carboxyl group of the bile acids
were used as variables, when examining the self-assembly properties of the
compounds. The detailed information on the results of the self-assembly studies
can be found in the tables of publications II-IV.

Compounds 24a, 24c, 25¢c, 26a, 28a, 28e, and 28f were shown to be capable
of self-assembly leading to organogelation mostly in certain aromatic solvents,
such as toluene, benzene, and chlorobenzene. Interestingly, all but one of the
compounds showing gelation ability were derivatives of either lithocholic or
cholic acid bearing one or three hydroxyl groups in their steroidal skeleton, re-
spectively. The exception was the DHCA-derivative of cysteamine (28f). The
deoxycholyl conjugates 24b, 25b, 26b, 27b, and 28d having two hydroxyl
groups in their steroidal part did not show gelation ability in the standard gela-
tion tests. Their high solubility in the majority of the solvents tested was most
probably prohibiting the self-assembly leading to gelation.
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Regarding to the number of solvents gelated, the LCA- and CA-
derivatives of L-methionine methyl ester (24a and 24c, respectively) were shown
to be the most “effective” gelators. Moreover, the transparent gels formed by
compound 24c in certain aromatic solvents were undoubtedly the strongest
ones among all of the gels formed. Photographs of a gel formed by N-cholyl-L-
(methionine methy]l ester) (24c) in toluene are presented in Figure 1. The cholic
acid conjugate of L-cysteine ethyl ester 25¢ and cysteamine derivative of dehy-
drocholic acid 28f turned out to be rather versatile organogelators forming gels
not only in aromatic solvents, but also in CCls, diethylether (25c), and 1-octanol
(28f).

Compound 25c¢ in water was not shown to form a real gel, but rather a cer-
tain kind of gel-like, viscous material. This was further studied by SEM by pi-
petting the hot solution of compound 25c¢ in water (2% w/v) on a sample stub
and allowing it to dry. Isolated spherical structures of approximately 1 pm in
diameter were discovered (Fig. 32A-B). Additionally, larger spherical objects of
about 8 pm in size covered with the smaller sphericals were detected (Fig.
32C-D). With respect to the appearance and size the smaller vesicles resembled
the ones formed by LCA in alkaline aqueous solution® discussed earlier in sec-
tion1.3.2.

Figure 32. SEM images of self-assembled structures formed by
compound 25¢ in water (2% w/v). Scale bars: 2 pm (A, C, and D) and 1 pm (B).

Amides of bile acids with the relatively non-polar L-valine ethyl ester
(26a—c) appeared to be highly soluble in the tested solvents, and formed only
one gel (compound 26a in CCly). The gel was also shown to form upon ultrason-
ic treatment, thus presenting an example of the physical stimuli-responsive sys-
tems triggered by a stimulus other than a thermal one. Compounds 27a—c, for
one, bearing the polar L-serine methyl ester, were poorly soluble in the studied
solvent systems and none of the compounds showed the ability to promote ac-
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tual gel formation. However, a couple of weeks after the self-assembly studies,
formation of the so-called spherulitic structures in aromatic solvents was de-
tected. Spherulites are generally described as polycrystalline moieties being
composed of fibrillar crystal arrays radiating from a common central nucleus,
thus creating a spherical aggregate.16” They are ubiquitous in solids formed un-
der highly non-equilibrium conditions, and are found in numerous systems.!8
Additionally, spherulitic microdomains are frequently encountered in the gel
systems, and have been shown to function as the seeds for a slow crystallization
process of the gel phase.1%® In the case of the DCA-derivative 27b the isolated
spherical structures were found to be attached to the wall of the test tube in
each of the aromatic solvents studied (Fig. 33). For the solvents with lower sol-
ubility the spherulites were shown to be relatively small and most often entirely
isolated (Fig. 33A), whereas in chlorobenzene bigger aggregates were observed
(Fig. 33B). Moreover, one big spherulitic structure was detected in anisole (Fig.
33C). In the case of the LCA-derivative 27a, for one, gel-like particles in solution,
particularly in chlorobenzene and anisole, were observed. However, for neither
of the compounds were these spherulitic structures able to grow sufficiently
enough to be able to span the whole sample volume and cause the gel to form.

Figure 33. Optical microscopy images showing versatile spherulitic aggregates formed by com-
pound 27b in cumene (A; 50% magnification, polarized light), chlorobenzene (B; 30x magnifica-
tion), and anisole (C; 15% magnification, polarized light).

Based on the results of the self-assembly studies it seems evident that the
nature of the compound conjugated to carbon 24 of the bile acid moiety is the
determinant factor for the gel-forming ability of the compounds. Though a few
structurally related DCA-derived organogelators have been reported,'3513¢ for
this set of compounds no gels formed by the deoxycholyl derivatives in stand-
ard conditions were observed. Nevertheless, in the preliminary studies the
DCA-conjugate of L-serine methyl ester 27b showed capability of gel formation
in aqueous mixtures of ethanol. Sudhélter and co-workers suggested based on
their studies on certain N-cholyl amino acid alkyl esters!3? that the amide bond
and several hydroxyl groups were the molecular requirements for the gelation
to occur for this type of compounds. This has now been challenged by us with
the LCA-derived organogelators 24a and 26a. However, in the case of bile ac-
id—cysteamine conjugates 28a—f, apart from a weak gel formed by 28a in ben-
zene; three functional moieties in the steroidal part of the compounds were
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needed for the self-assembly leading to gelation to occur, as the gel-forming
compounds were the CA- and DHCA-derivatives 28e and 28f, respectively.

2.3.1 Morphology of the gels

Morphology of the self-assembled supramolecular gels was mostly investigated
utilizing SEM. Additionally, for CCls gel of compound 26a optical microscopy
in order to monitor the gelation via formation of visible fibers was employed.
Typically, two types of morphologies were detected among the gel, or xerogel,
samples in SEM. Xerogels of compounds 24a, 26a, and 28f revealed fibrous
structures, whereas for the xerogels of 24c, 25¢, and 28e spherical structures
were observed (Fig. 34). It is worth noting that ageing of the material can have
effects on morphology. Also the cooling rate may play an important role in the
appearance of xerogel samples. In our case, however, the samples were aged for
a constant period of time prior imaging, and the cooling conditions for the
samples were uniform.

Figure 34. SEM images of the xerogels showing fibrous (A-C) and spherical (D-F) structures. A)
24a in toluene (4% w/v), B) 26a in CCly (2% w/v), C) 28f in 1-octanol (4% w/v), D) 24c in tolu-
ene (2% w/v), E) 25c¢ in toluene (2% w/v), and F) 28e in chlorobenzene (1% w/v). Scale bars:
100 pm (A), 10 pm (B), and 2 pm (C, D, E, and F).

The effect of the sample preparation protocol on the sample appearance
was investigated for the gels of compound 25¢ in tert-butylbenzene and CCly, as
well as for compound 26a in CCls. Portions of the pre-formed transparent gels
of compound 25c in tert-butylbenzene and CCls at 0.75% w/v concentration
were scooped on the sample stubs in addition to the samples prepared from the
hot solution (2% w/v). Notable differences on the sample appearance were in-
deed observed by SEM. The scooped samples were shown to be composed of
burl-like three-dimensional structures in both solvents (Fig. 35A and 35C),
whereas in the samples prepared from hot solutions spherical interconnected
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aggregates were observed (Fig. 35B, 35D, and 35F). Moreover, a few larger
spherical aggregates of the size of tens of micrometers covered with microme-
ter-scale smaller sphericals in CCls were found (Fig. 35E). Finally, a number of
larger fully spherical objects of a couple of micrometers in size embedded in the
main component composed of interconnected spherical aggregates were detect-
ed (Fig. 35F). However, it is questionable, whether the samples prepared from
the hot solutions of tert-butylbenzene and CCls represent the exact situation in
the gel state, especially when the gelation was found to be rather a slow process
and frequently take place only after vigorous shaking of the sample tubes. Ei-
ther way, similar types of spherical structures were observed also for the 2%
(w/v) samples of compound 25c¢ in o-xylene and mesitylene. Recently, also
Steed and co-workers have evidenced shear-induced gelation.”0 Based on the
cryo-SEM experiments performed for a pyridyl-urea based metallogel it was
hypothesized that the mechanical shaking of the system breaks the initial fibers
leaving reactive open ends, which then reassemble in a much more intercon-
nected fashion forming a robust gel.

Figure 35. SEM images of the xerogels of compound 25¢. A) Sample prepared by scooping a
portion of the transparent gel on a sample stub (0.75% w/v in tert-butylbenzene), B) Sample
prepared from a hot solution (2% w/ v in tert-butylbenzene), C) Sample prepared by scooping a
portion of the transparent gel on a sample stub (0.75% w/v in CCly), D-F) Sample prepared
from a hot solution (2% w/v in CCls). Scale bars: 20 pm (A), 10 pm (B, C, and D),

20 pm (E), and 2 pm (F).
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When a small portion of the gel formed by compound 26a in CCls by soni-
cation was scooped on the sample stub, a network of about 1 pm thick fibers not
very uniformly oriented was observed (Fig. 36A). However, when the sample
was prepared by heating the suspension to the boiling point of the solvent, and
pipetting a small amount of the transparent solution on the sample stub, a net-
work of uniformly oriented fibers was observed (Fig. 36D). Moreover, the xero-
gel sample was shown to be composed of isolated, flower-like structures com-
posed of fibers, which had formed funnel-like pores possibly related to the
evaporation of the solvent molecules during the drying process (Fig. 36B-C).

Figure 36. SEM images of the xerogels of compound 26a in CCls (2% w/v). Sample prepared by
sonication (A) and sample prepared by placing the hot solution on a sample stub (B-D). Scale
bars: 2 pm (A), 20 pm (B), and 10 pm (C and D).

As already mentioned, optical microscopy imaging was utilized to moni-
tor the in situ gel formation in the case of compound 26a in CCls. The gel for-
mation was shown to occur via formation of fibers, yielding a gel with a clearly
visible fibrous structure (Fig. 37).
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Figure 37. Optical microscopy images showing the evolution of the gel network of compound
26a in CCl4 (1% w/v). The images are taken with 20x magnification, and for image F polarized
light has been used.

2.3.2 NMR spectroscopic studies for the gels

NMR studies for the gel state samples of LCA- and CA-derivatives of L-
methionine methyl ester (24a and 24c, respectively) were performed. In order to
investigate the interactions involved in the gel formation, variable-temperature
(VT) (30-70 °C) and concentration-dependent 'TH NMR experiments were em-
ployed.

For compound 24a in its gel state (benzene-ds, 2% w/v) at ambient tem-
perature broad 'H NMR signals appeared. By heating the sample in 5 °C steps,
the signals became sharper and well-resolved spectral patterns were finally ob-
served at 55 °C. Based on these experiments, the gel can be deduced to undergo
a transition into the solution state between 50 and 55 °C. As the temperature
was increased, no significant changes in the chemical shift values were ob-
served (Fig. 38).
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Figure 38. VT '"H NMR spectra of 2% (w/v) benzene-ds gel of 24a. For comparison, 'TH NMR
spectrum of a dilute solution is presented undermost.

While performing NMR studies for the peptide-based organogelators,
Miravet and co-workers observed that the 1H NMR spectra of dilute solution
and that of the gel displayed similar chemical shift values (with broadened sig-
nals in the gel sample).!”! Consequently, they hypothesized that the obscrved
signals predominantly originated from the free molecules and the molecules in
aggregated state were not observable by NMR. That is why concentration-
dependent TH NMR experiments (Fig. 39) were performed by us. The experi-
ments revealed that while the concentration in solution increases, the chemical
shift of the NH proton moves to higher ppm-values, clearly indicating that hy-
drogen bonding plays a role in the self-assembly. However, at a concentration
where the gel is formed (1.5% w/v), the amide proton again becomes more
shielded, the chemical shift value being nearly identical to that of in 4.8 mM
(0.25% w/v) free solution (the lowermost spectrum in Fig. 38). This observation
coincides with the hypothesis of Miravet and co-workers!”! according to which
the observed signals originate from the non-aggregated molecules of the sample.
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Figure 39. Concentration-dependent 'H NMR spectra of 24a in benzene-ds showing the position
of the chemical shift of the amide proton (§ ~ 5.7 ppm) as a function of concentration. (a) 0.25%
(4.8 mM); (b) 0.50%; (c) 1.0%; (d) 1.5%; (e) 2.0% (gel) at 30 °C, and (f) 2.0% at 60 °C.

The chemical shift value and the shape/splitting pattern of the amide pro-
ton of compound 24c, for one, were shown to change significantly when trans-
formed from the gel state (30 °C, & 6.87) to the solution state (45 °C, 6 6.50) (Fig.
40). This suggests that there exists hydrogen bonding involving the amide pro-
tons in the gel. Deformation of the gel upon heating destroys the hydrogen
bonding network and causes the amide proton to become more shielded.
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Figure 40. VT '"H NMR spectra of 2% (w/v) benzene-ds gel of 24c. For comparison, 'H NMR
spectrum of a dilute solution is presented undermost.

Concentration-dependent TH NMR experiments were carried out for com-
pound 24c, as well (Fig. 41). Deviating from the results obtained for compound
24a, a steady movement of the chemical shifts of B-hydrogens (3, 7, and 12p-
H’s) as well as the amide proton to higher ppm values was observed even after
the gel formation (0.5% w/v). Moreover, the NMR signals appeared as sharp
and well-resolved all the way, even for the gel state sample. This indicates
somewhat different behavior for the gel of 24c in comparison to the one of 24a.

In order to investigate the similarities/ differences in the solid and gel state
behavior of compounds 24a and 24c, 13C CPMAS NMR experiments were per-
formed. For compound 24a (Fig. 42), solid state spectra of the product crystal-
lized from acetonitrile and 2% (w/v) benzene gel closely resemble each other,
suggesting a somewhat similar behavior in solid and gel states. CA-derivative
24c, instead, seems to behave differently in the solid and gel states, as the spec-
tra of the re-crystallized product (acetonitrile) and of the 4% (w/v) toluene-ds
gel differ from each other (see publication 11, Fig. 6).
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Figure 41. Concentration-dependent 1H NMR spectra of 24c¢ in benzene-de. (a) 0.25% (4.5 mM);
(b) 0.50%; (c) 0.75%; (d) 1.0%; (e) 2.0% at 30 °C.
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Figure 42. 13C NMR spectra of compound 24a. (a) Solution state; (b) CPMAS NMR spectrum of
the synthesis product re-crystallized from acetonitrile; (c) CPMAS NMR spectrum of the 2%
(w/v) benzene gel.
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2.4 Solid state studies!-1V

During the course of the self-assembly studies many of the compounds were
shown to crystallize from a variety of solvents. These observations were ex-
ploited in preparing samples for solid state studies. Solid state properties were
investigated by means of both powder and single crystal X-ray diffraction along
with solid state NMR spectroscopy. Single crystal structures for seven of the
compounds were solved.

The crystallographic diagrams with thermal ellipsoids of compounds
24a—c are presented in Figure 43. In compound 24b there are two possible posi-
tions found for methyl C27 refined with population parameters of 0.81 and 0.19.
Also the methyl C30 of 24b points to a different direction compared to deriva-
tives 24a and 24c, which can be observed from Figure 43. Anyhow, regardless of
the small conformational discrepancy in derivative 24b, the crystalline samples
24a—c with similar unit cell parameters can be considered as isostructural mate-
rials.

e 24b /
o
%

Figure 43. ORTEP"2 plots of asymmetric units of compounds 24a—c.
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Interestingly, it was revealed, that the single crystal structure of com-
pound 24a stands for a low-temperature form, which, dynamically in a reverse
manner in solid state transforms to the room-temperature form (24a-2), the
structure of which was determined utilizing powder diffraction data obtained
from a xerogel sample of 24a. In Figure 44 the overlaid molecular structures and
packing modes of the two forms are presented.

Figure 44. Overlays of (a) molecular structures and (b) packing modes of 24a (blue structure)
and 24a-2 (magenta structure) presented along the b-axis of the room-temperature structure
24a-2. For clarity, the sulfur atom (S1) of 24a-2 is presented in a ball-style and hydrogen atoms
are omitted.

In the single crystal X-ray diffraction analysis the molecular backbones of
25a, 26a, and 27¢-H20 were found to show geometric parameters very typical to
bile acid-based structures, deviating from each other only by the side chain con-
formation. The side chains of compounds 25a and 26a derived from lithocholic
acid are fairly straight, and the overall side chain conformations between C13
and N24 as combinations of four dihedral angles are ttti for 25a and tttt (all-
trans) for 26a (t = trans, i = intermediate), respectively. The monohydrate of the
cholyl derivative (27¢-H20) shows twisted overall side chain conformation of
ttgi (g = gauche), and the side chain is turned towards the hydrophobic B-face of
the steroidal backbone. The hydrogen bonding interactions found for com-
pound 25a are both accepted by the same neighboring molecule, constructing
along the b-axis a helical chain which is transversal to the longitudinal axis of
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the molecule (Fig. 45). For compound 26a the two donated intermolecular hy-
drogen bonds are directed towards the carbonyl acceptors (either 024 or O26)
of the neighboring molecules, thus causing one molecule to be connected to
four neighboring molecules by hydrogen bonding interactions. A helical chain
motif along the b-axis formed by O3-H:--O24 hydrogen bonds is found, resem-
bling the motif observed for compound 25a. In both of the compounds, the ob-
served helical chains form bilayers throughout the structures, when connected
to the adjacent chains.

Figure 45. Left: Two interconnected molecules of compound 25a showing the hydrogen
bonds as dashed lines. Right: The helical motif formed along the b-axis of the single crystal
structure of compound 25a.

Due to two additional O-H donors in the steroidal skeleton and the pres-
ence of the water molecule, the monohydrate of the cholyl conjugate of L-serinc
methyl ester (27c-H20) has a notably richer hydrogen bonding network com-
pared to those of compounds 25a and 26a. The water molecule is bound to the
host by O12-H---O1 and O1-H.-O7 interactions (Fig. 46), which is a common
position for water in hydroxycholanoic acid-based structures.1” The compound
is found to assemble by two interlinked helical chain motifs. Similar layers pos-
sessed by 25a and 26a are not formed due to the twist of the side chain.

Figure 46. Binding of the water molecules by the steroidal parts of the molecules in 27¢-H,O.
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For the cysteamine conjugates of bile acids, crystals suitable for single
crystal X-ray studies were obtained only for the cholyl derivative 28e. The stud-
ies revealed that the structure of 28e is a non-stoichiometric hydrate composed
of a mixture of a hydrate (80%) and an anhydrous component (20%). Again, the
steroidal skeletons show geometric parameters typical to bile acids. The torsion
angles of the side chain are rather close to a perfect all-trans conformation. The
hydrate and the anhydrous component are shown to differ in the conformation
of the cysteamine moiety of the molecule. The sulfhydryl group of the hydrate
is hydrogen-bonded to a water molecule. The molecules form bilayers along the
b-axis by bringing the hydrophilic a-faces together with the help of hydrogen
bonds. The bilayers further pack together via hydrophobic effects. The interac-
tions involved are represented in Figure 47.

Figure 47. The interactions involved in the bilayer formation (between the molecules lowermost
and in the middle) together with the contacts responsible for packing of the bilayers (between
the molecules in the middle and uppermost) for compound 28e.

Polymorphism is an ability of a compound or an element to exist in two or
more crystalline forms that differ in the conformation and/or the arrangement
of the molecules in the crystal lattice. Solvates (pseudopolymorphs), for one, are
crystalline solid adducts containing either stoichiometric or non-stoichiometric
proportions of solvent molecules within their crystal structure. When the incor-
porated solvent is water, the solvate is termed as a hydrate (as shown for com-
pound 28e earlier). The study of polymorphism is important especially from the
pharmaceutical industry’s point of view; different polymorphic forms of the
same compound may significantly differ in certain physical, chemical, and bio-
logical properties.1”* The polymorphic behavior of commercial bile acids was
recently studied by CPMAS NMR spectroscopy together with single crystal and
powder X-ray diffraction.17>
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The possible polymorphism exhibited by selected compounds within the
current study was investigated by means of solid state NMR spectroscopy and
powder X-ray diffraction. 3C CPMAS NMR studies were, for example, per-
formed for the rather easily crystallized compound 28e. The solid state NMR
spectrum of the synthesis product (Fig. 48B) represents highly amorphous form
giving very broad signals. However, in the spectrum of the re-crystallized com-
pound (Fig. 48C) well-resolved signals with fairly narrow line-widths can be
seen. Moreover, the spectrum reveals the so-called doublet-resonance pattern,
suggesting the sample being either (a) mixture of different polymorphic forms,
or (b) composed of a form having two non-equivalent molecules present in an
asymmetric unit.

Figure 48. 13C NMR spectra of 28e: Solution state 13C NMR spectrum in CDCls (A), as well as 3C
CPMAS NMR spectra of the synthesis product (B) and the compound re-crystallized from
acetonitrile (C).

In order to further investigate the phenomenon of polymorphism, powder
X-ray diffraction (PXRD) data for the samples of 28e were recorded (Fig. 49). As
already noticed on the grounds of the solid state NMR experiments, the synthe-
sis product turned out to be poorly crystalline, giving only a few reflections.
The PXRD pattern of the single crystal data of 28e was simulated, and the most
intensive reflections in the simulated pattern were also found in the diffraction
pattern of the synthesis product. This suggests that the synthesis product is, at
least partly, composed of the mixture of the hydrate and the anhydrous compo-
nent of 28e. However, the PXRD pattern of the sample re-crystallized from ace-
tonitrile differed completely from these patterns, suggesting that yet another
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form of the compound exists. Unfortunately, the detailed structure of this form
remains unknown, due to the lack of crystals suitable for single crystal analysis.
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Figure 49. The experimental and simulated PXRD patterns of 28e.

2.5 Biological studies of bile acid—cysteamine conjugates’V

Cysteamine (2-aminothiol) is the simplest stable aminothiol and a degradation
product of the amino acid cysteine. The bitartrate salt of it (Cystagon) is used
for the clinical treatment of nephropathic cystinosis, a rare autosomal recessive
disease in humans.76177 The potential applicability of cysteamine e.g. in the
treatment of malaria and Huntington’s disease has recently been investigat-
ed.178179 However, because of certain problems in the applicability of cysteam-
ine for drug purposes, efforts have been made to develop novel prodrugs of
cysteamine,180-182

Lipinski’s Rule of 5!8 is a rule discovered to evaluate druglikeness, or de-
termine if a chemical compound with pharmacological or biological activity has
properties that would enable it to function as an orally active drug in the hu-
man body. The Rule of 5 predicts that poor absorption or permeation is more
likely when there are more than 5 hydrogen bond donors, 10 hydrogen bond
acceptors, the molecular weight is greater than 500, and the calculated logP val-
ue is greater than 5. One violation to the above-mentioned criteria is generally
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allowed. Compounds 28a—f fulfill these criteria rather nicely. The molecular
weight of the compounds varies between 435 and 461 Da, the number of hy-
drogen bond donors is from one to four, and the number of hydrogen bond ac-
ceptors from three to five. However, the logP values of compounds 28a-d are
somewhat higher than five (7.24 for 28a and 5.36 for 28b-d). Compounds 28e
and 28f, for one, fulfill also the last rule, having logP values of 3.48 and 2.49,
respectively.

Inspired by the calculations and the applicability of cysteamine for medi-
cal purposes, the preliminary toxicological evaluation for the compounds was
performed. The standard model mouse fibroblast cell line, commonly used in
accredited tests, was employed in the study. During MTT tests for compounds
28a—f, some of the studied compounds may have reduced the MTT dye and
thus false non-toxic results may have been observed. On this account the neu-
tral red dye (NR) assay was used for further comparison. Table 1 contains the
results obtained by using both methods. The results indicate that compounds
28a, 28¢c, and 28f are relatively non-toxic in the conditions studied and thus
show capability for further investigations for the use in pharmacological pur-
poses.

Table 1 ICs values determined for compounds 28a—f by MTT method and incorporation of NR
into living cells.

Compound Tested range of con- ICs (ug/mL) ICsp (ng/mL)
centrations (pug/mL) (MTT test) (NR test)

28a 0.4-50 - -

28b 0.4-50 - 31.7+54

28¢ 0.4-50 - -

28d 0.4-50 - 78+25

28e 0.4-50 122434 95415

28f 0.2-25 - -

2.6 Synthesis and characterization of steroid-capped gold
nanoparticlesV

N-Lithocholyl-L-(cysteine ethyl ester) 25a was exploited in preparing steroid-
capped gold nanoparticles via a very straightforward single phase reduction
process. The AuNPs were prepared by the NaBHy reduction of HAuCly in the
presence of 25a in methanol, using 1:1, 2:1, and 1:2 molar ratios between the
steroid and the gold salt. The prepared AuNPs were indispersible in most of the
common organic solvents. However, they were easily dispersed in hexane,
CHCI;, and EtOAc in the presence of 5-10% of a polar co-solvent, such as
MeOH and DMSO.

The synthesized AuNPs were characterized by elemental analysis, TEM,
and UV spectrophotometry. The purity of the 25a-capped AuNPs was exam-
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ined by comparing the C:H ratios of the starting bile acid thiol and the final na-
noparticles. The TEM images revealed mainly spherical particles with a diame-
ter ranging from 4 to 17 nm. The individual NPs seemed to form agglomerates
in methanol, as can be seen from the TEM image (Fig. 50). UV absorption spec-
tra, for one, showed a surface plasmon resonance band, characteristic of colloi-
dal gold, near 520 nm. The shapes of the observed plasmon resonance bands
were dependent on the molar ratio of 25a and the gold salt.
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Figure 50. TEM image of an agglomerate formed by the 25a-capped AuNPs (with 1:1 molar
ratio of 25a:HAuCly). Size distribution of the individual AuNPs is also shown.

Gold nanoparticles capped with the bile acid thiol were further analyzed
by 13C CPMAS NMR spectroscopy. The 13C CPMAS NMR spectrum of the 25a-
capped AulNPs prepared with 2:1 molar ratio of 25a:HAuCls displayed the
same chemical shifts as the liquid state spectrum of the organic ligand 25a. This
further supported the results obtained by elemental analysis, which suggested
that 25a was not decomposed during the nanoparticle formation.
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3 SUMMARY AND CONCLUSIONS

In this thesis, the preparation of 18 bile acid amide conjugates of certain amino
acid alkyl esters and drug molecule cysteamine is presented. All of the com-
pounds have been extensively characterized by NMR spectroscopy and mass
spectrometry thus providing a large amount of reference data for similar type
of compounds. X-ray crystallography and solid state NMR spectroscopy have
been employed to explore the solid state properties of the compounds. Howev-
er, the weight of the research has been put on the self-assembly studies of the
compounds, along with the investigations of the formed systems by versatile
methods.

Compounds 24-28 formed a variety of self-assembled systems including
supramolecular gels, vesicles, and spherulites. The number of the hydroxyl
groups possessed by the steroidal skeleton and the character of the moiety at-
tached via amidation to the carboxyl group of the bile acids were used as varia-
bles when examining the self-assembly properties of the compounds. Seven of
the compounds were shown to be capable of self-assembly leading to organo-
gelation mostly in certain aromatic solvents. All but one of the gelating com-
pounds were derivatives of either lithocholic or cholic acid bearing one or three
hydroxyl groups in their steroidal skeleton, respectively. Deoxycholyl deriva-
tives bearing two hydroxyl groups in their steroidal part did not show gelation
ability in the standard gelation tests applied. For the amino acid derivatives,
three conjugates of the non-polar and hydrophobic L-methionine and L-valine
alkyl esters were shown to be gelators, whereas the only compound bearing the
polar and hydrophilic amino acid capable of gelation was the CA-derivative of
L-cysteine ethyl ester. However, in the case of bile acid—cysteamine conjugates,
apart from a weak gel formed by the lithocholyl derivative in benzene, three
functional moieties in the steroidal parts of the compounds were needed for the
self-assembly leading to gelation to occur, as the gel-forming compounds were
the CA- and DHCA-derivatives. It thus seems evident that the nature of the
compound conjugated to carbon 24 of the bile acid moiety is the determinant
factor for the gel-forming ability of the compounds.
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Morphologies of the self-assembled systems were investigated utilizing
both optical and scanning electron microscopy. By SEM, mainly two kinds of
morphologies for the gel samples were observed - fibrous structures or inter-
connected sphericals. Moreover, the sample preparation protocol was shown to
affect the sample appearance. Variable-temperature and concentration-
dependent NMR spectroscopy were exploited to investigate the interactions
involved in the gel formation. Additionally, solid state NMR studies were per-
formed for the native gel samples.

Solid state properties of the compounds were investigated by means of
both powder and single crystal X-ray diffraction along with solid state NMR
spectroscopy. Single crystal structures for seven of the compounds were solved.
Moreover, the single crystal structure of compound 24a was shown to represent
a low-temperature form, which, dynamically in a reverse manner transforms to
the room-temperature form (24a-2), the structure of which was determined uti-
lizing powder diffraction data obtained from a xerogel sample of 24a.

Inspired by the applicability of cysteamine for medical purposes, the pre-
liminary toxicological evaluation for the compounds 28a—f was performed. The
standard model mouse fibroblast cell line, commonly used in accredited tests,
together with the MTT tests and NR assay were employed in the study. The
results indicated that compounds 28a, 28c, and 28f are relatively non-toxic in
the conditions studied and thus show capability for further investigations for
the use in pharmacological purposes. Finally, compound 25a was exploited in
preparing steroid-capped gold nanoparticles via a very straightforward single
phase reduction process.

To conclude, this thesis aims to highlight the importance of nanomaterials,
such as supramolecular gels and gold nanoparticles, to modern chemi-
cal/materials science. Moreover, it shows that the steroidal bile acids found in
the body of each of us may be exploited in a number of ways for a myriad of
purposes. For the most part, the research described aims to provide useful in-
formation on the self-assembly properties of amide derivatives of bile acids
gained by a varied range of experimental methods. However, despite of the
number of studied compounds, general rules by which the molecular structure
controls the gel-forming ability were hardly observed. This outlines the state-
ment presented in the early part of the thesis, by which the rational design and
synthesis of a gelator molecule typically is a challenging task. This is why an
ever increasing effort could be expected to be put into the development of
methodologies in order to get a deeper knowledge on the phenomena underly-
ing gel formation at the molecular level. This is expected to provide novel tools
for the design of functional and tunable systems that can be waited on to be in-
creasingly composed of hybrid materials. Finally, the move from potential to
active applications for all kinds of nanomaterials is to be expected. This can not,
however, be achieved without a fruitful multidisciplinary collaboration be-
tween researchers in the field. Furthermore, the practical challenges, such as the
stability of the supramolecular gels in a prolonged use or the toxicity of the
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AuNPs during sustained and regular use of the AuNP formulations, are still to
be solved.
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