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Abstract

Low molecular weight gelators (LMWGs) form gels through a series of non-covalent interactions,
creating a network that traps solvent, preventing flow. Due to the reversible nature of the
interactions, these materials are typically highly responsive to external stimuli, making them

attractive for high-tech applications, particularly in the biomedical field.

Despite significant progress in this area, it is still challenging to design a gelator with the required
properties for an application from scratch. This research therefore aims to develop novel

materials, focussing on drug delivery applications, exploiting multiple strategies to achieve this.

We initially focussed on the dibenzylidene sorbitol derivative DBS-CONHNH,, a hydrogelator
capable of interaction with additives — but mechanically weak. This was therefore combined with
a novel hydrogelator MBS-CO,Me — which increased the robustness of the material. Both the
mechanical and thermal properties could be tuned by varying the proportions of the two gelators.
Additionally, the gel was capable of pH responsive release of naproxen, as well as encapsulation

and release of atorvastatin.

The impact of sugar chirality on the behaviour of the gelators was then investigated, with
DBS-CONHNH; synthesised using the L-sorbitol in place of the natural b sugar. This was shown to
have the same properties as the b-DBS-CONHNH,, as would be expected, with the exception of
response to polarised light. The effect of encapsulating chiral additives within each enantiomer

was then investigated, with small effects on the properties of the materials observed.

Finally, further characterisation of a previously reported gelator, based on glutamine amide, was
carried out — with particular attention paid to the self-healing rheological properties of the gel.
This investigation was carried out both for the gel alone, and for the gel with L-DOPA
incorporated. As part of a collaboration, these gels were tested in early stage in vivo, for nasal
delivery of L-DOPA to the brain, as a treatment for Parkinson’s Disease. These early-stage tests

indicated promise of these hydrogels as delivery vehicles for delivery of active agents to the brain.
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1. Chapter 1: Introduction

1.1 Introduction to Low Molecular Weight Gelators

Gels are soft materials that are typically composed of over 99% liquid — with the remainder being
made up of gelator.! The gelator forms a solid-like network that immobilises the solvent and
prevents flow. Therefore gels, despite the high solvent content, do not flow, and behave as

viscoelastic materials.?

All gels have this characteristic in common — however, they can be classified in a number of ways
— most commonly by the type of solvent, and the type of gelator. Gels formed with organic
solvents are known as organogels, and those formed from water are hydrogels. The molecules
that form these materials are known as organogelators and hydrogelators respectively. Some
gelators may be capable of gelling both organic solvent and water, although these are rarer.>*

Other molecules can gel ionic liquids (ionogels)>® or deep eutectic solvents (eutectogels).”?

The second key distinguishing point is the type of gelator, determined by the interactions
between them. Polymer gelators (PGs) are comprised of monomers held together by covalent
bonds - giving extended polymer chains. These polymer chains can then interact with one another
either through the formation of covalent cross-linking bonds to give ‘chemical gels’ or via non-
covalent interactions to give ‘physical gels’.° These materials have been known for many years —
indeed gels formed from natural polymers were being investigated in academic science as early as

1861.1°

The other major class of gelators are low molecular weight gelators (LMWGs). Gels formed from
such gelators rely entirely on non-covalent interactions for self-assembly (as such they can also be
classified as ‘physical gels’). Each individual gelator molecule, typically with a molecular weight of
under 3000 Da, interacts with others through a mix of hydrogen bonding, m-mt stacking,
solvophobic interactions, van der Waals forces and other intermolecular interactions. This
typically results in extended fibrils (supramolecular polymers). The gel fibrils, consequently bundle
into fibres as a result of different non-covalent interactions and hence form an entangled
network. As such, these hierarchical materials are formed entirely as a result of non-covalent
interactions.!? In principle, this makes gels based on LMWGs more dynamic and reversible than
polymer gels, as unlike polymer gels, they can be disassembled to give small highly-mobile low-

molecular-weight species.



Although supramolecular gels can be formed from a variety of different classes of molecule, they
follow the same general pattern for self-assembly. First, the individual molecules start to interact
with each other, through non-covalent interactions. This leads to the formation of fibrils, which
then bundle into larger fibres. These fibres then further interact to form the sample-spanning

network — this is what traps the solvent molecules (Figure 1).12
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Figure 1. The general process for the formation of a self-assembled gel.

This process can be triggered in a number of ways. Typically, there is a move from an environment
in which the gelator molecule is soluble, to one in which it is not.'® This change can be achieved by
changing a number of conditions. One of the most common methods is heating then cooling —on
heating, the gelator dissolves in the solvent, and the gel then forms once the temperature falls
below the temperature of gelation (Tge), the point at which the gelator is no longer soluble.* A
change in pH is another commonly used method to trigger self-assembly, especially for gelators
which contain a carboxylic acid group.**> The gelator is initially dissolved in a solution at a pH
higher than the pK, of the gelator — the carboxylic acid group is deprotonated and the molecule is
therefore more soluble. The pH of the solution is then decreased, the gelator is protonated, and
becomes increasingly insoluble, eventually forming a gel. This pH change can be achieved by
addition of aqueous acid, but in these cases, protonation can occur at a faster rate than diffusion,
leading to inhomogeneous gels. It is now more common to utilise a slow change in pH, using an
acid that slowly hydrolyses in water (Scheme 1) — a technique first developed by Adams et al.®
This approach leads to more gradual protonation of the gelator, and therefore the formation of
more homogenous gels. Other common methods for triggering gelation include sonication,’
photoinitiation,'® and enzyme activation'® — again, all of these methods have the potential to
change how soluble the gelator is in the chosen environment and set up a situation where slow

precipitation can give rise to controlled fibril formation and subsequent gel assembly.
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Scheme 1. Hydrolysis of glucono-6-lactone to form gluconic acid.

Evidently, different classes of gel will have different general properties, making each type suitable
for different applications. Polymer gels tend to be fairly mechanically robust due to the covalent
linkages between monomer units — but at the expense of responsiveness to external stimuli. In
contrast, supramolecular gels are mechanically weaker, but have much greater responsiveness to
external stimuli.?° It is for this reason that supramolecular gels have become of increasing

interest.

The mechanical weakness of supramolecular gels is a result of these materials being reliant on
only non-covalent forces. However, these weaker interactions are also what give supramolecular
gels a key advantage. They tend to be very responsive to external stimuli, such as a change in
temperature or pH, as the interactions are much more reversible than the covalent bonds formed
by polymer gelators. As noted above, supramolecular gels can be fully reversed to give a low
viscosity aqueous solution by disassembling the self-assembled network into its constituent low-
molecular-weight building blocks. This means that LMWGs assemble into highly responsive

materials.

1.2 Applications of Supramolecular Gels

As noted above, the responsiveness of gels based on LMWGs has led to the hugely increased
interest in supramolecular gels.?! These materials have potential in applications as diverse as
environmental remediation,?? as electrolytes,?® and in catalysis.?* There has been particular
growth in biomedical applications, particularly for supramolecular hydrogels,* as a result of the
generally good biocompatibility of this type of material, and the focus of this introduction is on

the use of these materials in biomedicine.

1.2.1 Early Applications

Early applications of gels generally focussed on exploiting the ability of gelators to trap large
volumes of solvent. One early use of polymer hydrogels in a medical application was the use of

the PG glycolmonomethacrylate, which was used to develop the chemically cross-linked polymer



gel soft contact lens in 1960 — it’s combination of biocompatibility, permeability to gases, and
ability to support a high water content led to its use in this application.?® Other early applications
of polymer gelators include the use of agar and similar gels for use in microorganism culture —

here gelators were useful for the ability to immobilise growth medium.?’

However, as the field of supramolecular gels has grown, so have their potential applications in
biomedical settings. These applications aim to use not just the ability of the gelator to hold large
volumes of solvent, but to tune the properties of the gelator to design high-tech, responsive
materials. Desirable features include the ability to hold large volumes of water, but also the
potential to be biodegradable, interact with additives, and break down in response to certain
stimuli. Hydrogels are therefore being investigated as solutions in a range of biomedical

applications.

1.2.2 Use of Supramolecular Gels as Antibiotic Agents

Antibiotic resistance is an increasing and significant problem for modern healthcare, as more
strains of antibiotic bacteria develop, and discovery of new antibiotics cannot keep pace.?
Hydrogels for antibiotic applications fall into three main categories — the antibiotic agent being
incorporated within the gel, the use of gelators with inherent antibiotic properties, or causing the

death of bacteria via gel formation.

Peptide based gelators are especially common for use in antimicrobial applications. Hartley and
co-workers reported the use of a tripeptide hydrogelator (3) (Figure 2), capable of forming in the
presence of the antibiotic ciprofloxacin (CIP) (4).2° The formation of the hydrogel was triggered by
a change in pH, and the gel was found to be more stable, and more resistant to strain when CIP
was also incorporated. This was thought to be a result of the presence of CIP in the hydrophobic
pockets of the hydrogel. Imaging also indicated that the nanostructure of the hydrogels was

impacted by the addition of the antibiotic.



Figure 2. The tri-peptide gelator (left) used by Hartley and co-workers for the encapsulation and
release of the antibiotic ciprofloxacin (right).

These drug-loaded hydrogels were then capable of releasing CIP (in vitro) over the course of 2-3
days, with the most rapid release over the first 8 hours. Following this, inhibition tests indicated
that the CIP-loaded gel showed reasonable antibiotic activity, with the gelator alone also showing
some mild antibiotic activity. The authors suggested that the relatively sustained release, over the
course of a couple of days, could mean that these hydrogels are suitable for use in wound

dressings.

As well as antibiotics, the incorporation of nanoparticles into a hydrogel can also lead to a
material with antimicrobial properties. Silver nanoparticles typically have good antibiotic
properties, and therefore it is desirable to keep them at the site of potential infection — this may
be achieved by use of a hydrogel. In 2016, Ko et al. reported a naphthalene protected tripeptide
hydrogel (Figure 3), capable of acting as a scaffold for the formation of silver nanoparticles.?®° The
hydrogel was formed following a pH change, and Ag* ions added. These were then reduced to

form nanoparticles.

Figure 3. The tripeptide gelator developed for use with silver nanoparticles by Ko and co-workers.

Once the nanoparticles had been formed, IR studies indicated that these were interacting strongly
with the gel nanofibres. The nanoparticle loaded hydrogels showed good antibacterial activity,

against both gram-positive and gram-negative bacteria. Additionally, there was good



biocompatibility observed when tested with Hela cells. This gives the potential of these materials

for applications in wound dressing.

Progress is also being made in shaping gels containing nanoparticles, for potential applications in
orthopaedics or wound healing. This includes work by Smith and co-workers, which combined a
LMWG (DBS-CONHNH;) capable of forming silver nanoparticles in situ from silver salts, and a PG
(alginate) to attain a bead shape.3! These silver nanoparticle loaded beads showed good
antibacterial activity against drug resistant bacteria, including both gram-positive and gram-
negative examples, giving inhibition zones of 2-3 mm (Figure 4). This indicated that the beads do

indeed have potential in biomedical applications.
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Figure 4. Disc diffusion assay from work carried out by Smith and co-workers, showing the effect of
the nanoparticle loaded gel beans on the growth of drug resistant vancomycin. (A) alginate gel;
(B) alginate beads; (C) hybrid gel; (D) hybrid beads; (E) DBS-CONHNH, gel.

In 2014, Yi and co-workers3? reported a gelator based on the natural product (-)-menthol,
modified with an amino acid (Figure 5). This was capable of gelling solutions of different
antibacterial agents, including zinc acetate and lincomycin. Gels formed from these solutions
were shown to be more active against some bacteria than solutions of the same agents —
although no reasoning was given for this effect, and the hydrogels alone showed no antibiotic
activity. The gels were also thixotropic, recovering within five minutes following the application of
mechanical stress, and the exact concentration of antibiotic agent could be controlled easily. This
thixotropic behaviour, combined with the gelator itself being biocompatible, could lead to

applications in delivery of antibiotics via injection to specific sites in the body.
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Figure 5. The (-)-menthol derivative used to gel solutions of antibiotic agents by Yi and co-workers.



In 2016, Banerjee and co-workers® reported a peptide-based gelator (Figure 6), that was capable
of forming gels in PBS buffer at physiological pH. The resulting gels showed activity in their own
right against Gram-negative bacteria such as E. coli — even without the addition of any additional
antibiotic agent. Although the gel does show thixotropic behaviour, and the authors suggest it
would be suitable for subcutaneous injection, the time taken for the gel to recover the ability to
be self-supporting was around 6 hours. This makes it likely that the gel may be better suited for
the other suggested application — such as preventing the formation of biofilms on orthopaedic

implants.
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Figure 6. The gelator developed by Banerjee and co-workers, which showed antibacterial
properties.

Other modified peptides, capable of forming gels, have also shown antimicrobial activity. In 2016,
Laverty and co-workers reported gelators formed from NSAIDs and short peptide chains.?* Three
NSAIDs (ibuprofen, indomethacin, and naproxen) were investigated, each with the same short
peptide consisting of two phenylalanine and two lysine residues (Figure 7). Each of these was

capable of forming hydrogels.
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Figure 7. A modified NSAID gelator developed by Laverty and co-workers, using naproxen, two
phenylalanine residues, and two lysine residues.



Following testing of the rheological properties of the hydrogels, they were investigated for
antimicrobial action against four clinically relevant strains of bacteria. All three of the hydrogels
developed showed some activity against both gram-positive and gram-negative strains, however,
of the three, the NPX based gelator was the most promising. The suggested mechanism of action
for this activity was proposed to be a combination of two factors — the hydrophobic bulk of the
NPX section, and the cationic charge introduced by the lysine residues. These allow for the gelator

to interact with and disrupt the bacteria cell membrane.?®

Interestingly, as well as the antibiotic activity observed, the NPX based gelator also maintained
some anti-inflammatory activity, showing inhibition activity against cyclooxygenase (COX)
enzymes, both COX-1 and COX-2. The gelator was also showed some selectivity for the COX-2
enzyme- this is desirable, as many of the gastrointestinal and renal side effects of NPX are linked
to inhibition of COX-1.36 These hydrogels therefore have potential to provide both antibiotic

activity and analgesic effects.

In an example of the third method, Xu and co-workers®” have developed an amino acid based
supramolecular gel (Figure 8) that self assembles on removal of a phosphate group by a
phosphatase enzyme. This can occur in vivo — the formation of the gel then causes the cell in
which it occurs to become misshapen, resulting in bacterial cell death. In this case, the E. coli
bacteria used were modified to overexpress this phosphatase enzyme. Without this
overexpression, there was not sufficient conversion of the gelator precursor, and no gelation
occurred. Although gelation was highly specific for cells that did overexpress phosphatase, this
does limit applications in the real world — this type of antibiotic would only be active against
bacteria that overexpress phosphatase. While this is an interesting example, it is uncommon to

use this approach — likely as a result of these targeting limitations.
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Figure 8. Dephosporylation of compound 9 caused by phosphatase enzyme gives rise to compound
10 which self-assembles into a gel.

1.2.3 Use of Supramolecular Gels for Wound Healing

Supramolecular hydrogels are also being developed for dressings, and to aid in wound healing.
Antibacterial gels can prevent the infection of wounds, helping to decrease recovery times — they
also help prevent the movement of antibacterial agents into the body, reducing adverse side
effects. As well as the gel providing an environment amenable to wound healing, the gelator itself
can be important —in some cases the gelator has components that are important in the process of

regenerating tissue.

An early example from the group of Xu used a glucosamine-based hydrogelator (Figure 9) to aid in
wound healing.3® Glucosamine itself is believed to play an important role in the wound healing
process, helping to avoid the formation of scar tissue.? In this work, glucosamine was modified
with phenylalanine and a naphthalene group, groups that are well-known to give gelation
potential, in order to form two gelators with differing chirality. The hydrogel based on
p-phenylalanine (12) was found to have slightly better biocompatibility than that prepared using
L-phenylalanine (11). The p-phenylalanine based hydrogel was then tested for effectiveness in
wound healing in mice. The application of the hydrogel led to both faster wound healing, and

smaller scars than observed for the control, in which no gel was applied.
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Figure 9. The glucosamine-based hydrogels developed by Xu et al. for use as aids in wound
healing.

Similarly to antibacterial gels, an active component may be encapsulated within the materials that
is known to aid in wound healing — this can then be released over time. Zhao and co-workers have
made use of this method, developing a hydrogel based on a short peptide, that was capable of
releasing NO in a controlled manner.*° NO is produced in the body, and is known to be involved in
a number of important biological pathways.** However, delivery can be challenging — generally
prodrugs are required, and these may be toxic, or metabolised before reaching the target.*> The
group coupled a NO donor to a short peptide to form a hydrogelator, with NO being released in a
highly controlled manner as a result of enzyme action — this enzyme could also be incorporated
into the gel. The hydrogels gave rise to faster healing of wounds, and increased angiogenesis

compared to controls.

Hydrogels can also assist in control of bleeding. Typically, polymers are used in this application,
and can provide rapid haemostasis. An example of a self-assembling gel in this application was
reported by Hartgerink and co-workers in 2015.% This was a peptide based hydrogel, which was
capable of recovering following the application of stress, allowing it to be injected in the desired
location. The hydrogel could also be loaded with batroxobin, a known anticoagulant effective
even in the presence of the anticoagulant heparin.** However, as a small and relatively soluble
molecule, it is challenging to use in controlling heavy bleeding.* When the hydrogel containing
batroxobin was applied to a wound, bleeding was stopped rapidly, even with heparin present.
Haemostasis was rapid even in comparison to commercially available treatments, indicating

potential for this type of material in this area.

1.2.4 Supramolecular Gels for Cell Culture and Tissue Engineering

One of the most significant areas of recent development for LMWGs is in the field of cell culture

and tissue engineering.*® PGs such as agar have long been used to culture cells for biological

10



assays and other applications,* but interest in using LMWGs for more complex applications is
growing. For example, there is a constant need for organs for transplant — and not enough donors
to meet demand.*® Furthermore, even if a donor can be found, the recipient must take
medication to reduce the likelihood of organ rejection.* Even with this, a significant proportion of
donor organs are eventually rejected.>® An optimal solution for this problem would be to provide
an organ grown from the patient’s own stem cells — but this is not straightforward. It is
challenging to predict how stem cells will differentiate, and it is difficult to control - particularly to
the extent that a whole complex organ could be grown. However, there are a number of
approaches being investigated to improve control over cell growth. There is also great interest in
the development of gels that can assist with nerve tissue growth, with applications in (e.g.) spinal

cord repair.

1.2.4.1 Hydrogels for Nerve Repair

Some early work in this area was carried out by Stupp and co-workers. This group initially
reported a peptide amphiphile gelator based on a five amino acid peptide (Figure 10), capable of
self-assembly to form hydrogels.>! This sequence was already known to promote neurite
sprouting, and to promote neurite growth,> and was combined with a glutamine residue to
provide a charged section, followed by alanine and glycine residues and a carbon chain, to give
increasing hydrophobicity. These hydrogels were formed rapidly when a solution of gelator was
mixed with neural progenitor cells (NPCs) — with the cells surviving the self-assembly process, and
showed good viability. It was also found that the peptide in solution could be injected into tissue,

forming hydrogels in situ, including in the spinal cord.
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Figure 10. The peptide amphiphile gelator developed by Stupp and co-workers, based on the five
peptide sequence lle-Lys-Val-Ala-Val, that was used in repair of spinal cord injuries. X indicates
where the two halves of the structure join.
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This led to further work, investigating the ability of this hydrogel to promote recovery following a
spinal cord injury.>® The gelator was therefore injected at the site of a spinal cord injury in mice. A
greater improvement was observed for this group than for any of the control groups, including
that where the five amino acid peptide alone had been administered. This improvement was not
observed until several weeks after the injection, but was significant. It was determined that the
presence of the hydrogel helped to reduce the occurrence of increased cell size and increased cell
numbers following the initial reaction to injury — the continuation of this response is believed to
impact healing of spinal cord injuries. The presence of the gel also reduced the death of
oligodendroglial cells — typically there is significant loss of this type of cell following injury. These
factors combined helped to reduce the level of glial scarring, a factor in recovery from spinal

injuries.

The ability of the gel to act as a scaffold for axons was also monitored. The material greatly
increased the proportion of axons entering the injury site, and some crossed the whole of the
lesion, although the paths taken were not as observed in healthy neurons. The morphologies
observed were also unusual. This was observed for both motor and sensory neurons. Despite
some drawbacks, this work indicates that hydrogels have the potential to act as scaffolds for

tissue regeneration — even for complex nerve cells.

In other work focussing on nerve regeneration, Schneider and co-workers also developed a
peptide scaffold based on alternating positive and negative amino acids.>* This class of
compounds had been shown by the same group to support cell growth in tissue culture,® with
one in particular also able to facilitate the formation of synapses.®® These are highly important in
functioning nerves, and this therefore made this material of particular interest for nerve
regeneration. This peptide, based on repeating arginine-alanine-aspartate-alanine (Figure 11),

were therefore investigated for use in repair of damaged nerve cells.
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Figure 11. The Arg-Ala-Asp-Ala repeating peptide used by Schneider and co-workers as a scaffold
for regeneration of optic nerves.
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The ability of the scaffold to support cell growth was tested on lesions on optical neurons. The
peptide was applied as a solution, and it was observed that the presence of the scaffold gave
greater improvement in tissue regeneration than for a control group. This included the growth of
axons across the lesion, resulting in at least some restoration of vision in many cases. The scaffold
also appeared to be biocompatible, with no inflammation observed. The breakdown of the
scaffold was also observed, with most breakdown products excreted within a few weeks, and no
aggregations of these observed in the brain. This suggests that scaffolds such as this could have

potential in nerve regeneration.

1.2.4.2 Hydrogels in Cell Culture

In early work focussing on in vitro cell culture, Gough and co-workers®” demonstrated that the
composition of the gel is important for promoting cell growth. They combined Fmoc-protected di-
and tri-peptides (Figure 12), with the cells being easily incorporated into the gel by triggering self-
assembly of the gelators within the cell culture medium. The cells proliferated to form a 3D
network, and it was also demonstrated that the presence of an aspartic acid residue was essential
for proper cell adhesion in this case — indicating the importance of designing a gelator at the

molecular level to achieve the desired effect.
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Figure 12. The peptide-based gelators used by Gough and co-workers for cell proliferation and
adhesion studies.

Many studies have focussed on controlling the differentiation of stem cells. This can be achieved
by modifying the stiffness of the gel on which they are grown. In general terms, a stiffer gel will
lead to a harder type of tissue, such as bone, whereas a softer gel will give rise to softer tissue,
such as fat or muscle.>® In this way, the rheological (materials) performance of a gel can control

the biological outcome.
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This has been demonstrated by He and co-workers,* who used a LMWG derived from
phenylboronic acid (Figure 13) to culture mesenchymal stem cells. The stiffness of the gels was
controlled by varying the concentration of gelator, and the ratio of water and PEG200 as the
solvent. They found that the stiffer gels resulted in the stem cells beginning to differentiate into
osteoblasts, whereas the softer gels lead to more chondrocytic differentiation. The difference in

stiffness required for this difference in biological was around 10 kPa.

Figure 13. The gelator used by He and co-workers for the culture of mesochymal stem cells.

In particular, LMWGs are attractive for cell culture due to effects that small modifications of the
gelator can change the material properties — this is also the case with regards to cell growth. This
can include changes as simple as altering the chirality of the gelator. In 2018, Feng and co-workers
reported a phenylalanine derivative,® where the insertion of an odd or even number of
methylene units impacted the chirality of the self-assembled fibres — despite no change in the
chirality of the gelator itself (Figure 14). The addition of 0 or 2 units (even) gave right-handed

helices, while the addition of 1 (odd) gave left-handed helices.
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Figure 14. The phenylalanine based gelator used by Feng and co-workers to determine the effects
of nanostructure chirality on cell behaviour.

These hydrogels were then investigated for cell culture. It was found that the material formed
from gelator 18b, made up of left-handed helices, gave an increased level of cell adhesion in
comparison to the other two gelators — this is turn led to greater cell proliferation. This effect was
observed with two different types of cell, despite all the gelators being derived from

L-phenylalanine. This highlights the importance of having control over the structure of the
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nanofibres, and the impact that simple changes can have on the nanostructure, and therefore

tissue engineering applications.

1.2.5 Use of Supramolecular Hydrogels for Drug Delivery

A key area for the development of supramolecular hydrogels has been in drug delivery.
Formulation is an important part of the drug development process, as the method of formulation
can alter both the release profile and the way in which the drug is delivered in the body.?! These
factors are very important for developing a drug prior to it entering into clinical trials. In other
cases, a traditional pharmaceutical (small drug molecule) can gain enhanced activity against
existing targets or additional activity against new targets by means of altering its formulation and
hence its delivery mechanism. The release profile of a drug needs to be tailored to suit the
required dose, as well as the way in which it is metabolised. In some cases, rapid release is
required. In other situations, a gradual release of the drug over a longer period of time is
required. Targeting a drug to the correct area of the body is also a key consideration — off target
effects can lead to toxicity and therefore side-effects.®? This is a significant reason for novel

therapeutics failing to pass through clinical trials.®

Along with the other favourable properties that LMWGs offer for drug delivery, self-healing
behaviour is a highly desirable property for certain applications.®* This behaviour allows a material
to recover following the application of increased strain or stress, such as that experienced on
injection. If the recovery occurs rapidly enough following the application of the strain, a gel can be
formed in situ, in the desired location for delivery. Supramolecular hydrogels have particular
potential here as a result of the typically reversible interactions between the individual gelator

molecules — these can be reformed following disruption.

1.2.5.1 Mechanisms of Release

The rate of release of a drug from a gel is dependent on the level of interaction between the API
and the gel network (Figure 15),%> and this can be altered by designing gelators to achieve the
desired level of interaction. APIs can be encapsulated within the gel network, either by inclusion
in the gel formation process, or by diffusion in following gel formation.®® In some cases, there will
be no interaction between the functional groups of the drug and the gel fibres, with the drug
merely being held within the pores of the gel in a similar manner to the solvent. This allows for
the APl molecules to diffuse freely throughout the pores in the gel network. This typically leads to

rapid “burst” release, with the drug leaving the gel very rapidly on administration.
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(a) (b) (c) (d)

Figure 15. A schematic to demonstrate the types of interaction possible between gel nanofibres
and an additive. (a) No interactions; (b) Steric interactions; (c) Non-covalent interactions; (d)
Additive part of the gel network.

More controlled release is also possible — through interactions with the gel network. These
interactions might be steric — if the drug molecule is a similar size to the pores of the gel, diffusion
out of the gel might be slowed significantly. Smaller molecules will be less hindered, and

therefore diffuse out of the gel faster than larger ones.

This effect was reported by Zhang and co-workers, who used a previously reported peptide based
hydrogel to encapsulate a number of proteins of differing sizes, including lysozyme (the smallest)
and IgG (the largest). %’ These showed significant differences in rate of release, with lysozyme
release reaching a plateau after around 30 hrs. By contrast, release of IgG was still being observed
after 60 hrs. The density of the network was also an important factor. On increasing gelator
loading (with the loading of drug remaining the same), the network density was increased and the
release of both proteins was slowed. It is possible that this simple control could lead to the ability

to release two additives, at separate rates, from one gel.

However, it is difficult to predict what size pores will be formed for different gelators, and these
systems are therefore challenging to develop for a specific drug. This approach has particular
potential for larger biological drugs, which will be much more likely to experience steric

entrapment effects.

Alternatively, there may be non-covalent interactions between the functional groups of the API,
and those of the gel network. This will also slow diffusion out of the gel, and this is more likely to
be predictable.®® Liu and co-workers exploited this to achieve varying rates of release from a
single hydrogel. ® They used a gelator based on a peptide containing Lys-Leu-Asp-Leu sequences,
with additional arginine residues (Figure 16).The gels also contain heparin, which interacts

strongly with the arginine residues, and is effectively immobilised with the gel.”® The two drugs,
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anti-TNF-a, and hepatocyte growth factor (HGF), were encapsulated within the hydrogel. On
testing the release of these drugs, it was observed that anti-TNF-a was released much more
rapidly than HGF, with 70% and 30% release respectively after 120 hrs. It was suggested that this
was a result of differing interactions between the additives and the network. HGF was thought to
be interacting with the heparin that was in turn bound to the gel fibres — this slowed diffusion out
of the gel. In contrast, anti-TNF-a was not thought to interact significantly with the gel, and
therefore diffusion was much faster. This system was also demonstrated to have a positive impact
on a renal injury in vivo. This study suggests that supramolecular hydrogels do have potential for

use as dual drug delivery platforms.
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Figure 16. The peptide used by Liu and co-workers as a dual drug delivery platform.

Another example of controlled release being obtained by interaction of the drug with the fibres
was reported by Amabilino, Calpena and co-workers in 2015.7* They reported the use of a bis-
imidazolium based amphiphile (20), capable of forming gels in water/ethanol mixtures (Figure 17).
These gels were then used to encapsulate the anti-inflammatory drugs ibuprofen (21) and
indomethacin (22). NMR studies indicated that all of the incorporated drug was interacting with
the gel fibres. This resulted in limited release being observed in vitro, particularly for
indomethacin. Permeation tests also indicated that the gels would make a suitable vehicle for
transdermal drug delivery. This was therefore tested in vivo, with good anti-inflammatory effects

noted after 4 hours, particularly for indomethacin.
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Figure 17. The bis-imidazolium based gelator used by Calpena and co-workers for encapsulation
and release of ibuprofen and indomethacin.

Systems can also be designed to give faster release in some environments, and slower in others,
to provide a degree of targeting — for example, different rates of release at different pH values.
Drug release can also result from breakdown of the gel network, as a result of a specific stimuli,
allowing the encapsulated drug to be release.”? Additionally, erosion of the hydrogel (more
commonly reported in polymeric hydrogels) can also be a factor in the release of an active
ingredient — as the gel is broken down, the additive is no longer encapsulated within that part of
the gel, and is therefore released.”® In most cases, it is likely that multiple factors will be impacting
the rate of release — these different factors can be difficult to separate. There are a number of
methods available for triggering the breakdown of supramolecular hydrogels — this is one of the
factors that makes them so attractive for drug release. Often, such breakdown is triggered by
enzyme action, or a change in pH, but other methods can also be used. In 2011, Hamachi and co-
workers reported a protected peptide gelator (23) sensitive to oxidation — addition of H,0; led to

breakdown of the gelator, and therefore the gel (Figure 18).7
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Figure 18. The gelator (left) used by Hamachi and co-workers for triggered insulin release, and its
breakdown products (right) following exposure to H,0,.

To introduce responsiveness to biological factors, the group encapsulated glucose oxidase within
the gel. This enzyme produces H,0; in the presence of p-glucose’ — it was thought this could
trigger breakdown of the hydrogel. This did indeed cause breakdown of the hydrogel, over a

period of about 5 hours. The group then added insulin to the gel, along with the glucose oxidase
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enzyme, and followed its release, both with and without exposure to p-glucose. When the
hydrogel was not exposed to p-glucose, very little insulin (less than 10%) was released. In
contrast, when p-glucose was also present, the gel broke down, and there was a corresponding
release of insulin. It was suggested that this relatively simple method of triggering gel breakdown

could be developed to provide a platform for insulin release in treatment of diabetes.

As well as controlling the release of a drug by controlling breakdown of the gel, the surrounding
environment can impact release, without breaking down the hydrogel. An example of this was
reported in 2017 by Wu and co-workers.”® They developed a peptide-based gelator (Figure 19),

capable of forming hydrogels in pH 7.4 PBS solution, and stable across a range of pH values.
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Figure 19. The peptide based gelator used by Wu and co-workers for encapsulation and release of
doxorubicin.

The chemotherapy drug doxorubicin (DOX) was then encapsulated within the hydrogel, and
release was tested at a number of pH values. Release was found to be low at a physiological pH of
7.4, and in a weakly alkaline environment (pH 8.9). There was a greater level of release obtained
at acidic pH — with the greatest level of release observed at the lowest pH, 4.4. This greater
release at low pH values (common in tumour microenvironments), combined with the generally
very slow release (less than 10% release at any pH), led the authors to suggest that the hydrogel

might be suitable for long term, slow release of DOX to treat tumours.

In 2020, Marlow and co-workers reported a study into factors impacting the rate of release of
various bioactive molecules from a nucleoside based hydrogelator,”” previously reported by the

same group (Figure 20).78
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Figure 20. The nucleoside based gelator used by Marlow and co-workers to study the rate of
release of varied bioactive molecules.

A number of proteins were chosen to be incorporated within the hydrogel — bovine serum
albumin (BSA), B-lactoglobulin (B-lact), insulin and lysozyme. Of these, BSA, B-lact and insulin have
varying molecular masses, but are all negatively charged under physiological conditions, whereas
B-lact and lysozyme have similar molecular weights, but opposite charges. The study determined
that each of the proteins interacted closely with the gel fibres, rather than being ‘free’ within the
pores of the gel network. These hydrogels were also capable of protecting the incorporated
proteins from enzyme action, and following injection of the hydrogel in vivo, no toxicity or

inflammation was observed.

When release of the proteins from the hydrogel was investigated, all of the proteins had very
similar release profiles, despite the differing sizes and charges. As the release rates were also
similar to the erosion rate of the hydrogel, it seemed likely that this was the driving factor for
release. This is at least partly a result of the significant interactions between the proteins and the
gel fibres — without which there would be diffusion out of the gel. This hydrogel is a promising
platform for the delivery of bioactive proteins, particularly if the rate of gel erosion could be

controlled.

As well as these mechanisms of release, which typically rely on slowing diffusion for control over
release rates, it is also possible to achieve triggered release from a supramolecular gel. Generally,
to achieve this, the drug will be part of the gel network — and therefore cannot be released until
the network is completely broken down. This breakdown can be designed to only occur in the
presence of a specific stimulus, such as a particular enzyme, with the aim of targeting a specific
area or pathway in the body. This is generally achieved by using a prodrug as a gelator, with the
drug released as the gel is broken down. Either a known gelator can be tethered to the drug that

is to be delivered,” or the drug can be modified to give a gelator.®
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To obtain triggered release, the drug may be incorporated within the gel structure. This requires
the breakdown of the gel before any release can take place — no diffusion of the drug out of the
gel takes place before this breakdown. An example of this was reported by Miravet and co-
workers in 2010.8! They developed gelators based on Fmoc-L-lysine, linked to a model drug by the

self-immolative linker p-aminobenzyloxycarbonyl (Figure 21).
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Figure 21. Model prodrug gelator developed by Miravet and co-workers for triggered drug release.
n=1or 2.

These gelators were capable of forming gels in ethanol/buffer mixes, with gelation occurring on
addition of buffer to a solution of the gelator in ethanol. It was then demonstrated that if the
enzyme trypsin was added along with the buffer, the gel would form, before being gradually
broken down by the action of the enzyme, over the course of around 30 hrs. Analysis of the
resulting mixture indicated that the breakdown had occurred at the linker, leading to release of
the model drug. This proof of concept work indicated that it would be possible to use such linkers

for gelator prodrugs, sensitive to enzyme action, to provide triggered release.

1.2.5.2 Mechanisms of Delivery

The delivery route is also an important consideration when a drug formulation is developed.
Depending on the desired route of administration, and the drug being given, different
formulations will be required. Common routes of drug administration are oral or by injection.®?
Injections may be intramuscular, intravenous and or subcutaneous. Other potential routes of
administration relevant to gels include topical, transdermal, and via mucous membranes,

including sublingual and nasal delivery.®

Oral delivery is the most common and straightforward approach, with patients able to easily
manage their own medication, and the formulations being relatively cheap to develop and
manufacture. However, the drug must be protected from the acidic conditions in the stomach.
This method of delivery can also be inefficient — with only a small proportion of the drug reaching

the desired target. This is partly because some of the drug may never be absorbed into the
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bloodstream from the small intestine. Of that which is absorbed, more will be metabolised by first
pass liver metabolism prior to entry into the bloodstream — for some drugs, this can be a

considerable proportion.®

Intravenous delivery avoids these issues by delivery directly into the bloodstream. This also makes
the drug available very rapidly, particularly useful in an emergency situation. However, it can be
impractical to use outside of a clinical setting as intravenous injection requires a level of technical
skills, and many patients would be unwilling to inject themselves in that way. Intramuscular
delivery has similar issues, although sub-cutaneous injections can now be carried out using

autoinjectors.

Generally, the mode of administration will often be chosen based on whether the required drug
delivery is systemic or local, the time taken for the drug to be available, and whether first pass
liver metabolism needs to be avoided. Systemic delivery is useful when there is no need for
targeted delivery of the drug. This covers most forms of drug delivery — the drug enters the
bloodstream and is transported around the whole body. Local delivery is used when the effects of
a drug are only required in a very specific area, but is not always easily achievable. A good
example would be drugs required to treat the lungs (e.g. asthma, cystic fibrosis etc.), which are
often delivered by inhalation. The time for onset of action is also critical. Drugs delivered
intravenously can be available in as little as a couple of minutes®® — by contrast, it can take 30
minutes or more for orally delivered drugs to take effect.®¢ Most other methods of delivery fall
somewhere between these two.®” Other methods allow for a slower or longer lasting release — for

example, intramuscular injection can be used for slow release and depot formulations.®

There is interest in using gels for development of new formulations across a range of delivery
methods. For example, gels have been successfully used to develop topical painkillers — these are
now commercially available.® Currently, such commercially available formulations use polymer
gelators, such as carbomers or cellulose. These are present simply to provide the required
thickening effect — they are not active ingredients. For topical applications, a gel has a clear
advantage over a solid or a liquid formulation, providing good contact with the skin, while being
viscous enough for that contact to be maintained. Gels can also be preferable over creams, as
with gels there is little need for any ingredient other than the API, water or other solvents, and

the gelator. This simplicity is attractive across a range of dosage forms.

It has been shown that a wide range of APls, with a range of targets and modes of action, can be
encapsulated within supramolecular hydrogels. These include painkillers, anticancer agents,

antiretrovirals, antibiotics, anti-inflammatories and hormones.*®
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Perhaps one of the most significant areas of development for supramolecular gels is to use them
as some form of implant to act as a reservoir of drug, allowing for controlled release over an
extended period of time. Here, the fact that many supramolecular gels are developed from highly
biocompatible components is a significant advantage. This means that the gel containing the drug
can either be injected, if it has thixotropic properties, or if this is not the case, perhaps implanted
after surgery.’! The drug can then be released slowly from the gel over an extended period of
time. This is attractive for two reasons —firstly, the gel will keep the drug in the desired area of
the body, improving the targeting. Secondly, as the gel can be designed to be biodegradable,
there is no need for additional surgery to remove the implant. A common tactic for designing
novel gelators is to use molecules for which the metabolic pathway is already reasonably well-
understood. This means that gelators can be chosen that will not break down to give products
that have a detrimental effect. The rate of breakdown can also be considered — if the gel breaks
down slowly, this can slow the rate of release of the drug. Triggered release can also be a
consideration, with systems designed to not release the drug before the gel has broken down in

response to a specific biological or physical trigger.

An example of using a supramolecular gel as a drug depot was reported in 2017 by He and co-
workers, who used a LMWG to form a depot for cancer treatment.®? They used a dipeptide (Figure
22) capable of forming gels in ethanol. Although generally hydrogels are preferred for use in
biomedical applications, in this case ethanol was used to provide percutaneous ethanol injection

(PEI) therapy. The gel acted to keep the ethanol in close proximity to the tumour.
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Figure 22. The dipeptide based gelator used by He and co-workers to form a drug depot for release
of DOX.

Once formed, these hydrogels were injectable. This is desirable, as the gel can be formed in a very
specific area, provided recovery from the higher shear strain is rapid. In this case, the gel was
reformed within ten minutes following subcutaneous injection, which was fast enough for the gel
to form in the desired location. As well as the effect of ethanol, additional chemotherapeutic
effects were sought by encapsulating DOX within the gels. In vivo studies indicated that the

ethanol gel loaded with DOX showed good activity against a tumour, inhibiting growth
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significantly more than controls. This effect was observed for at least 30 days following the

injection of three doses of the gel — indicating that slow release of the DOX was achieved.

1.3 Modification of Gelator Molecules

It is still very challenging to design molecules specifically to act as LMWGs, with most being
discovered serendipitously.®® This is due to the complex factors that determine whether a
molecule can assemble in the manner required for gel formation. However, some progress is
being made in designing gelators. Often, a gelator is developed from a molecule which is already

known to self-assemble in some way — this provides a starting point for development.

1.3.1 Important Factors for Gelation

For gelation to occur, the right balance between solubility and crystallisation needs to be
achieved.®® In the case of hydrogelators, this usually requires a mix of hydrophobic and
hydrophilic regions within the gelator molecule. Generally, the gelator needs to be partially
soluble in water — requiring a trigger, such as heating, for complete dissolution. The gel is then

formed as the gelator becomes less soluble, for example as the solvent cools down.

Generally, hydrogelators are capable of a number of different non-covalent interactions in
combination. Solvophobic interactions and van der Waals interactions encourage the assembly of
hydrophobic domains and drive the gelation process. Particularly important for hydrogels are
hydrogen bonding interactions — both between gelator molecules, and between the gelator and
the solvent.® These help mediate the solubility of the gelator, preventing it from simply
crystallising, and can also encourage specific orientational arrangement of the gelator molecules.
As a result, most hydrogelators have multiple groups that are capable of forming hydrogen bonds,

as well as regions that are hydrophobic.

For gelation, it is important that the gelators assemble in a one-dimensional manner, forming
nanofibres rather than crystals. If this is not the case, following the application of the gelation
trigger, a precipitate will simply be formed, rather than the desired gel. This means that the shape
of the gelator molecule and the orientational ability of the non-covalent interactions between
gelators play a key role in controlling the assembly process to give one-dimensional order, rather

than three-dimensional structures that would rather simply crystallise.

These factors therefore need to be carefully considered during gelator design. Although such
design is challenging, it is highly desirable to be able to achieve this - changing the gelator

molecule can lead to changes in the properties of the final material. This can allow for the
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development of tuneable materials. Additionally, for the design of ‘smart materials’, it is
important to consider any additional functional groups that might be able to interact with
additives. Such considerations are what moves a gelator from acting merely as a thickener, to
having an impact on the behaviour and interactions of the material, and endowing it with

potential high-tech applications, as illustrated below.

1.3.2 Common Types of Gelator Molecule

It is common for hydrogelators to be based upon natural bioavailable molecules — these often
contain both hydrophilic and hydrophobic groups. It is also worth reflecting that controlled self-
assembly is commonplace in nature, which might suggest that this type of building block is well-
suited to the target of gelation. Modification of these molecules is also feasible using well-
established synthetic methodologies, allowing for the design and tuning of gelator molecules.
Natural molecules therefore provide a good starting point for the development of novel

hydrogelators.

1.3.2.1 Sugars

Sugars are a common starting point for the development of hydrogelators. Sugars themselves are
typically too water-soluble to act effectively as gelators — therefore they are usually modified to

give them a degree of hydrophobic character. These are then capable of forming hydrogels.

Some of the earliest sugar-based hydrogelators were reported by Shinkai and co-workers.% They
developed a small library that combined sugar and azobenzene moieties, one of which was
capable of acting as a supergelator (Figure 23). They carried out studies to determine the driving
forces for gelation, which indicated that the n-it stacking resulting from the presence of the
azobenzene groups was an important factor in driving gelation. There was also evidence of
hydrogen-bonding interactions between the amido groups, with the sugars at each end of the

gelator providing sufficient hydrophilicity for gelation to occur.
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Figure 23. The azobenzene/sugar gelator investigated by Shinkai and co-workers.

An example of the way in which changing the structure of the gelator molecule can influence
material properties can be observed with sorbitol based gelators, both the mono- and di-

substituted systems are capable of forming gels (Figure 24).
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Figure 24. The structures of p-sorbitol (31); dibenzylidene sorbitol (32); monobenzylidene sorbitol
(33).

Dibenzylidene sorbitol (DBS) (32) itself is produced via an acetal formation, and was noted for its
gelating properties as early as 1891.%7 This is a reversible process, and it is therefore likely that the
process results in the formation of the thermodynamic product — this has the benzylidene group
in the equatorial position. Although Brecknell et al. reported the stereochemistry at the acetal
positions to be equatorial, there is no consensus on the stereochemistry within the literature.%® It
was mostly used to thicken organic solvents (DBS is essentially insoluble in water and therefore
cannot act as a hydrogel). Simple modifications of the compound were carried out to give DBS
derivatives, which in turn found significant use in the personal care industry®® and as polymer
additives.1® These modifications are commonly carried out at either the free alcohol groups, or by

changing the aromatic ‘wings’ (Figure 25).1%
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Figure 25. Common sites for modification of DBS. Blue circles: aromatic wings. Red circles: free
alcohols.

However, initially these modifications, mostly carried out in industrial research, did not
significantly change the solubility of the derivatives in water, with the addition of functional
groups such as halogens, alkyl groups and nitro groups to the aromatic wings being targeted.%?
The free alcohols can also be modified, with the primary alcohol being a more popular target due
to its increased reactivity. These modifications have typically focussed on esterification of one or
both of the free alcohols.® As a result of these modifications having relatively little impact on the
water solubility of the molecules (indeed, if anything, they decrease it), the applications of such

derivatives were still limited, particularly in biomedical settings.

While the formation of organogels can be useful, most applications of DBS derivatives in this area
have continued to simply make use of the thickening ability of such molecules. This has not
excluded biomedical applications, for example, a formulation of an ethanol-based DBS organogel
has been applied for the topical delivery of painkillers such as tramadol.?® DBS-based gelators
have also been used in formulations of drugs that are susceptible to abuse — the addition of a DBS
derivative to the formulation resulted in the separation of the APl from the mix being very
challenging.’® While still useful, the inability of DBS to form hydrogels did limit the prospective

applications of DBS derivatives in biomedical settings.

In 2013, the Smith group reported the DBS derivative DBS-CO,H (Figure 26), which has carboxylic
acid groups on the aromatic wings.!% This is achieved by carrying out the acetal formation with a
modified benzaldehyde, giving ester groups on the aromatic groups. The ester can then be
converted by hydrolysis to give the desired carboxylic acid. The presence of these groups gave

increased solubility in water, allowing for the formation of hydrogels.
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Figure 26. The structure of DBS-CO;H.

Also in 2013, a second derivative (DBS-CONHNH;) was reported (Figure 27).1% As with the
addition of carboxylic acid groups, the ester derivative is formed first. This is then converted to
the acyl hydrazide by reaction with hydrazine monohydrate.
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Figure 27. The structure of DBS-CONHNH..

Both of these are capable of forming hydrogels, and each has a different trigger. DBS-CO,H forms
gels upon a change of pH from high to low — this leads to protonation of the carboxylic acid
groups, and the gel is formed as a result of the corresponding decrease in solubility.
DBS-CONHNH,, however, is formed via a heat/cool cycle — dissolving on heating, and the gel
forming once this solution has cooled. Unlike many supramolecular gels, this gelator is stable

across a range of pH values (ca. 2-12), increasing the scope for potential applications.

Both of these gelators have potential for biomedical applications. DBS-CONHNH, is particularly of
interest as a result of the interactive nature of the acyl hydrazide groups — these are capable of
interacting with a number of additive functional groups, including aldehydes (via covalent

reaction to form an acyl hydrazone)*’

and carboxylic acids (via the formation of acid-amine type
interactions).’® This enables this derivative to be useful in a number of different applications —
especially drug delivery, with DBS-CONHNH; hydrogels having been shown to be capable of pH

mediated release of acid-functionalised non-steroidal anti-inflammatories including naproxen and

28



ibuprofen.'® The development of DBS derivatives that are capable of forming hydrogels should

expand the range of applications that are available, particularly in biomedical areas.

Monobenzylidene sorbitol (MBS) derivatives have also been used in a number of different
industrial applications, although not as widely as DBS derivatives. MBS itself was first reported in
1935, and has applications in areas such as cosmetic formulations.!!! These are more water
soluble than their DBS equivalents, as a result of the larger number of free alcohol groups and
smaller number of aromatic rings. Depending on the functionalisation, this opens up the

possibility of them acting as hydrogelators more readily.

Some more high-tech applications of MBS derivatives have recently been reported. In one
example, reported by Feng and co-workers in 2012, an MBS derivative (36) (Figure 28) was used
to gel a KOH solution for use as an electrolyte, which showed good electrochemical stability and

charge/discharge behaviour.!*?

36 37

Figure 28. Left: The MBS based gelator used by Feng and co-workers as an electrolyte. Right: The
MBS derivative used by Niu and co-workers.

In another example, Niu and co-workers reported an MBS derivative (37) (Figure 28) that formed

gels in a mix of water and DMSO, which were sensitive to Cu?* ions,*

with the gel network
breaking down on exposure to them as a result of ligand-metal binding. It was suggested that this
hydrogel would be suitable for use as a sensor for Cu?* ions, with the change on exposure to the
ions being visible to the naked eye. However, while there have been some preliminary
investigations into MBS derivatives as hydrogels, there remains plenty of scope for further

development in this area.
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1.3.2.2 Amino Acids

As with sugars, amino acids are readily available molecules that typically contain multiple groups
capable of hydrogen bonding, and are therefore attractive starting points for the development of
hydrogelators. Additionally, many methods for the modification of amino acids are well

established, and are widely used — this helps when attempting to develop a novel gelator.

Furthermore, once a gelator based on one amino acid has been developed, other amino acids can
also be modified in the same way, and the changes in the properties of the resulting molecule
investigated. This allows the development of a structure-activity effect understanding of this class
of gelator, and furthermore, these relatively simple changes often result in gelators that have

differing properties, and are therefore more suitable for different applications.

Fmoc-protected amino acids and dipeptides have been known as hydrogelators since 1995, when
Janmey and co-workers reported Fmoc-Leu-Asp (38) (Figure 29) as being capable of forming gels
in water.!' These hydrogels were also used for the encapsulation of antiviral drugs, and on
injection of the drug loaded hydrogel, antibody production was observed in rabbits. Some years
following this, Xu and co-workers reported the gelation of Fmoc-Phe (39), with the amino acid
very slightly modified to allow for gelation to be triggered by enzyme action (Figure 29).1*° This

gelator was used as a sensor for the presence of enzymes, in this case acid phosphatase.

tﬁh *Jf)
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Figure 29. Early Fmoc-protected amino acid based gelators. Left: The Fmoc-Leu-Asp gelator
reported by Jamney and co-workers, and used to encapsulate antiviral drugs. Right: The modified
Fmoc-Phe gelator used by Xu and co-workers for detection of enzymes.

This type of gelator is promising as a result of their straightforward synthesis, good
biocompatibility and simple nature. Since this time, numerous amino acid derivatives have been
used in an increasingly wide range of applications.!'® The use of Fmoc as a protecting group is
especially common for this type of gelator, as a result of the n-mt stacking interactions facilitating
gelation, with the use of a simpler hydrophobic protecting group often not being sufficient for

gelation.'?’
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In 2020, Jia and co-workers reported an investigation into three amino acid based gelators.!®
These were based on tryptophan (40a), methionine (40b) and tyrosine (40c), each protected with
Fmoc (Figure 30). While a number of Fmoc protected amino acids have previously been reported
as gelators,' those described in this paper had not previously been investigated for antibacterial
activity. All three were found to be capable of forming hydrogels with the material properties and

antibacterial activities of the gels then investigated.
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Figure 30. The gelators developed by Jia and co-workers - the general structure (40) and the R
group present with (a) tryptophan; (b) methionine; (c) tyrosine.

It was found that changing the amino acid, alters the properties of the resulting gel. For example,
each of the hydrogels had a differing stiffness — with Fmoc-Tyr being the stiffest, and Fmoc-Trp
the least stiff. In an inhibition zone test, two of the hydrogels, Fmoc-Trp and Fmoc-Met, showed
reasonable activity against gram positive bacteria while, Fmoc-Tyr showed no antibacterial
activity against either gram positive or gram-negative bacteria. Although these gelators do have
quite different structures, and therefore it is not especially surprising that the materials will have
differing properties, the differences show that only relatively simple changes can be required to
alter the behaviour of a gelator - simply changing an amino acid is generally a relatively

straightforward procedure.

The chirality of the amino acid is also important for the material properties. Most gelators are
based on L-amino acids — the naturally occurring, and therefore more widely available, form.
However, the introduction of b-amino acids can lead to the resulting material having different
properties. This introduction of the second enantiomer can be carried out in two ways. Firstly, the
gelator can be synthesised entirely from the b- enantiomer, and this gelator used to form the gel.

Alternatively, a mix of the two enantiomers can be used.

One key area in which the use of D-amino acid gelators can be particularly useful is in designing

scaffolds for tissue engineering. It is known that peptides based on the non-natural enantiomer is

120

less susceptible to being broken down,**° and therefore a scaffold designed from D-amino acids
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will be longer lasting, and may perform better than a scaffold based on L-amino acids that can

break down faster as a result of the action of peptidase enzymes.

In 2013, Banerjee and co-workers reported an amino acid based gelator for the delivery of
doxorubicin.'?! This is an effective anti-cancer drug that is routinely administered, but has
significant side effects, such as cardiotoxicity, at higher doses.'?? Alternative, more controlled and
targeted routes of delivery, rather than the usual intravenous delivery method,'? are therefore of
significant interest, and there are numerous examples of hydrogels (both polymeric and
supramolecular) being developed to achieve this.** The group had already developed a gelator
that was capable of encapsulating and releasing doxorubicin.'?> However, this was rapidly broken
down in the presence of enzymes, which would result in rapid release of any drug. A similar
gelator was therefore developed, comprised of three phenylalanine residues, Boc-protected at
the N terminus. To improve the proteolytic stability of the hydrogels, b-phenylalanine was used in

place of L-phenylalanine at each position, to synthesise each of the possible stereoisomers (Figure
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Figure 31. Two of the phenylalanine based gelators studied by Banerjee and co-workers for
proteolytic stability and release of DOX. Left: amino acid sequence DLL. Right: amino acid
sequence LDD. The chiral centres are shown by the red circles.

There were some immediate differences between the sterecisomers, with not all being capable of
forming hydrogels. Rheological studies indicated that the position of the b-enantiomer was
important in determining the stiffness of the gel. These differences are not especially surprising,
as the different gelators have a diastereomeric relationship with one another and on changing the
chirality, different functional groups will have a corresponding change in orientation. This leads to
a change in the interactions that can take place. All of the hydrogels that were formed were
capable of encapsulating doxorubicin, with each giving a similar release profile. Crucially, when

the proteolytic stability of the hydrogels was investigated, those with a greater proportion of
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p-phenylalanine were much more stable than their respective enantiomers, which were degraded

within 24 hours. This should lead to slower drug release in vivo.

This is a positive development in terms of being able to control the properties of a material to fit
the desired application — for example, here a different material can be obtained by simply
combining different enantiomeric building blocks to give stereoisomerically well-defined

products.

1.3.2.3 Nucleobases

Another class of natural molecule, nucleobases, key components of nucleotides, nucleosides and
nucleic acids, are an attractive choice for supramolecular gelators. There are two categories of
nucleobase — purines (including adenosine and guanine) and pyrimidines (including uracil,
thymine and cytosine). Pyrimidines are based on a single ring, whereas purines have a bicyclic
structure (Figure 32). Nucleosides and nucleotides also contain a ribose sugar, and it is these that
typically provide a starting point for the development of hydrogelators. These molecules readily
form non-covalent interactions, containing multiple sites for hydrogen bonding, and are also
capable of r-it stacking, as they are aromatic. This ability to form multiple non-covalent
interactions means nucleobases commonly self-assemble — the most famous result of which is
DNA.1% This type of molecule has also been known to form hydrogels for some time — with

guanosine-based molecules first reported as forming hydrogels as early as 1910. ¥’
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Figure 32. Left (blue box): Purines, adenosine and guanine. Right (red box): Pyrimidines, uracil,
thymine and cytosine.

With the exception of guanosine, generally nucleosides and nucleotides require modification to
increase the hydrophobicity before gelators are obtained. An early example of this was reported
by Shimizu and co-workers in 2002.1%2 They developed a bolaamphilphile hydrogelator composed
of two phosphorylated thymidine units, linked by an alkyl chain (Figure 33). With the appropriate
chain length, this could act as a hydrogel. Investigations indicated that both hydrogen bonding
and mt-mt stacking were important for formation of the hydrogel — as would be expected for this

type of hydrogel.
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Figure 33. The thymidine-based gelator reported by Shimizu and co-workers.

Nucleotide-based gelators are also being applied in biomedical applications. In 2017, Barthélémy
and co-workers reported thymine-based gelators, also containing a glucose moiety, and linked to
an alkyl chain, through an amide or urea group, to form a bolaamphilphile (Figure 34).1%° In the

case where the urea was used, the hydrogels could form very rapidly.
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Figure 34. The bolaamphiphile thymine gelator developed by Barthélémy and co-workers, and
tested as an injectable biomaterial.

This hydrogel was found to be thixotropic, with recovery following increased strain occurring
relatively quickly, within 20 minutes. The performance of the hydrogel was therefore monitored
in vivo, with the gel found to be stable over the course of 21 days once injected. Additionally, the
gel implant resulted in only very limited inflammation. It was therefore suggested that these

hydrogels might be suitable for development as drug delivery systems or tissue scaffolds.

The same group has also reported a similar gelator that is capable of forming hydrogels in the
presence of the enzyme B-galactosidase (B-gal). High activities of this enzyme are associated with

130 and it has therefore been used for detection of cancer cells, monitoring of

a number of cancers,
drug responsiveness, and as a trigger for prodrugs.’3! Sensitivity of the gelator precursor to B-gal

was achieved by the addition of a lactose unit to either end of the bolaamphilphile (Figure 35).
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Figure 35. The B-galactosidase sensitive gelator precursor reported by Barthélémy and co-workers,
with suggested applications in anti-cancer treatments. The cleavable lactose moiety is shown in
purple.

On exposure to B-gal, the lactose was removed, giving the hydrogelator. This was capable of
forming hydrogels in PBS buffer, with the enzyme also present. The authors suggested that, as a
result of the relevance of B-gal in cancer targeting, the use of this enzyme to trigger gelation could
offer an alternative therapeutic method for the treatments of relevant cancers. This example

shows how known gelators can be modified with specific functions in mind.

1.3.3 Design for Drug Delivery

For drug delivery applications, developing hydrogels that allow for triggered release of a drug is
attractive — this could lead to more targeted release. This approach often uses prodrugs —and
these can be APIs that have been modified to give gelators. The method can mean that drug
delivery can be triggered in two steps — first the bulk material must be broken down, by
application of a stimulus such as pH. Following this, the gelator prodrug can then be converted
into the active form of the drug, usually by enzyme action. Generally, it is hoped that the two

steps will result in more targeted drug delivery.

An early example of this approach was reported by van Esch and co-workers in 2005. They used
the model drug 6-aminoquinoline, which was linked to a gelling ‘scaffold’ through a linker
susceptible to enzymatic cleavage (Figure 36). They showed that these modifications gave a
compound that was still capable of acting as a hydrogelator — in fact, it had a minimum gelation

concentration (MGC) low enough that it could be classified as a supergelator.
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Figure 36. The gelator, modified to include a model drug, developed by van Esch and co-workers.
Green: gelator scaffold, blue: cleavable linker, red: model drug.

Following this, the impact of using the molecule as a hydrogel was demonstrated. Hydrogels were
prepared with the enzyme incorporated, and the release of the model drug monitored. This
release was found to be very low, indicating that the assembly of the gelator into the gel fibres
protects the linker from being cleaved, hence limiting release of the model drug. By contrast,
when the temperature was increased (up to 45 °C), and the gel broken down, the release of the
model drug was greatly increased, with the highest release at the highest temperatures. This

indicates that the breakdown of the network is required before cleavage of the linker can occur.

This system shows that it is possible to develop a hydrogel system that is capable of releasing in a
two-stage manner. Although this particular example would have limited potential in biomedical
applications, due to the increase in temperature being required for the first stage of release, it

does, however, provide a good platform for development of more relevant systems.

One area of drug delivery for which this type of hydrogel is especially attractive is in the delivery
of chemotherapeutic drugs. These are typically very toxic, and commonly lead to unpleasant side
effects as a result of off-target action. It is therefore especially attractive to be able to deliver
these drugs only in the highly specific region of the tumour itself. Several anti-cancer drugs have

therefore been modified to give gelators.”* 132

In 2012, Yang and co-workers reported the development of six hydrogels, each of which was
based on the anticancer drug Taxol, modified with a short peptide (Figure 37).1*3 Taxol was linked
to the peptide by an ester group. Of the six hydrogels developed, five were self-healing, and

recovered following injection, with three reforming within just 5 minutes.
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Figure 37. Three of the peptides used by Yang and co-workers to modify taxol to give self-healing
hydrogelators.

Following characterisation of the hydrogels, each was tested for the release of Taxol. In the
presence of buffer, and at 37 °C, the ester linking Taxol to the peptide is hydrolysed, resulting in
release of the drug. Each hydrogel released Taxol at a different, constant rate, for at least the
initial 12 hours. Over the first 24 hours, only a very low proportion of the total Taxol was released.
However, when the gelators were tested in an ICso study, very similar toxicity in comparison to
Taxol alone was observed. As these hydrogels are injectable, and show predictable release of an

anti-cancer drug; they may therefore be useful for targeted delivery to tumours.

This method, using a modified API as a gelator, can also be used to develop dual release systems.
This was achieved in 2009 by John and co-workers.'** They developed a number of potential
gelators based on acetaminophen (paracetamol), a well-known analgesic, one of which was
particularly promising due to its pH responsive nature (48) (Figure 38). The hydrogels formed

were then capable of encapsulating a second drug, curcumin (49).
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Figure 38. The acetaminophen based hydrogel developed by John and co-workers (left), and
curcumin, the second drug encapsulated in the gel.

These hydrogels were found to be capable of triggered release, of both acetaminophen and
curcumin. On addition of lipase, the ester bond of the gelator is hydrolysed, leading to breakdown
of the gel, and release of both drugs. On addition of just water, release of neither drug was
observed, indicating that the encapsulated curcumin cannot be released without breakdown of

the hydrogel.

The design of a gelator can also give improved properties for certain applications. Although there
has been a lot of development of various amino acid based gelators, these can be limited in some
applications, as the gelators, and therefore the hydrogels themselves, are not stable to enzyme
action, and can be degraded rapidly in vivo. To avoid this issue, as an alternative to incorporating
D-amino acids as described above, hydrogels may be designed with B-amino acid residues. In
2012, Nanda and Banerjee reported two amino acid based gelators that also contained a

B-alanine residue (Figure 39).1%°
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Figure 39. The amino acid based gelators developed by Nanda and Banerjee, used for slow release
of bioactive molecules.
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These gelators formed hydrogels via a solvent trigger, with the gelator dissolved in a small
amount of DMSO, and aqueous buffer being added to trigger gel assembly. On standing, the gels
were formed, with the final DMSO concentration being below 1.5% v/v, and therefore considered
safe for biomedical applications.!® Following rheological studies indicating the formation of stiff
gels, the two hydrogels were tested for sustained drug release. Either vitamin B, (smaller) or B1>

(larger) was encapsulated within the hydrogels, and the release under physiological conditions
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monitored. After 70 hours, around 90% of vitamin B, had been released, compared to around
70% of vitamin B1, (although the majority of the release occurred within the first 30 hours). This

was thought to be due to the larger size of vitamin Bi; slowing diffusion through the pores of the

gel.

Additionally, the stability of the valine-based gelator towards two proteolytic enzymes was
monitored — this gives an indicator of how stable the hydrogel might be in vivo. The gel was
monitored for 50 hours, and within this timeframe, no breakdown of the gelator was observed.
This suggests that, with very limited breakdown of the hydrogel, the slow release of bioactive
molecules observed might still occur with the gel in vivo, although only one enzyme was

investigated at this early stage.

1.3.1 Effects of Chirality on Self-Assembly

As previously discussed, many supramolecular gelators are chiral, as a result of being derived
from natural products, and therefore have chiral centres that can be modified. Depending on the

application and the type of chirality, this can impact the properties of the material.

In the case of enantiomeric gelators, which are mirror images of each other, the properties of the
resulting gels will be identical, with two exceptions — response to polarised light, and interactions
with other chiral objects. In some cases, the handedness of any chiral nanostructure can also
change — again, this should only impact applications where other chiral objects are involved. This
can be useful for selected applications, including enantioselective recognition,**” among many

other biomedically relevant applications.'®

An example highlighting the potential importance of gelator chirality in applications was reported
by Koner and co-workers in 2018.1% They developed a histidine based gelator (52) (Figure 40),
which was found to be sensitive to the presence of amines, with different enantiomers giving a

different response.
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Figure 40. The histidine based gelator (L form shown) developed by Koner and co-workers for
stereospecific detection of amines (R forms shown).
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The group initially observed that, on mixing an aqueous solution of their gelator with (R)-a-
methylbenzylamine (MBA) (53), a gel was formed — by contrast, a solution of (S)-MBA led only to
precipitation. Circular dichroism (CD) studies indicated that although the signal from each
enantiomer of MBA was reduced on addition of the gelator, this was much more significant for
(R)-MBA, with a decrease in signal of almost 99%, compared to a 50% reduction for (S)-MBA. This
suggested that there was greater interaction between the gelator and the R enantiomer than

there was with the S.

Two other amines (54, 55) were then also tested — and the same effects observed. This suggested
that this gelator was capable of this type of sensing with multiple amines. This was followed by
investigating the opposite gelator enantiomer — and this was found to give the opposite results —
forming a hydrogel in the presence of (S)-MBA, and a precipitate with (R)-MBA. Although only a
small number of amines, with relatively similar structures, were tested, consistent responses to

the presence of different enantiomers were observed.

In some cases, relatively simple changes to the gelator can result in changes in the chirality of the
nanostructure. Additionally, these do not always have to involve a change in the chirality of the

molecule, and can just involve a small modification.

For example, in 2017, Zhao and co-workers reported a family of phenylalanine based
hydrogelators, which assembled to form helical structures (Figure 41).}*° The chirality of the

helical self-assembled nanostructures could be controlled by multiple methods.
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Figure 41. The p-phenylalanine based gelators developed by Zhao and co-workers, both with
(right) and without (left) the modification with ethylene glycol groups. Each gelator was also
prepared using L-phenylalanine.

The first of these methods was to change the chirality of the amino acid — without the ethylene
glycol modification, p-phenylalanine-based structure 56 gives M-helical nanofibres, with the
L-phenylalanine enantiomer giving P-helical fibres. These oppositely-handed helices were
observed in SEM and TEM images of the gels formed, as well as the CD spectra indicating the
formation of nanostructures with opposite chirality. This is also the case when the central

connecting phenyl unit is replaced with a cyclohexane unit (57).

On modification of the carboxylic acid group, at the chiral centre of the molecule, with a short
ethylene glycol group (58, 59), it was observed in CD experiments that, for both enantiomers, the
chirality of the nanostructures was inverted. This was despite there being no change in the
chirality of the gelators themselves, although the modification did occur close to the chiral centre.

This change occurred with either of the central connecting units used.

This work shows that relatively simple modifications to a gelator can lead to control over the
chirality of the structures produced, without the need to change the chirality of the gelator. This is
important for systems and applications where the chirality of the nanostructures has an impact
on the performance of the material and demonstrates that multiple structural factors control the

assembly mode and determine the nanoscale chirality.

As well as pairs of enantiomers, diastereomeric gelators also occur. These are not mirror images

of each other, and rarely have the same physical properties. In hydrogels, this type of
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stereochemistry is common when short peptide based gelators are used — these have multiple
chiral centres, and therefore diastereomers can often be formed. The gels formed also rarely have
identical properties —and in some cases, one diastereomer might form a gel while another does
not.

An example of two diastereomeric gelators where both could form hydrogels was reported by
Maity and Maitra in 2017.'* They combined bile acids with L- and p-phenylalanine, giving two
diastereomeric hydrogelators (Figure 42). Although both of these were capable of forming
hydrogels, the resulting materials had some different properties. This was especially clear in the
rheological studies, with the hydrogel formed with the L-phenylalanine having a much higher G’
than that formed with the p-phenylalanine. Despite these rheological differences, ZnO
nanoparticles could be formed in both hydrogels.
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Figure 42. The phenylalanine based hydrogelators developed by Maity and Maitra, which showed
different rheological properties.

1.4 Two-Component Gel Systems

Increasingly, there has been interest in developing supramolecular systems comprised of multiple
components. These are of increased complexity compared to systems that use only one
component. This provides greater opportunity to customise the materials that result, through
changing either component, as well as being a closer mimic to natural systems, which typically

comprise many different components.'#?

There are a number of different types of two-component gel systems. These were classified by

Buerkle and Rowan in their 2012 review,'* and are as follows:

1. Asingle gelator with a non-gelling additive.
2. A combination of two individual gelators.

3. Two components that can only form gels in combination.
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The first type, while containing only one component that is a gelator, will also contain one or
more additives that have been added specifically to alter the material properties of the gel. The

presence of this additive can result in the material being more straightforward to tune.

An example of this was reported by Barthélémy and co-workers in 2017, with the gelation
properties of a nucleotide based hydrogel (Figure 43) controlled by the addition of different
cations.’** This gelator was paired with five different cations (Li*, Na*, K*, NH4*, HNEts*), which

each gave different effects on the final material.
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Figure 43. The nucleotide based gelator used by Barthélémy and co-workers as a hydrogel in the
study.

It was observed that the different salts gave different supramolecular nanostructures, with the
alkali metal salts giving tubular micelles, and forming hydrogels, while the addition of ammonium
salts gave lamellar arrays — and no hydrogels. The presence of salts also impacted the rheological
properties of the hydrogel — changing the overall concentration of the metal salt in the hydrogel
led to changes in the G’ values for each. This allows for a simple way to alter the material
properties of the gelator — simply by altering the concentration of the added cation. This may in

turn allow for the properties to be selected with a specific application in mind.

In 2015, Feng and co-workers reported the combination of a responsive two-component

system,#

comprised of one gelling phenylalanine derivative (63), and one non-gelling
azobenzene derivative (64) (Figure 44), that was tested for applications in biomedical applications.

When these were mixed in a 1:1 ratio, heated and allowed to cool, a hydrogel was formed.
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Figure 44. The two gelators used by Feng and co-workers; the phenylalanine based gelator (63),
the modified azobenzene (64) and its response to UV light.

This hydrogel was found to be responsive to multiple stimuli. On heating, a solution was formed,
with the gel regained on cooling. Switching the pH also controlled gelation — on an increase in pH,
the gel was broken down, and reformed when pH was reduced again. The addition of
a-cyclodextrin also caused the gel to be broken down, as a result of competitive interactions with
the modified azobenzene. This effect could be reversed by addition of adamantane — a-CD will
form preferential interactions with this over the azobenzene additive. Finally, the hydrogels were
sensitive to UV light, due to the isomerisation of the azobenzene (Figure 44) from the E form to
the Z form (65). This could be reversed (and the gel reformed) by exposure to another wavelength
of UV light. To have a hydrogel that is responsive to such a range of stimuli is relatively unusual,

especially as it could be reformed in each case.

Following this, the hydrogels were tested for the ability to encapsulate cells. It was found that
cells adhered well to the hydrogels, and also proliferated well over seven days. Following this time
for proliferation, the gels were broken down by exposure to UV light (this did not have any
significant impact on the cells themselves), resulting in release of the cells from the hydrogels.
This provides a straightforward way in which a hydrogel scaffold can be removed, without the

need for enzymes or chemical methods.

The second type of multicomponent gels are materials that are formed on mixing two different
gelators, each also capable of forming a gel alone. These two gelators might be self-sorted or co-
assembled. Generally, multiple gelators are mixed to give materials with properties that are a mix

of each individually.
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An early example of this type of material was reported by Gough, Ulijn and co-workers in 2009,
combining two short peptide hydrogelators (Figure 45).%” The first of these, compound 66 formed
good hydrogels under physiological conditions and was biocompatible, but only supported a very
small amount of cell proliferation over seven days.'* The second, compound 67, forms hydrogels
at low pH and relatively low temperatures (ca. pH 3 and under 25 °C), but contains the tripeptide
sequence Arg-Gly-Asp, which can act as a cell attachment site.'* They reasoned that combining
these two gelators might provide a hydrogel that was stable under physiological conditions, while

giving improved cell proliferation.
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Figure 45. The Fmoc peptides used by Gough, Ulijn and co-workers to form hybrid hydrogels for
cell culture.

Gels comprised of a mixture of these two gelators could be formed in cell culture media, with 10-
50% of the mixture comprised of compound 67. It was also found that varying the amount of
compound 67 added could influence the material properties of the gels, with lower proportions
giving stiffer gels, and higher proportions less stiff gels. This is useful as the stiffness of a hydrogel
can influence stem cell differentiation. The hydrogels were then tested for cell culture, with cells
encapsulated during formation of the hydrogel. Studies showed that the presence of the Arg-Gly-
Asp sequence was important for cell adhesion, with the hybrid hydrogels showing good cell

proliferation.

This combining of the properties of two different gelators is desirable for the development of
materials with tuneable properties without the need to develop novel hydrogelators, and there
has been increased interest in this area. This type of gel will therefore be discussed in more detail

later in the introduction.

The third type comprises two separate components, neither of which can form gels individually —
but in combinations, do form gels. In these cases, there is some interaction (or reaction) between
the two components that results in the formation of the gel. This is typically reversible — meaning

these gels are particularly responsive to stimuli. Common interactions include hydrogen bonding,
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metal-ligand interactions, and donor-acceptor interactions.'*” The reversible formation of

covalent bonds is also known.

This type of gel also offers opportunities for the development of interesting materials. Some may
be formed simply by mixing the two components together — rather than needing a trigger such as
a temperature or pH change. Additionally, modification of one or both of the components can
lead to changes in properties in the material obtained. The properties might also be tuneable by
varying the proportions of the two components. This allows for a system to be designed with

specific material properties in mind as described in the following section.

1.4.1 Development of Two-Component Systems

Generally speaking, two-component gel systems are much rarer than single component systems.
The first two component gel was reported in 1993 by Hanabusa, Shirai and co-workers.* This
made use of a well-known hydrogen bonding interaction between pyrimidine (68a or 68b) and
barbituric acid (69a or 69b) derivatives (Figure 46). Through addition of alkyl chains, the solubility
of these molecules was modified, and in a 1:1 ratio, the two components were capable of forming
gels in organic solvents. Investigation of the system by IR and TEM indicated that hydrogen
bonding between the two components was important for the formation of the hydrogel. This

illustrates one of the ways in which the components in a two-component gel system can interact.
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Figure 46. The two components required for gel formation in the organogel reported by Shirai and
co-workers, and the reversible interactions that lead to the gel formation.

The other major type of interaction in the formation of two-component gels is the formation of
new covalent bonds in situ (either reversibly or irreversibly), leading to the formation of a third
molecule — the gelator. Once this is present, the gel is formed. An early example of this was
reported by Hanabusa and co-workers in 2003.1° They combined an isocyanate (70) and an

alkylamine (71) — these reacted to give a urea (72) (Figure 47), which immediately formed
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organogels in toluene. This process was reproducible over a number of organic solvents. This
offers advantages for industrial applications, as there is no need to heat the gelator, simplifying

the process.
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Figure 47. The gelation system developed by Hanabusa and co-workers.

In 2012, Smith and co-workers reported another example of such a system, combining lauric

hydrazide (74) and various aldehydes (Figure 48), to form gels in DMSOQ.**°
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Figure 48. The scheme for the reaction between lauric hydrazide and an aldehyde, resulting in the
formation of the hydrazone gelator.

Initial investigations were carried out on an equimolar mixture of lauric hydrazide and undecanal
—these were combined in a 1:1 ratio, and the sample heated. On cooling, an opaque gel was
formed. NMR studies indicated that formation of a hydrazone had occurred, with this being the
species responsible for gelation. An aldehyde screen was then carried out, with a number of
aldehydes tested with lauric hydrazide for gelation. The aromatic aldehydes tested, although they
did form the equivalent hydrazone species, did not form gels. Interestingly, when a mix of
undecanal and the aromatic aldehydes was used, a gel still formed, suggesting selectivity for

forming the gelator molecule.

In another interesting example, van Esch and co-workers reported the formation of a hydrogel

from responsive vesicles.’! The vesicles themselves, formed from a bisaldehyde (76), had already
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been found to be highly responsive to external stimuli, including pH.'? In this progression of the
system, the bisaldehydes were additionally combined with bisamines (77), leading to the

reversible formation of imine bonds (Figure 49).
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Figure 49. The bisaldehyde and a bisamine (top) used by van Esch and co-workers to form vesicles,
that then assembled to form hydrogels (bottom).

For the bisamines with chain lengths of seven and nine carbons, simply mixing the components
was enough for gel formation to occur. Investigation of these hydrogel materials suggested that
the hydrogels were formed of a complex mixture, comprising the polymers resulting from imine
bond formation, other macromolecules from this same process, and unreacted aldehyde and
amine. The gels were thermally reversible, being broken down on heating, then reformed once
the solution had cooled. This is a result of the reversible nature of the imine bond. Additionally,
due to the pH responsive nature of the vesicles, the hydrogels themselves were also responsive to
pH. On lowering of pH, a gel-sol transition occurs — this too is reversible when pH is raised again.
As these hydrogels and the vesicles they are made up of are highly responsive, along with these
transitions being reversible, they have potential for use in biomedical applications such as

encapsulation and release of bioactive molecules.

This exploitation of dynamic covalent bonds can result in easier modifications to a gel. In 2014,

Guler and co-workers reported the use of dynamic covalent linking to alter the material
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properties of a peptide based hydrogel (Figure 50).1°® While this molecule was capable of forming
gels, these were mechanically fairly weak. Glutaraldehyde (79) was added to the gels, leading to
the reversible formation of an imine bond between the amine of the peptide gelator (78), and the

aldehyde of the glutaraldehyde.
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Figure 50. Top: the peptide based gelator used by Guler and co-workers. Bottom: Glutaraldehyde,
used for the formation of dynamic covalent bonds.

The addition of the glutaraldehyde gave enhanced material properties, with the altered gels being
both stiffer, and more resistant to strain. Additionally, the reversible nature of the imine
formation meant that the gels also showed self-healing behaviour, maintained from the gels
formed from the peptide alone. The addition of the aldehyde improves the characteristics of the
material, with the authors suggesting that changing the concentration of glutaraldehyde added,
or using different dialdehydes might give even greater scope for tuning of the material properties
— although this was not investigated here. Studies found that the nature of the bond was
important for gelation — when the imine was reduced to an amine, the gel collapsed, indicating

disruption of the network.

1.4.2 Chirality in Two-Component Systems

As discussed previously, many hydrogelators are chiral, as they are commonly derived from
natural products such as sugars and amino acids. This often results in the formation of chiral
nanostructures on self-assembly. However, it can be difficult to control the chirality of these

structures.

The chirality in nanofibres can be controlled by two major methods. The first of these is the
‘soldiers and sergeants’ effect, whereby an additive can control or amplify the chirality of the

nanofibres. Chirality can also be controlled in a ‘majority rules’ manner. In these cases, there are
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typically two enantiomers present, with the one in an excess controlling the chirality of the

nanostructures. These effects are known to occur across supramolecular chemistry.*>

One common purpose for which non-gelling additives can be employed is in the ‘soldiers and
sergeants’ scenario - to control of chirality of nanofibres. Generally, the chirality of any
nanostructures formed is dependent on the chirality of the gelator, and changing this is a simple
way to alter the chirality of the nanostructures.’® There are relatively few reports of achiral
hydrogelators — and these can still form chiral nanostructures.'>® However, additives can also
control or amplify the chirality of the nanofibres — this additive is referred to as the ‘sergeant’.
This term is also used to describe the situation where a chiral component can transfer chirality to

an achiral species.

An example of this was reported by Miravet and co-workers in 2012.%%” They reported a bis-urea
(80) (Figure 51) that could act as a hydrogelator in either the (S) or (R) form. As would be
expected, these hydrogels showed circular dichroism signals that were of equal but opposite
intensity. A second, achiral, bisurea (81) was also synthesised, but this was not a gelator. The

effects of this on the chirality of the (R)-gelator were therefore investigated.
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Figure 51. The bisurea based gelator (top) and non-gelling achiral additive (bottom) investigated
by Miravet and co-workers. The (R) form of the gelator is shown, but the (S) form was also
synthesised and investigated.

Attempts were made to form hydrogels with increasing proportions of the achiral additive —

stable gels were formed with up to 0.4 equivalents of this additive. On investigation of the system
by circular dichroism, it was found that a signal of greater magnitude was observed with 0.2 or 0.4
equivalents of the achiral additive. This indicates that chirality from the gelator is maintained even

in the presence of achiral additives, which may even amplify this effect on the nanostructures.

Chirality of the nanostructure may also be controlled by the ‘majority rules’ effect. This occurs

when whichever enantiomer is in excess dictates the chirality of the fibres. An example of this was

158

reported by Liu and co-workers,”® who developed a bolaamphilphile (82) (Figure 52) capable of
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self-assembling to form helical nanostructures, and therefore hydrogels. As would be expected,
this was the case for both the L- and the p-enantiomers, with the L-enantiomer forming left-
handed helices, and the p-enantiomer right-handed helices. A racemic mixture of the two did not
give any hydrogels, however, on addition of six equivalents (relative to total gelator) of melamine
(83), hydrogels were formed. It was then found that varying the proportions of each enantiomer
in the mixture could control the chirality of the nanofibres, following the pattern observed with

only one enantiomer present — indicating a majority rules effect.
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Figure 52. The bolaamphiphile gelator investigated by Liu and co-workers, and melamine, with
which it can co-assemble to form hydrogels.

1.4.3 Mixtures of Enantiomers

As well as using a mix of chiral and achiral derivatives, two enantiomers of the same gelator can
also be mixed. On this mixing, there are a number of possible outcomes — dependent on the
difference in interactions between the enantiomers. When each enantiomer interacts more
strongly with the second enantiomer, this typically leads to co-assembled fibres. When the
opposite is true, and it is preferential for each enantiomer to interact with the same enantiomer,
the fibres formed are more likely to be self-sorting (Figure 53).25% 19 |n these cases, it is possible
for a mix of enantiomers to give a material with enhanced properties, in comparison to that

formed from only one enantiomer. ¥

(a) (b) (c)

Figure 53. The different modes of self-assembly possible on mixing two enantiomers of a gelator.
(a) Self-sorting, with each fibre consisting of only one enantiomer; (b) racemic co-assembly, where
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each fibre contains an equal number of alternating enantiomers; (c) random co-assembly, with
each fibre containing a random proportion of the two enantiomers, with no pattern.

It is also possible for the interactions between enantiomers to be disruptive — when the
interactions between opposite enantiomers mean that those that are required for self-assembly
are weakened, or cannot occur at all. This leads either to a gel that is significantly weaker than
that formed from a single enantiomer, or the case where no gel at all is formed. Differing

proportions of enantiomers can also give this effect. 16!

Which of these has occurred is generally determined using a range of techniques — starting with
visually assessing whether a gel has been formed. This is generally followed by rheology and
imaging, with circular dichroism also widely used when investigating gels formed from mixes of

enantiomers.

In 2017, Feng and co-workers reported a case in which the combination of two enantiomers of a
gelator led to the formation of a material with enhanced mechanical properties in comparison to
the individual components.’®? They synthesised two enantiomers of a glutamic acid based
hydrogel, and found both were capable of forming hydrogels (Figure 54). They also investigated a
1:1 mixture of the two enantiomers. Not only did this mixture form good hydrogels, it also had
enhanced mechanical properties in comparison to the gels formed from the individual
enantiomers. This was evident in both the higher G’ in the linear viscoelastic region, and in the
thixotropic behaviour. All three gels formed were capable of reforming following the application
of stress, but for the mixed gel, this occurred much more rapidly. This would potentially make the

mixed gel more suitable for biomedical applications in which a self-healing gel is desirable.
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Figure 54. The two enantiomers of the glutamic acid based gelator investigated by Feng and co-
workers.

In contrast, Pal and co-workers reported a hydrogel formed as a result of the interactions
between histidine (86) and Zn?* ions, under alkaline conditions (Figure 55).2% These formed
spontaneously on mixing the two components. Mixtures of b- and L-histidine were then also
investigated — with the gels becoming progressively weaker as the proportion of a second

enantiomer was increased. This culminated in the 50:50 mix being unable to form hydrogels at all.
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It was suggested that this could be a result of the interactions responsible for gelation being

stereospecific in some way.
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Figure 55. The proposed interactions, shown for the L enantiomer, for the histidine and Zn2+
hydrogels reported by Pal and co-workers.

1.4.4 Applications of Two-Component Gels

As a result of this ability to tune a molecule to give materials with desirable properties, there is
increasing interest in using two-component gels in biomedical applications. The fact that such gels

are often capable of self-healing behaviour is also attractive, as injectable hydrogels are highly
desirable for biomedical applications.

In 2019, Ménard-Moyon and co-workers developed multi-component hydrogels based on
protected amino acids, which also contained carbon nanotubes to aid with triggered drug
release.’® It was found that the combination of a modified tyrosine compound (89) with either
Fmoc-protected tyrosine (87), or Fmoc-protected phenylalanine (88) (Figure 56), formed good
hydrogels via a solvent trigger — with the gelator dissolved in DMSO, followed by the addition of

water to induce gelation. The concentration of DMSO in the final gel was 2% - this concentration

is low enough for use in biomedical applications.3
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Figure 56. The amino acid based gelators used by Ménard-Moyon and co-workers. The two
component gels consisted of Fmoc-Tyr(Bzl) (89) with either Fmoc-Tyr (87) or Fmoc-Phe (88).

Following the development of these hydrogels, oxidised carbon nanotubes were incorporated
with the gels, with no impact on gelation at the chosen concentration of 0.025 wt %. When these
gels were exposed to near-infrared light, the presence of the nanotubes results in heating of the
gel, leading to breakdown of the tyrosine gel, and shrinkage of the phenylalanine gel. This
responsiveness led to the investigation of these gels for drug delivery applications. L-Ascorbic acid
was used as a model drug, and incorporated within the hydrogels. These hydrogels were then
exposed to near infrared light, which led to rapid release of the model drug, with up to 80%
release within ten minutes. This was in contrast to release from hydrogels prepared without
carbon nanotubes, from which very little release of drug was observed — indicating that all the
components are required for the hydrogel to behave in the desired manner. It was therefore
suggested that these hydrogels could be used in triggered drug release. However, the heat
increase of the gels as a result of exposure to UV light could also limit the applications of such

materials.

The group of Dastidar have reported numerous examples of using a combination of a modified
NSAID in combination with ammonium salts.'®®> In combination, these can self-assemble to form
gels in water or other biomedically relevant solvents, with anti-inflammatory effects. One such
example used a gelator based on the NSAID tolfenamic acid (91) in combination with a primary
ammonium salt (90) (Figure 57).1% This formed hydrogels which showed good anti-inflammatory
behaviour. The salts (not as a gel) also showed some anticancer properties, including inducing cell
death in breast cancer cells, and reducing cell migration. It was therefore suggested that this

might be useful for postoperative treatments.
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Figure 57. The NSAID and ammonium salt used by Dastidar and co-workers to form hydrogels with
anti-inflammatory properties.

Ulijn and co-workers reported the use of a two-component system for tissue culture.®” This
combined the known hydrogelator Fmoc-Phe-Phe (92) with the Fmoc protected amino acid serine
(93)- this would provide extra hydrophilic functionality within the hydrogel (Figure 58). These gels
had stiffness suitable for the growth of cartilage cells, with the serine residue also able to interact
with proteins. These materials were then used for the culture of pericytes. Over 35 days, an
increase in cartilage biomarkers was observed — indicating that differentiation was taking place.
The production of collagen is an important step in cartilage growth —in cell culture, the types of
collagen produced can be unbalanced. With these hydrogels, a balance of the two main collagen

types was observed — promising for the further development of these hydrogels.
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Figure 58. The two components used by Ulijn and co-workers for hydrogels for cartilage cell
culture.

1.5 Hybrid Gel Systems

1.5.1 Polymer Gelators and LMWGs

A key challenge when developing supramolecular gels for practical applications is their generally
low material strength. This makes them difficult to shape or manipulate, and therefore limits the

scope of many applications. This barrier led to the development of hybrid gels — formed from a PG
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and a LMWG. This aims to combine the mechanical strength of the more inert PG, while

maintaining the responsive nature of the LMWG — achieving the “best of both worlds”.

In their 2015 review, Cornwell and Smith split the types of polymer-LMWG hydrogels into five

categories,®® which are as follows:

Polymerisation of LMWG fibres
Capture of LMWG network within a polymer matrix
Addition of non-gelling polymer to LMWG gel

Directed interactions between LMWG and polymer

A S

Hybrid gel comprising LMWG and polymer networks

The fifth approach, the combination of two gelators, one PG and one LMWG, is a simple method
for avoiding some of the drawbacks of each type of gelator, and is the approach which will be
focussed on here. Polymer gelators give robust materials, but these are typically not very
responsive to external stimuli once formed. In contrast, gels formed from LMWGs tend to be
responsive to stimuli, but are mechanically weak, making them difficult to handle, with real-world

applications therefore being limited.

In these cases, each component is also capable of forming a gel alone. Therefore, the two
networks are generally self-sorting, with two separate, but intertwined, networks making up the
bulk material. This class of hybrid hydrogel is especially attractive for use in biomedical
applications — many polymeric hydrogelators are already widely used in applications such as cell
culture, but lack the ease-of-modification or responsiveness that is desirable for further

development.

The first hybrid hydrogel of this type was reported in 2009 by Yang and co-workers.?® They
combined agarose (98), a polymer gelator, with an Fmoc peptide based LMWG — H-lysine(Fmoc)-
OH (94), and another of three Fmoc peptides (95, 96, 97) (Figure 59) — to form hydrogels with
three components in total. These hybrid hydrogels showed increased mechanical strength
compared to either the PG or the LMWG alone. A study using Congo Red as a model drug showed
that the rate of release could be varied depending on the LMWG used — together with emission
spectroscopy, this indicated that there were interactions between the LMWG fibres and the dye

additive.
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Figure 59. The gelators used by Yang et al. to develop their hybrid hydrogels.

The use of polymer gelators to improve the material characteristics of hydrogels has become
increasingly popular, as a result of the relative simplicity of this method. The previously discussed
DBS based hydrogelators, DBS-CO;H and DBS-CONHNH;, have both been combined with different
polymer gelators as described below with the aim of improving the overall properties of the

material, and consequently the range of possible applications.

DBS-CO;H is a pH-responsive LMWG, and was combined with the PG agarose, for which gelation is
triggered by heating then cooling. These two gels were chosen as a result of their different
gelation triggers, which also occur at different rates — agarose forms a gel network rapidly on
cooling, whereas the DBS-CO,H network forms more slowly as pH is gradually lowered. When
combined, the agarose network still forms rapidly. The formation of the DBS-CO;H network is
slowed slightly, but circular dichroism studies indicated that similar nanostructures as for the gel
alone were still formed. Additionally, it was demonstrated that DBS-CO,H maintains

responsiveness to pH changes in the presence of the agarose network.1%

Following the characterisation of this hybrid gel, the materials were used to encapsulate and
release the important anticoagulant drug heparin, which is also known to be important in cell
culture.’® Heparin was therefore incorporated within gels formed from both the gelators alone,
and the hybrid system. Additionally, self-assembled multivalent micelles, capable of binding
heparin, were incorporated. This detailed study investigated the effect of each of the four
components on the others. This indicated that the DBS-CO,H network was unaffected by agarose,

modified slightly in the presence of heparin, and gel formation completely disrupted by the
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micelles. However, when the micelles were bound to heparin, the gel was still formed. This
demonstrated how different components can be controlled within a complex system as a result of

mutual interactions between them.

The DBS-CO;H and agarose hybrid hydrogels were capable of encapsulating and releasing heparin.
This release was limited both by limited diffusion of heparin through the hydrogel network (as a
result of its relatively large size) and interactions between the DBS-CO;H gel fibres and heparin,
which further slow diffusion. This is promising, as release and control of heparin is important in a
number of areas. However, in this case the DBS-CO;H hydrogels could not be used in cell culture
due to the relatively low pH (5.5 and below) required. Cell culture typically takes place at higher

pH values of around 7 — these hydrogels were not stable under these conditions.

This problem of instability of the hydrogel at higher pH values can be overcome by use of the
second DBS derivative developed — DBS-CONHNH,. Unusually for a supramolecular hydrogel, this
is not pH-responsive, and is in fact stable over a wide range of pH values. This makes it very
attractive for applications such as drug delivery and cell culture. However, the gels formed from

the LMWG alone are mechanically very weak, and therefore challenging to handle.

As a result, DBS-CONHNH; has been combined with a number of polymer gelators with the aim of
improving the overall material properties. In 2016, Okesola and co-workers reported the
development of a hybrid hydrogel comprised of DBS-CONHNH; and agarose for the uptake of gold
salts from aqueous solution, and subsequent spontaneous in situ conversion of these gold salts to
nanoparticles.'”* This effect was first demonstrated with DBS-CONHNH, alone, but these
hydrogels were not robust enough to survive both the exposure the gold solution and the

following use in electrochemistry.

The agarose polymer gelator was therefore also incorporated, with both networks formed
simultaneously by a heat-cool cycle. The addition of the agarose network did not impact the
uptake of the gold salt, with nanoparticles formed as with DBS-CONHNH, alone. The hybrid gels
with gold nanoparticles were then shown to be conductive, as well as being able to act as

modified electrodes.

Following the promising results obtained for gold and silver nanoparticles with this
DBS-CONHNH,/agarose hybrid gel system, the formation of palladium nanoparticles was then
reported by Slavik and co-workers in 2018.172 As for the previous example, the hydrogels were
initially exposed to a solution of Pd salts, which are taken up by the gel, and Pd nanoparticles

formed in situ.
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Following the formation of the Pd nanoparticles, the hybrid gels were tested for catalytic action in
Suzuki-Miyaura cross-coupling reactions. Initially, a range of bases and Pd loadings were screened

to determine the most favourable reaction conditions (Figure 60).
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Figure 60. The reaction used by Slavik and co-workers to determine optimum conditions for the
Suzuki-Miyaura cross-coupling reactions using Pd loaded hybrid gels. Shown are the optimised
conditions.

A range of substrates were then screened, with aryl iodides generally giving very good yields, with
both electron rich and electron poor groups present. The catalytic gels also showed good
recyclability, with conversion not significantly impacted over eleven reactions with the same gel.
This hydrogel therefore has good potential for use in both uptake of Pd from waste-water, and
subsequent use of this Pd in cross-coupling reactions, which are highly relevant in the synthesis of

pharmaceutically-active ingredients.

In addition to these applications, the DBS-CONHNH,/agarose hybrid gel has also been investigated
for use in cell culture.’ In this case, heparin, and micelles to control its release, were also
included, as for previously with DBS-CO,H/agarose. Use of DBS-CONHNH, in place of DBS-CO,H
avoids the breakdown of the LMWG network under the conditions required for cell culture. It was
also observed that, unlike for DBS-CO:H, gels could be formed even on the addition of the
micelles when DBS-CONHNH; was used. The hybrid gels were tested for cell culture, and good cell
growth was observed. Additionally, the hydrogels were capable of releasing heparin, although the

micelles could not be used to control this release, as they are cytotoxic, and leech from the gels.

As well as these DBS-CONHNH,/agarose hybrid systems, capable of forming metal nanoparticles,
the combination of DBS-CONHNH, with other polymer gelators has led to other potential

applications, especially in the biomedical field.

In 2017, Chivers and Smith reported the combination of DBS-CONHNH, with PEGDM, a polymer
gelator for which gelation is triggered by exposure to UV light in the presence of a
photoinitiator.}”* These hybrid hydrogels were shown to be capable of encapsulating and

releasing the non-steroidal anti-inflammatory drug (NSAID) naproxen, with release mediated by

59



pH of the receiving buffer. As the formation of the PEGDM network can be triggered by use of a
photoacid, it was possible to form the polymer network in only select areas of the overall gel. This
results in different areas of the gel having different mechanical strength, in the desired shape.

1, and allows for the

This spatial patterning of the hydrogel is unusual for a supramolecular ge
hybrid gel to be formed in the desired shape — any material that is just LMWG can then easily be
removed by simple washing. This leaves a shaped gel behind. In this case, a strip of gel could be

formed in the centre of a tray, with pH 7 buffer on one side, and pH 4 buffer on the other (Figure

61). It was then demonstrated that there was preferential release of NPX into the pH 7 buffer.

Figure 61. An image of the shaped DBS-CONHNH,/PEGDM hydrogel, showing the strip used for pH
responsive drug release. Image taken from Reference 174.

This method can also be used to form more complex shapes. In additional work, Chivers and co-
workers created a hybrid gel formed in a ring (Figure 62).17® These gels could be loaded with
enzyme, and were then capable of acting as a simple bioreactor — only possible because of the

shapes obtained.

Product

Figure 62. Schematic showing the shaped gel reactor developed by Chivers and co-workers.
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1.5.2 Mixtures of LMWGs

Although there has been increasing interest in combining polymer gelators and LMWGs, there has
been less exploration of combining one or more LMWGs, although this is increasingly being
investigated. It is hoped that this approach will allow for the properties of the materials that are
developed to be easily tuned, simply by varying the proportions of each of the gelators. This could

give a very simple way of accessing materials with different properties.t”’

When two supramolecular gelators are mixed, a number of different outcomes may occur —in
analogy with the mixtures of gelator enantiomers described earlier.'’® In some cases, the two
gelators will be entirely self-sorting, and will assemble into two separate networks, each
consisting of only one gelator. There may then be interactions between the fully formed
networks. This type of assembly occurs when interactions are stronger between gelators of the

same type than between those of different types.t’®

Alternatively, the gelators may co-assemble.® This occurs when the interactions between the
two gelators are preferential, and leads to the formation of fibrils with the two gelators
alternating. In other cases, where the strength of the interactions between the two different
gelators is roughly equal to that of the interactions between two of the same gelators, random
mixing can occur. This leads to the formation of fibrils that contain a mix of both gelators, but not

in any fixed pattern, and the proportion of each gelator in each fibril may also vary.t’”- 18!

Of these types of self-assembly, self-sorting is the most desirable — the orthogonal networks make
it easier to control the properties of the gel. There are different methods for ensuring that the
two LMWGs will self-sort on assembly. These include using two gelators with different triggers for
gelation, or making use of chemical differences between the two gelators to ensure they have

orthogonal non-covalent interactions and hence self-assemble separately from one another.

In 2015, Adams and co-workers reported a two-component hydrogel formed from two
naphthalene-functionalised dipeptides (Figure 63), both of which were capable of forming
hydrogels independently.’®? These dipeptides formed gels on reduction of pH — as pH is lowered, a
greater proportion of a gelator is protonated, leading to a reduction in solubility and therefore
gelation occurring. Each gelator had a different pK,, and therefore protonation, and assembly into
fibrils, occurs at a different pH. The slow decrease in pH was obtained by use of glucono-§-lactone

(GdL), which hydrolyses slowly in water to form gluconic acid.*®
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Figure 63. The dipeptide based gelators used by Adams and co-workers to form self-sorted gel
networks.

The two gelators were dissolved in water at pH 10.5, and as pH was slowly lowered, the formation
of the gel network was monitored by *H NMR spectroscopy. This indicated that gelator 102
formed a network first, as this became invisible by NMR before gelator 103. The GdL
concentration could be optimised so that all of 102 was assembled before any of 103 began to
assemble, making complete self-sorting assembly highly likely. This method is attractive as it
allows for good control over self-assembly. Provided the pK, of each component is known and
sufficiently different, it is possible to determine the order in which the gelators will self-assemble.
It would also be possible to extend this method to work for systems containing more than two
gelators, while still maintaining the control over the order of self-assembly. However, this method
is limited to gelators for which gelation is triggered by pH change, and therefore any system

designed by this method will be limited by the stability of the gelators at a range of pH values.

Self-sorted mixtures of gelators are also obtainable using different triggers for gelation. This
allows the two different triggers to be applied sequentially, resulting in stepwise formation of
each self-assembled network. In 2019, Piras and Smith reported to combination of two previously

reported LMWGs, DBS-CO;H and DBS-CONHNH,, to form a hybrid hydrogel.

As these two gelators have different triggers for gelation, with DBS-CONHNH; forming gels
following a heat-cool cycle, and DBS-CO,H on a reduction in pH, the two networks can be
assembled in sequence. Equal concentrations of the two gelators were combined, with the
DBS-CO;H dissolved by increasing the pH of the solution. The mixture was then heated to dissolve

the DBS-CONHNH,, and this solution transferred to a second vial containing GdL.

On cooling of the solution, the DBS-CONHNH; network forms very rapidly, with NMR indicating
that around 85% is assembled within 30 minutes. The slow hydrolysis of GdL leads to slow
reduction in the pH of the solution, and the resulting slow self-assembly of the DBS-CO;H network
—this process is only complete after about ten hours. The hybrid gel formed was stiffer than
either of the gels formed from the individual hydrogelators. Additionally, it was possible to

selectively ‘switch-off’ the DBS-CO;H network, through an increase in pH. This caused the network
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to break down. The network could then be ‘switched on’ again when the pH was lowered.
Following this switching, the end material was found to have almost identical rheological
properties to the material at the start. This was despite the hydrogel not being self-supporting
when the DBS-CO,H network was disrupted. Additionally, as the formation of DBS-CO;H network
is pH triggered, it was possible to pattern the hybrid gels through the use of a photoacid to trigger
DBS-CO;H gelation. The hybrid gels could then be used to generate gold nanoparticles, with
smaller particles formed in areas with just DBS-CONHNH, and larger particles in the hybrid

domains.

Increasingly, this type of hybrid hydrogel is being developed with specific applications in mind. In
2016, Escuder and co-workers reported the development of a hybrid hydrogel, formed from two
valine based LMWGs, each with a different group for catalysis (Figure 64).183 Each of these had
previously been reported, and the catalytic activity of 105 described.'® Each of these gelators is
capable of acting as a catalyst in a different reaction — 105 in an aldol reaction, and 104 in an

acetal deprotection.
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Figure 64. The valine based gelators developed by Escuder and co-workers with 104 containing a
carboxylic acid for catalysis, and 105 a proline residue. The reaction the gels catalysed is also
shown.

106

In this case, the two gelators were mixed with each at their MGC, to give a translucent gel.
Imaging of this gel indicated that two types of fibre had been formed, suggesting that self-sorting
had occurred. Further analysis, including wide angle powder X-ray diffraction (WAXD), rheology

and DSC also suggested self-sorting on self-assembly. The hybrid gel system was then tested for
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catalytic activity, with the acetal deprotection carried out initially. This was successful, and was
therefore followed by a one pot reaction — an acetal deprotection to form one of the starting
materials for a subsequent aldol condensation. This was also successful, with the aldol
condensation product formed in 85% yield. This indicated that the presence of both networks did
not impact the catalytic ability of the gels. When the gelators were present only in solution, no
reaction took place. Additionally, when 105 was replaced with a second proline-containing
gelator, more structurally similar to 104, co-assembly of the two gelators was observed, but with
no catalytic activity. This indicates that both gel assembly and the self-sorting of the gel two
networks is important for achieving catalysis. This work provides a good example of how hybrid
gels can provide novel materials with properties that are superior to those of the gels formed
from the individual gelators. It also shows how the mode of self-assembly can be important for

the final properties of the material.

As with single-component LMWG hydrogels, there is increasing interest in applying hybrid

hydrogels in biomedical applications.

In 2018, Hamachi and co-workers reported a hybrid hydrogel composed of two gelators that self-
sorted on assembly.®> This self-sorting was achieved by combining two hydrogels with distinct
structures, one peptide based (110), and the other lipid based (111) (Figure 65). Both were

capable of acting as hydrogelators individually.'8®
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Figure 65. The gelators used by Hamachi and co-workers in a hybrid hydrogel.

1M1

When these two gelators were combined, analysis by circular dichroism and imaging indicated

that the two gelators self-sorted on assembly to form two distinct networks. The two networks
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were responsive to different stimuli, the responsiveness of the hybrid gel was then investigated.
For the peptide based hydrogelator, addition of Na;S,0, causes the gel to break down —this is a
result of the reduction of the molecule, and subsequent elimination of the NPmoc moiety.” The
lipid based hydrogel can be formed by the action of bacterial alkaline phosphatase (BAP). This
removes the phosphate group by hydrolysis, leading to the molecule becoming less soluble, and
transformation of the viscous liquid to a hydrogel. This occurs even in combination with the

second hydrogelator.

Further investigation of the hybrid gel indicated that applying these stimuli could impact the
material properties of the gel. Breakdown of the peptide network led to a weaker overall gel,
eventually giving a viscous liquid, while reinforcement of the lipid network led to a gel with higher
material strength. Following these observations, the hybrid gel was tested for release of selected
proteins. Immunoglobulin G, myoglobin, or concanavalin were added to the gel network, and the
release monitored following application of one of the previously discussed stimuli. It was
observed that on addition of Na,S,0,, release of the proteins was faster than for no stimulus, with
the opposite observed on addition of BAP. This suggests that the density of the network is an
important factor in the diffusion of these proteins through the gel. When one network is broken
down, the network is less dense, and hence faster diffusion can occur — the opposite is true when
the network is reinforced. The rate of protein release could therefore be controlled to an extent,
although additional investigations would be needed to understand how different concentrations

of the additives could impact the rate of release.

It is also becoming more common for more than just two gelators to be combined. In 2020, Mata
and co-workers reported the use of three components to form a hybrid hydrogel (Figure 66).’
This involved two peptide amphiphiles, which co-assembled to form nanofibres. Of these two,
one was the main constituent of the nanofibres (113), and the second was modified to have a
moiety capable of participating in a host-guest interaction with the third component. The third
component was a shorter peptide, modified with cyclodextrin, containing an amino acid sequence
known to promote cell binding (112). These multi-component hydrogels could be used for cell

culture, with increasing proportions of the peptide 112 giving improved cell adhesion.
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Figure 66. Two of the modified peptides used by Mata and co-workers in their multicomponent
hydrogel. Top: the peptide containing the cell adhesion sequence, also modified with a
cyclodextrin unit; Bottom: The peptide making up the majority of the nanofibres. Further
modification of this gave the third component.

Therefore, while there has been increasing recent interest in developing hybrid hydrogels from
multiple LMWGs, this is an area that remains underexplored, leaving much scope for further

development.

1.6 Project Aims

In recent years, there has been considerable progress in the development of supramolecular
hydrogels for use in biomedical applications. Increasingly, gelators are being designed with
specific applications in mind, although many are still discovered by serendipity. Progress has been
made in particular in the area of multi-component hydrogels, as these can offer a simple but
effective way to design novel materials and to extend the scope and range of existing well-
established gelation systems. Key areas of development have included the use of supramolecular

hydrogels for cell culture and drug delivery.

This project will aim to develop novel hydrogel materials based on MBS and DBS derivatives. A
number of methods for achieving this will be investigated — the synthesis of novel DBS and MBS

derivatives, the combination of the known hydrogelator DBS-CONHNH, with additional gelators,
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and investigation of systems formed by both the b-DBS-CONHNH; and L-DBS-CONHNH,

enantiomers.

Modification of DBS has been widely reported in the literature, and many derivatives are used in
commercially available products. However, these are typically organogelators, or thickeners,
rather than hydrogelators. This is an area of DBS derivatives that is relatively underexplored. We
will therefore synthesise DBS derivatives, with the intention that these will act as hydrogelators
(Figure 67). Modifications will be chosen rationally, considering the important factors in designing
a hydrogelator. MBS derivatives will also be synthesised — these have not been as investigated as
much as DBS derivatives. These MBS derivatives will also be tested for the ability to act as

hydrogelators.

Figure 67. General structure for the DBS and MBS derivatives that will be developed. R: and R; may
be the same or different.

DBS-CONHNH; itself has already been combined with a number of different polymeric gelators,
which has improved the range of applications it can be used in. It has also been combined with
the second LMWG DBS-CO-H. In this project we will combine DBS-CONHNH, with a novel LMWG,
to enhance the properties of the resulting gel without the need for a polymer gelator. It is hoped
that the combination of two gelators will lead to a novel, tuneable, two-component hydrogel. This
will also be investigated for applications in drug delivery. These will include model compounds
containing carboxylic acids, and neuroactive drugs. A second gel system, based on glutamine, will
also be investigated for release of neuroactive drugs. The material properties of this system will
be investigated to determine the suitability for drug release applications, and the release in vivo

investigated.

Despite DBS and derivatives being relatively widely used in industry, there is little understanding
of the potential impact of the sugar chirality on the behaviour of the gelator. While the L-sorbitol
based gelator is not feasible for use in large scale industrial applications due to increased cost of
the starting materials, chirality is potentially still relevant in applications such as cell culture and

delivery of chiral compounds — chirality is becoming in an increasingly important consideration in
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design of gelators for biomedical applications. L-DBS-CONHNH will therefore be synthesised, and
its gelation properties compared with those of b-DBS-CONHNH; (Figure 68). Combinations of the
two enantiomers will also be investigated, to determine the impact of combining the two on
gelation. The interactions of chiral additives with the enantiopure hydrogels will be investigated —
this is potentially important for biomedical applications.
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Figure 68. p-DBS-CONHNH?2 (left) and L-DBS-CONHNH2 (right).
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2. Chapter 2: Hybrid Supramolecular Hydrogels

Previously, as explained in the Introduction, DBS-CONHNH, has been used in a wide range of
applications. These include drug release'® and absorption of dyes'® — both of which make use of
the interactive nature of the acyl hydrazide groups, and their interactions with functional groups
in other molecules. This drug release is also pH mediated, leading to controlled release of non-
steroidal anti-inflammatory drugs (NSAIDs) including naproxen and ibuprofen. Specifically, it was
argued that the carboxylic acid groups on these drugs promoted interactions with the acyl
hydrazide groups, and on deprotonation to the carboxylate form, drug release was triggered.

171

Hydrogels based on DBS-CONHNH; can also be used to sequester metal nanoparticles'’* — these

172 or anti-microbial action.3! The versatility of

nanoparticle loaded gels can be used for catalysis
the hydrogel is a result of both the interactive acyl hydrazide groups and the stability of the gels at

a range of pH values — relatively unusual for supramolecular gel.

However, DBS-CONHNH; hydrogels are mechanically weak, typical for gels formed from LMWGs.
This limits the potential of these gels, as they are difficult to manipulate without damage.
However, combination of DBS-CONHNH; with a polymer gelator, such as agarose!’? or PEGDM,*"*
has been shown to provide additional mechanical strength, while the responsive and interactive

nature of DBS-CONHNH; is maintained.

There has recently been increasing interest in combining two supramolecular gelators to form
hybrid gels, with the aim being to exploit the most desirable properties of the two gelators. This
avoids the use of polymer gels, which can sometimes be unresponsive and can dominate the
properties of hybrid materials. The combination of two supramolecular gelators therefore has the
potential to precisely and reversibly tune the properties of a hydrogel to suit the desired

application.

DBS-CONHNH; was therefore combined with a novel hydrogelator, MBS-CO,Me, which has quite
different properties, to form a hybrid hydrogel. The properties of both the MBS-CO,;Me hydrogel
and the novel hybrid gel were investigated, as well as initial studies into the use of these materials

in drug delivery applications being performed.

2.1 Synthesis of DBS-CONHNH; and MBS-CO;Me

DBS-CONHNH; was synthesised in a two-step process, as previously reported.'® First, p-sorbitol
(114) is condensed with two equivalents of 4-methylcarboxybenzaldehyde (115), under Dean-

Stark conditions, in the presence of p-TsOH (Scheme 2). The Dean-Stark apparatus removes the

69



water formed in the acetal reaction, helping to drive the equilibrium to the right. This cannot be
achieved using molecular sieves or MgSQ,, as the DBS-CO,Me formed is insoluble, and therefore
these additives would be extremely challenging to separate from the final mixture. This reaction
forms DBS-CO;Me (116), along with the mono- and tri- substituted derivatives. These were
removed by sequential washing steps — first with hot water, to remove the more hydrophilic
MBS-CO;Me, then hot DCM to remove the more hydrophobic TBS-CO.Me. This gave DBS-CO,Me
ina 43% yield.
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Scheme 2. Synthesis of DBS-CO;Me.

For the synthesis of DBS-CONHNH,, the synthesised DBS-CO,Me was heated with NH,NH,.H,0,
converting the methyl ester to give DBS-CONHNH, (Scheme 3), This proceeds in excellent yield.

0
0 HaN.
o H
N,Hy.H,0
— >
THF
0
0
HN.
O NH,
116 35a

Scheme 3. Synthesis of DBS-CONHNH..

In the process of the washing of DBS-CO,Me, it was noted that the filtrate from the hot water
wash formed a gel-like substance. This was further purified by washing with cold water, to
remove unreacted p-sorbitol, and determined to be the mono-substituted product, MBS-CO,Me
(117), through NMR and mass spectrometry (MS) analysis. In the 'H NMR, the acetal peak for
MBS-CO;Me is present at 5.64 ppm — distinct from the equivalent signal for DBS-CO;Me, which
occurs at 5.76 ppm. In addition, the extra alcohol protons result in larger integrations for the

corresponding peaks. For 3C NMR, the spectra for MBS-CO,Me contains fewer peaks than that for
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DBS-CO;Me, although the chemical shifts are comparable to the equivalent carbons. Analysis of
the product by MS also indicated the formation of a species with the expected mass for

MBS-CO;Me.

The synthesis to give MBS-CO;Me was then optimised. Initially, the reaction using sorbitol and 4
methylcarboxybenzaldehyde in a ratio of 1:1 was tested. This led to batch-to-batch
inconsistencies in the purity of the product, even after multiple washing steps. This can be most
clearly observed in the *H NMR spectrum of the product, in the region of the acetal peak. When
the product is clean, only one peak, corresponding to the acetal proton, can be observed,

whereas if impure, there are multiple peaks visible, even after the purification steps (Figure 69).
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Figure 69. Top: A *H NMR spectrum for impure MBS-CO,Me, highlighting the region 6.0-5.4 ppm.
The peak at 5.64 ppm corresponds to the acetal proton. Bottom: A 1H NMR spectrum for pure
MBS-CO,Me.

In an attempt to improve the consistency of the reaction, different equivalents of sorbitol were
tested, whilst keeping all other reaction conditions the same (Table 1). The yield in each case is

quoted with respect to the aldehyde, which is the limiting reagent.
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Table 1. Optimisation of the synthesis of MBS-CO,Me, varying the equivalents of sorbitol. The
‘extra’ peak integrations are for peaks in the acetal region that do not correspond to MBS-CO,Me,
that were still present after purification steps.

Ratio — Sorbitol: Aldehyde Extra Peak Integrations Yield / %
1:1 1.04 2
3:1 0.08 12
4:1 0.00 30
5:1 0.10 15
6:1 0.02 18
7:1 0.45 Trace
8:1 0.50 Trace

From these results, it was apparent that using four equivalents of sorbitol for every one of

4-methylcarboxybenzaldehyde gave the best conditions for synthesis of MBS-CO,Me. This method

resulted in there being no impurities remaining after washing, while maintaining a reasonable

yield of 30%. Although this is a relatively low yield, the reaction can be performed on a multi-gram

scale, typically yielding around 2 g of material. There was also less formation of the di- and tri-

substituted products. This method was then further improved by reducing the reaction time to

1.5-2 hours, compared to the 2-3 hours for DBS-CO,Me. This was therefore the method used for

further synthesis of MBS-CO,;Me (Scheme 4).
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Scheme 4. Synthesis of MBS-CO,Me
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2.2 Investigation of MBS-CO,Me as a Hydrogel

2.2.1 Gelation and Tge Testing of MBS-CO,Me Hydrogels

Once the synthesis of MBS-CO,Me had been optimised, its behaviour as a hydrogel was
investigated - it is known in the literature that MBS derivatives can form hydrogels.'® This is in
contrast to DBS-CO,;Me — which is insoluble in water, and so cannot be dissolved. The additional
free alcohols of the sugar backbone make MBS-CO,Me more water soluble — soluble enough that
it can dissolve in hot water, allowing a gel to be formed. Solubility plays an important role in

gelation, and this is becoming increasingly well understood.®

As the initial gel-like substance observed in the synthesis of DBS-CO,Me was formed on cooling an
aqueous solution, it seemed reasonable that heating, followed by cooling, would be a suitable

method for triggering gelation. This was indeed found to be the case.

For preparation of MBS-CO,Me hydrogels, a known mass of gelator was added to a 7 ml sample
vial, and deionised water (1 ml) added. This was sonicated for 5 minutes, resulting in a
suspension, which was then heated using a heat gun until the solid was completely dissolved. On
cooling overnight, a transparent gel was formed (Figure 70). Through variation of the gelator
concentration, the minimum gelation concentration (MGC) was determined — a sample was
considered to have formed a gel if it could be self-supporting during the tube inversion test for a
time of greater than 1 minute. In this way, the MGC of MBS-CO,Me was determined to be 0.75%
wt/vol. Below this concentration, the gelator remained in solution, and hence no gels were
formed. Gels could be formed up to a concentration of 1.0% wt/vol — above this concentration,
although gels were formed, not all of the solid could be fully dissolved on heating, and so was not
incorporated into the gel network. Although gel formation was also tested in a selection of

organic solvents, the gelator was not soluble, and so no gels were formed.

Figure 70. An MIBS-CO,Me hydrogel, formed by a heat-cool cycle (at 0.85% wt/vol).
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The ability of MBS-CO,;Me to form gels in buffer solutions was also investigated. Although buffers
are important in many biological applications, the presence of salts, and the control over pH, can
have a significant impact on hydrogel formation. The formation of MBS-CO,Me hydrogels in
buffer solution was tested using the same method as previously, with deionised water being
replaced with the chosen buffer (1 ml). For details of buffer preparation, see the experimental
section. Pleasingly, MBS-CO,Me formed stable hydrogels in all the buffers tested, spanning the pH
range from 5.5 to 7.5 (Table 2).

Table 2. Gelation tests for MBS-CO.Me hydrogels in buffer solutions.

Buffer Gel?

Tris0.1 M

<

Tris 0.01 M
HEPES 0.01 M
PBS0.1 M
PBS 0.01 M
Phosphate (pH 7.5) 0.1 M
Phosphate (pH 7.5) 0.01 M
Phosphate Citrate (pH 6.5) 0.1 M
Phosphate Citrate (pH 6.5) 0.01 M
Phosphate Citrate (pH 5.5) 0.1 M

<~ < < < < =< =< =< =< <

Phosphate Citrate (pH 5.5) 0.01 M

The thermal stability of a gel is determined by measurement of the Tg — the temperature at
which the transition from gel to solution occurs. This can be determined using the tabletop
rheology method of tube inversion — when the material is no longer self-supporting, the Tge is

deemed to have been reached.

Gel samples of MBS-CO,Me were prepared, in a range of concentrations, and placed in a
thermoregulated oil bath. The temperature was slowly increased from 20 °C, at a rate of 1 °C
minl. T,e values, for gels prepared in water (Table 3). Gels prepared in PBS buffer and Tris buffer

were also investigated — the use of buffer made no significant difference to the T value.
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Table 3. Tye values for MBS-CO.Me hydrogels at a range of gelator concentrations.

MBS-CO:Me / % wt/vol Tee / °C
0.75 53+0.5
0.80 54+0.5
0.85 56+ 0.5
0.90 57+0.5
0.95 57+0.5
1.00 59+0.5

As would be expected, the concentration of gelator is increased, the Tge also increases, very
slightly, with the highest value just below 60 °C. This reflects the increasing network density as
gelator concentration increases. It is noteworthy that MBS-CO,Me has lower Tge values than
those formed by the disubstituted derivative DBS-CONHNH, (Tgel = ca. 80 °C). This is likely to be a
result of the increased water solubility of MBS-CO,Me, due to the four OH groups of the sugar
backbone. This reasoning can also be applied to explain the higher MGC of MBS-CO;Me, in
comparison to DBS-CONHNH; (MGC = 0.20% wt/vol) — as the gelator is more water-soluble, a

greater concentration is required for the network to assemble sufficiently.

Given that MBS-CO,Me hydrogels are formed via a thermal trigger, it was reasoned that they
might be thermally reversible. Therefore, once the gels had broken down due to the high
temperature, they were left to stand overnight, to allow time for any reformation of the gel
network. Over this time, the samples went from transparent solutions (possibly indicating that the
majority of the gelator had been redissolved at the higher temperatures) to white, opaque gels.
This was the case for all but the hydrogels at the lowest concentrations —where gels were only
partially reformed. This suggests that perhaps not all of the gelator has been fully incorporated

into the network — and therefore the gel cannot fully reform (Figure 71).

Melting then cooling -

1

’;ﬁ"'—ll

Figure 71. Change in appearance on melting, then cooling of MBS-CO.Me hydrogels (left: gel
before melting, right: gel after reforming).
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Once the gels had reformed, the thermal stability of these new opaque gels was also investigated.
As previously, the reformed gels were placed in a thermoregulated oil bath, the temperature
gradually increased, and the stability of the gels monitored by the tube inversion method.
Surprisingly, the previous melting of the gels had little impact on the thermal stability of the gels
that reformed, with very little difference between the Tge values for the reformed gels, and those

of the original gels (Table 4).

Table 4. Comparison of Ty values for initial gels, and reformed gels.

MBS-CO;Me / % wt/vol Tee / °C Tqel (reformed gels) / °C
0.75 53 Not fully reformed
0.80 54 Not fully reformed
0.85 56 52
0.90 57 57
0.95 57 60
1.00 59 58

These reformed gels were then once again heated beyond the T, to give a solution, and left to
cool. Once again, gels were formed — indicating that the hydrogels have good thermal
reversibility. It is, however, not completely clear why the gel is transparent after the first heating
cycle, but then opaque after later heating cycles. Typically, opaque gels have larger assembled
structures within them,* leading to the light scattering effect. These observations may suggest
that on heating, the gel fibres do not completely disassemble into free molecules, but rather
disassemble into aggregates. These aggregates may then reform a gel network with a slightly
different microstructure, leading to the light scattering and opacity. Adams and co-workers have
been interested in related effects in pH-switchable gels.?®! This would require further study to
fully understand, but was beyond the scope of this study, as multiple thermal gel cycling has little

relevance in a drug delivery setting.

2.2.2 Rheology of MBS-CO;Me Hydrogels

Although the tube inversion test indicated that gels had been formed, this is in fact not conclusive
proof that true hydrogels have been formed — as precipitate or crystals can occasionally also give
a self-supporting mass. Therefore, the MBS-CO,Me hydrogels were investigated by parallel plate

rheology.
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Rheology gives information on the response of a material to stress. When a stress is applied,
deformation of the material will occur. There are two types of deformation — flow, and elasticity.
Flow is irreversible — once the stress has been applied, and the deformation occurred, the
material cannot regain its original shape. By contrast, elasticity is a reversible form of
deformation, and the material will return to the original shape once the stress is removed. Flow is
measured by the resistance to flow on the application of a stress, and elasticity by the measuring
the deformation that occurs. Elastic materials store energy, whereas viscous material dissipate

energy in the form of heat.

The rheological properties of a material are determined by the application of a sinusoidal stress.
In an ideal elastic material, the resulting strain will be both proportional to and in phase with the
applied stress — there is no time lag between the stress being applied and the response of the
material. For an ideal viscous material, there is a delay in the response, which will be 90° out of

phase.

Gels are viscoelastic materials, and therefore exhibit a mix of viscous and elastic properties. For
these materials, when the stress is applied, the resulting strain will be proportional to this, but out
of phase by an angle (8) in the range 0-90°. The ratio of applied stress and observed strain gives

G*, the complex dynamic modulus. This can be separated into two components:
G' = G*cosé
G = G*sind

G’ is the storage modulus, representing the amount of energy that is stored by the material. G” is
the loss modulus, the amount of energy dissipated. The ratio of G’/G” is therefore the ratio of
energy stored to energy dissipated. For a viscoelastic material, more energy is stored than is
dissipated — G’>G"”. The point at which G’=G” is the point at which a material is no longer
viscoelastic, and instead behaves as a liquid. This measure provides a more robust check of
gelation than the simple tube inversion test — for example, a viscous liquid might be self-

supporting under gravity, but have G”’>G’.

In parallel plate rheology, oscillatory stress is applied to a sample and the response measured in
terms of G’ and G”. This allows for investigation of the effects of factors such as stress amplitude,

stress frequency and temperature on the material.

However, these considerations are only true within the linear viscoelastic region (LVR) — this must
therefore be determined before any further studies are carried out. The LVR is considered as the

region in which G’ and G” are independent of the frequency and magnitude of the stress applied.
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This region can be determined by carrying out an amplitude sweep, with varying stress applied at
a constant frequency. Following this, additional measurements can be carried out within these

parameters.9?

As the gel samples must be transferred onto the rheometer for analysis, bottomless vials are used
for sample preparation. These vials are attached to a flat glass surface, such as a petri dish. The
gelator is weighed into a vial as normal, and the gelator dissolved by heating. While the solution is
hot, it is transferred to the bottomless vial, and the gel allowed to form within this vial. The
bottomless vial can then be removed, and the gel disc carefully transferred to the rheometer with
a spatula (Figure 72). For initial studies, MBS-CO,Me hydrogels were prepared at a concentration

of 0.85% wt/vol.

Figure 72. Gel samples for rheological studies. Left: The sample once the bottomless vial has been
removed. Right: a sample once it has been transferred to the rheometer.

Once the sample had been loaded, the LVR was determined through running of a strain-controlled
amplitude sweep. This was performed at a frequency of 1 Hz, with the applied strain increasing
from 0.05% to 100% (Figure 73). The runs were carried out in triplicate, and standard error

indicated by error bars.

78



10000

ittt
iy,

10 fﬁg%g{

0.01 0.1 1 10 100
Shear Strain / %

1000

G'/G" / Pa

Figure 73. Amplitude sweep (0.05%-100%) for MBS-CO,Me hydrogels at 0.85% wt/vol.
Temperature 25 °C, frequency 1 Hz.

In the LVR, G’>G"”, indicated that a gel has indeed formed, with G’ having a value of around
2700 Pa - this is an indication of the stiffness of the gel. The crossover point, where G'=G”’, occurs
at around 12% - at this point the material no longer has viscoelastic properties, and is therefore

no longer a gel. This value indicates the resistance of the material to shear strain.

As well as the amplitude sweep, a frequency sweep can also be carried out. Varying frequency is
applied, with the strain at a constant amplitude within the LVR. If the material is a gel, G’ will be
independent of frequency, and therefore will remain constant despite the variations in frequency.
MBS-CO,Me hydrogels were once again investigated at a concentration of 0.85% wt/vol, with the
amplitude of the strain constant at 0.158%, and the frequency varied from 0.1 Hz — 100 Hz (Figure
74).
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Figure 74. Frequency sweep (0.1 Hz-100 Hz) for MBS-CO,Me hydrogels at 0.85% wt/vol.
Temperature 25 °C, amplitude 0.158%.

At lower frequencies, G’ is independent of the frequency, remaining constant. This is further
evidence that a gel has been formed. At much higher frequencies, the gel is broken down, and

this is no longer the case — the material is no longer viscoelastic.

These experiments were also carried out for the MBS-CO;Me hydrogels that had been thermally
broken down and allowed to reform, to investigate the impact of this disruption of the gel

network on the physical properties of the gel.

Initially, the hydrogels were prepared as normal. These gels were then heated to above the T
value, and while the gelator was in solution, transferred to a bottomless vial, in which the gel was
allowed to reform. These gel samples were then transferred to the rheometer, and amplitude and
frequency sweeps carried out. For these samples, the amplitude sweep was carried out from

0.001% - 100% applied strain.

The amplitude sweep (Figure 75) indicated that, in the LVR for each gel, there was a significant
increase in the G’ value for the MBS-CO,Me hydrogels, with G’ being increased from 2700 Pa for
the starting gel, to around 22,000 Pa for the reformed gels. However, the LVR for the reformed
gels was observed at lower levels of strain. If the LVR is considered to end at the point at which G’
has dropped below 5% of the initial value, MBS-CO;Me has an LVR ending at a shear strain of
around 0.25%, much higher than for the reformed gels, which have and LVR ending at a shear
strain of around 0.005%. This indicates that, although the reformed gels may initially be stiffer,

they begin to break down at lower levels of strain than gels that have not had the network
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disrupted. This earlier breakdown is also indicated by the lower crossover point of 2% for the

reformed gels, compared to 12% for the undisrupted gels.
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Figure 75. Amplitude sweep (0.001%-100%) for reformed MBS-CO.Me hydrogels at 0.85% wt/vol.
Temperature 25 °C, frequency 1 Hz.

The frequency sweep, (Figure 76), also indicates that gels the gels are indeed reformed — rather
than the samples being self-supporting as a result of the precipitate that was visible in the
reformed samples. G’ was also considerably higher in the reformed gels — around 23000 Pa,
further indicating that within the LVR, the reformed gels have increased stiffness. The increase in
stiffness of the gels, and the greater sensitivity to shear strain is consistent with the opacity of the
gels which would indicate the presence of larger more microcrystalline aggregated objects. It is
often found that more crystalline aggregated gels have greater stiffness, presumably as a result of

having less flexibility at the fibrillar level.1*3
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Figure 76. Frequency sweep (0.1 Hz-100 Hz) for reformed MBS-CO,Me hydrogels at 0.85% wt/vol.
Temperature 25 °C, amplitude 0.0019%.

2.2.3 Circular dichroism studies of MBS-CO,Me

Circular dichroism (CD) is a useful tool for investigating the assembly of supramolecular
nanostructures. In CD, circularly polarised light is directed through the sample, alternating
between the right-handed and the left-handed. Depending on the chirality of the sample, these
two forms will pass through at different speeds, with wavelength and absorbance also affected.
This difference can be detected and measured, then converted to give ellipicity.’®* When
nanostructures are present, there is greater ellipticity compared to the individual molecules in
solution. This makes it possible to distinguish between a self-assembled system, and the free
molecules simply being present in solution. This can be ideally monitored via a temperature
change — as temperature is increased, disassembly occurs. This leads to a corresponding decrease

in CD signal.

MBS-CO,Me hydrogels were prepared at a concentration of 0.57% wt/vol, with the hot solution
being transferred to a warm cuvette (pathlength = 1 mm), and the gel then allowed to form within
this cuvette. Although this is below the MCG for MBS-CO,Me, full gelation is not required to
observe the assembly of the supramolecular nanostructures. At 20 °C, a CD band was visible, with
a maximum absorbance at 281 nm — as the temperature was increased, this band steadily
decreased in intensity, (Figure 77). This wavelength corresponds to the aromatic ring on MBS-
CO>Me, and suggests that it is being incorporated into a chiral microenvironment on self-
assembly. Thus, CD provides clear evidence that self-assembly has occurred and leads to chirally-

organised nanostructures. The greatest fall in ellipticity occurs between 50°C-55°C — this
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corresponds with the Tge values determined for MBS-CO;Me and suggests that, as expected,

significant disassembly occurs in this temperature range.
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Figure 77. CD spectrum, over a range of temperatures, for MBS-CO,Me.

It is worth noting that when recording CD spectra, the total absorbance must be carefully
considered — too high an absorbance will lead to an unreliable reading. This is a result of too little
light reaching the detector. This can be monitored by the recording of the high tension (HT)
voltage — any reading over 600 volts indicates that the measurement is not reliable. For these
MBS-CO;Me samples, there were no readings over 600 V, and therefore no points needed to be

excluded from the analysis.

2.2.4 Imaging of MBS-CO;Me

Electron microscopy can be a useful tool to gain insight into the structure of a supramolecular gel
— the most common methods are scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). These methods can be used to visualise the network that is present upon

gelation.

For imaging, MBS-CO;Me hydrogels were prepared at a concentration of 0.9% wt/vol. To prepare
the samples for TEM, a small portion of the gel was transferred by drop-casting to a heat-treated
copper TEM grip. Excess material was removed using a filter paper, and the sample left to air-dry
for 20 minutes. A uranyl acetate stain was used for contrast. For preparation of SEM samples, a

small portion of the gel was transferred to a copper support, then freeze-dried by plunging into

83



liquid nitrogen. The samples were then lyophilised for twelve hours, before any excess material
was removed. The dried sample was then sputter coated with a thin layer of gold/palladium, to

prevent sample charging, placed on a metal SEM stub, and imaging carried out.

However, a number of factors must be taken into consideration when interpreting the images
obtained — mostly relating to the preparation of samples for microscopy. For electron microscopy
to be carried out, a sample must be dried. This means that, rather than the hydrated sample, a
xerogel is in fact being observed. This drying step can have profound effects on the structures of
the gel.’®> For example, the loss of solvent, and therefore volume, can lead to aggregation of the
nanofibres. This effect can be minimised by freeze-drying the sample, limiting the thermal energy
available for network reorganisation, and ensuring that the drying is rapid. However, this method
can result in the formation of ice crystals, which can lead to additional distortion of the sample.
Where the facilities are available, CryoEM is an excellent method for imaging gels, as the imaging
is carried out on a hydrated sample, and the freezing is achieved very rapidly, preventing the
formation of larger ice crystals.®® Use of more than one technique can also help to identify if
artefacts are indeed being observed. Additionally, with the high magnification obtained with SEM
and TEM, only a very small portion of any sample can be imaged — this may then not be
representative of the overall sample. It is important to ensure that representative images are
displayed.

Despite these limitations, imaging is still a valuable tool for analysis of gels. The network can be
observed, with individual fibres often visible. It can also be useful for multicomponent gels,*”’
where the fibres of the different components may be distinct. It can also be useful for

comparisons between samples of related gelators, which have been prepared in the same way.

Imaging of MBS-CO,Me hydrogels indicated that a network had indeed formed, with the fibrous
network structure clearly visible. In the TEM image (Figure 78), the helical nature of the fibres can
be clearly seen. In the SEM image, the helices are harder to see, but some can nonetheless be
observed in the top right-hand corner of the image. The TEM image in particular shows fibres
that are relatively homogeneous, with each of the fibres having a diameter of around 8 nm. The

SEM image shows the 3D nature of the network.
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Figure 78. Left: TEM image of the MBS-CO,Me hydrogel, scale bar 100 nm. Right: SEM image of an
MBS-CO,Me hydrogel, scale bar 1 um.

Imaging was also carried out for the reformed MBS-CO.Me hydrogels. These were prepared as
normal at a concentration of 0.90% wt/vol. These hydrogels were then heated until solution, and
allowed to cool. On cooling, a white, opaque gel was formed. The gels were prepared for imaging

as previously.

The resulting images indicated that the network had indeed been reformed, with the TEM image
(Figure 79) showing similar helical fibres to those observed for the gels before heating. The fibres
have also maintained the fairly homogenous nature previously noted. However, the SEM image
shows fibres that are quite distinct from those of the untreated gel — they appear much smoother.

This indicates that, although the network is reformed, there are some morphological changes.

[— LR

Figure 79. Imaging for the thermally reformed MBS-CO,Me hydrogels. Left: TEM image, scale bar
200 nm. Right: SEM image, magnification x20,000.
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2.2.5 Release From MBS-CO;Me Hydrogels

Once the MBS-CO;Me hydrogels had been characterised as described above, their ability to

encapsulate and release active pharmaceutical ingredients (APIs) was investigated.

Initially, the stability of the MBS-CO,Me hydrogels with respect to buffer was investigated — this is
an important factor in the rate of release. MBS-CO,Me hydrogels (1 ml) were prepared at a
concentration of 0.85% wt/vol, and 6 ml of buffer placed on top. These were then placed in a

37 °Cincubator, and the stability of the gels monitored visually.

Following the addition of the buffer, breakdown of the hydrogels was very rapid, and after two
hours, very little gel was still intact (Figure 80). This was reasoned to be due to the relatively high
water solubility of the MBS-CO,Me gelator, as a result of the four alcohol groups — this is believed
to be the same reason for the fairly high concentrations required for gelation. Although this rapid
breakdown means that any drug incorporated into the gel will likely be released quickly, this can
be useful for certain modes of delivery where rapid release of a drug is desirable, such as

transdermal delivery.

Immediately after
supernatant added

After 1 hour After 2 hours

Figure 80. Breakdown of MBS-CO,Me hydrogels on addition of aqueous media, over two hours.

Previously, naproxen (NPX) (118) has been incorporated into DBS-CONHNH, and pH-mediated
release demonstrated. We wanted to investigate if a similar effect might be observed with the
MBS-CO.Me hydrogels. NPX (Figure 81) is a nonsteroidal anti-inflammatory (NSAID) which gives
effective pain relief — however, it is known to give side effects in the upper gastrointestinal tract,

97 |t is therefore desirable to minimise release in a

including stomach ulcers, with long term use.
low pH environment such as the stomach, and give maximum release in higher pH environments,

such as the intestine.
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Figure 81. The structure of naproxen.

MBS-CO,Me hydrogels with a gelator concentration 0.85% wt/vol and NPX (1 mg) were prepared
as described previously, with NPX being added at the same time as the gelator as a mixture of
solids. The drug and gelator were therefore present in a 1:6 ratio — this is a lower proportion of
APl than is ideal, but these hydrogels contain a relatively high loading of gelator, and the
incorporation of NPX is limited by its solubility in water. This would also allow for more direct
comparison between release from these MBS-CO,Me hydrogels, and the previously investigated
DBS-CONHNH; hydrogels, as this proportion of NPX keeps the total amount loaded into the

hydrogel constant. Following the heat cool cycle, translucent hydrogels were formed.

For the release of NPX from the MBS-CO,Me hydrogels, 6 ml of pH 7 buffer was placed on top of
each gel, and the samples placed in an incubator at 37 °C. At each timepoint, aliquots of 2 ml were
removed from the gel, and the release of NPX into the buffer quantified by UV-vis, with
absorbance being recorded at 329 nm. All drug release studies were carried out in triplicate, and
standard error indicated by error bars. The aliquot was then returned to the gel. Although MBS-
CO;Me has significant absorbance in the region of 285 nm, there was enough difference between

the two maximum absorbances to allow for accurate quantification of NPX release.

The release of NPX was rapid, with the majority of the drug (ca. 80%) being released within the
first two hours (Figure 82). This is as expected — with release being primarily mediated by the

erosion of the gel, with this mechanism dominating over diffusion of NPX out of the gel. Thisis a
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significant limitation in achieving controlled slow drug release. However, the rapid release may

still be useful, in an application where it is desirable to have drug delivered very rapidly.
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Figure 82. Release of NPX from MBS-CO.Me hydrogels (1 ml) into pH 7 buffer (6 ml), at 37 °C.

2.3 Development of Hybrid Hydrogels

MBS-CO,Me has good material strength (see above), however, its potential applications in drug
delivery are significantly limited due to the instability of the hydrogels with respect to aqueous
media. This is a contrast with DBS-CONHNH;, which is stable in the presence of aqueous media at
a range of pH values, but has poor mechanical strength, making it difficult to handle. The two
gelators also give hydrogels with quite different thermal stabilities. The two gelators were
therefore combined — hoping that a hybrid material with a desirable mix of properties would be
formed. In principle, we reasoned it should be possible to precisely tune the performance of such

materials by tuning the ratio of the two different self-assembling components.

2.3.1 Gelation and Tge Testing of Hybrid Hydrogels

Although both MBS-CO,Me and DBS-CONHNH; hydrogels are formed by a heat-cool cycle, the
MGCs for each are quite different — 0.20% wt/vol for DBS-CONHNH,, and 0.75% wt/vol for
MBS-CO;Me. A known mass of each of the two gelators was weighed into a vial. Deionised water
was then added, and the suspension sonicated. This was then heated until all of the solid was

dissolved, and on cooling, a translucent gel was formed (Table 5).
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Table 5. Selected concentrations of DBS-CONHNH; and MBS-CO,;Me tested for gelation in the
hybrid hydrogel.

DBS-CONHNH, / % wt/vol MBS-CO;Me / % wt/vol Sonication time / mins  Gel?
0.10 0.33 5 PG
0.28 0.35 5 PG
0.10 0.80 10 G
0.20 0.10 10 G
0.20 0.35 10 G
0.24 0.10 10 G
0.28 0.70 10 G
0.28 0.80 10 G
0.28 0.90 10 G

The total MGC of the hybrid gel was found to be 0.30% wt/vol (DBS-CONHNH; at 0.2% wt/vol and
MBS-CO,Me at 0.10% wt/vol). The hybrid gels could also form with each gelator below their
individual MGC (DBS-CONHNH; at 0.16% wt/vol and MBS-CO,Me at 0.20% wt/vol). In addition, 10

minutes of sonication, before the heat-cool cycle, was found to improve gel formation.

As the two gelators have quite different Tge values, with MBS-CO;Me hydrogels ca. 55 °C, and
DBS-CONHNH; hydrogels ca. 80 °C, the effects of varying the concentration of each gelator on the
thermal stability of the hydrogels was investigated. It was reasoned that those hydrogels with a
greater concentration of MBS-CO;Me would have lower T, values, with the opposite being true

for those gels with a greater concentration of DBS-CONHNH,.

Hydrogels with varying proportions of the two gelators (by mass) were prepared, with the total
concentration of gelator kept constant at 0.48% wt/vol, and the T values for these determined
by the tube inversion method (Table 6). For hydrogels, measurements are carried out to 100 °C —
above this point, it is not possible to determine whether breakdown of the gel is due to

disassociation of the network, or disruption as a result of the solvent boiling.
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Table 6. T,e values for hybrid hydrogels, with varying concentrations of the two gelators. For all
the gels, total gelator concentration is 0.48% wt/vol. Note: at 65% MBS-CO.Me, no gel was
formed.

% MBS-CO,Me Teet / °C
26 100+
29 100+
35 100+
40 96
45 81
51 69
56 64
61 51
70 33
75 26

By varying the concentrations of the two gelators, it was possible to access Tge values from 26 °C
to 100+ °C demonstrating that materials outcomes can be tuned in these hybrid gels simply by

programming the input parameter of gelator loading.

As was expected, the hydrogels with a lower proportion of DBS-CONHNH; gave lower T values,
with the Tge value increasing in line with DBS-CONHNH; concentration. Further tests in which the
total gelator loading was also changed were then carried out (Table 7). — These studies indicated
that as well as the T, being influenced by the proportion of each gelator, the total amount of
gelator was also important. As would be expected, a greater total gelator concentration led to

higher Tge values.
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Table 7. Selected Ty values for hybrid hydrogels, with varying total concentrations, and varying
proportions of the two gelators.

% DBS-CONHNH2 % MBS-CO2Me Total Gelator / % wt/vol Tea / °C
44 56 0.36 49
39 61 0.63 51
69 31 0.35 53
58 42 0.48 63
45 55 0.53 79
80 20 0.51 100+
50 50 0.6 100+

2.3.2 Imaging of Hybrid Hydrogels

The hybrid hydrogels were then investigated by both SEM and TEM. Hybrid hydrogels with varying
concentrations of the two gelators were prepared, and prepared for imaging using the same
method as described previously. As the nanofibres of the two individual gelators are similar in
morphology, it is not possible to distinguish two separate networks (Figure 83). However, the self-
assembly process clearly still occurs for the mixed system, with the type of assembly also
maintained. The TEM images show relatively homogenous, helical fibres, with the diameter of the
fibres varying slightly across the samples. The samples with the lowest total gelator loading had
the lowest fibre diameters of around 14 nm, with those samples with the highest fibre loading

having the thickest fibres, at around 26 nm.

TEM Images SEM Images

(a)

(b)
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Figure 83. TEM (left) and SEM (right) images of DBS-CONHNH_ and MBS-CO.Me hybrid hydrogels
(a) 0.20% wt/vol and 0.10% wt/vol respectively, (b) 0.20% wt/vol and 0.80% wt/vol respectively,
(c) 0.28% wt/vol and 0.10% wt/vol respectively, (d) 0.28% wt/vol and 0.80% wt/vol respectively.
Scale bar for TEM 100 nm, for SEM 1 um.

2.3.3 Rheology of Hybrid Gels

The material properties of the hybrid hydrogels were then investigated by rheology. Samples for
rheology were prepared in the same manner as previously, with two gelators weighed into a vial
together, then heated to dissolve. While the solution was hot, it was transferred to a bottomless
vial attached to a plate, and the gel formed in this vial. The vial can then be removed, and the gel

disc transferred to the rheometer for analysis.
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Initially, the hybrid hydrogels were compared to the gels formed by the two gelators individually.
DBS-CONHNH; hydrogels have a G’ value of around 1200 Pa in the LVER, with the more robust
MBS-CO;Me hydrogels having a higher G’ of around 2800 Pa. it was therefore hoped that the
stiffer MBS-CO,;Me would reinforce the weaker DBS-CONHNH,. The two hydrogels have very

similar resistance to strain, indicated by the similar crossover points of around 10%.

Rheology was carried out on hybrid hydrogels with varying concentrations of MBS-CO,Me (‘high’:
0.80% wt/vol, ‘low’: 0.10% wt/vol) and DBS-CONHNH, (‘high’: 0.28% wt/vol, ‘low’: 0.24% wt/vol).
As previously, the first test to be run was the amplitude sweep, with the frequency kept constant
at 1 Hz, while the strain varied from 0.05%-100%. This allows for determination of the LVR, as well
as giving information on the material properties of the gel including stiffness and resistance to

strain.

Pleasingly, the hybrid hydrogels with a high proportion of MBS-CO,Me were indeed stiffer than
either of the two individual hydrogels, with G’ values of over 6000 Pa (Figure 84). This is a
considerable increase in stiffness, and indicates that, at this concentration, the MBS-CO,Me is
indeed acting to reinforce the overall network. The total gelator concentration is also greater, and
this likely also contributes to the increased gel stiffness. This increased stiffness does come at the
cost of reduced resistance to strain — with both these hybrid gels having a crossover point of ca.
3%. This is lower than either of the two individual gelators. Particularly for the gel with the
greatest overall loading, there was considerable variability between the individual samples. This is
believed to be due to the reduced resistance to strain causing some of the gel discs to fracture,

leading to variability in stiffness.
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Figure 84. Amplitude sweep (0.05%-100%) for hybrid hydrogels. Left: 'high' MBS-CO.Me, 'low'
DBS-CONHNH,. Right: 'high' MBS-CO.Me, 'high' DBS-CONHNH,. Temperature 25 °C, Frequency 1 Hz.
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However, in contrast to this increased stiffness, the hybrid gels with the lower concentrations of
MBS-CO;Me had lower stiffness than the hydrogels formed by the gelators alone, with G’ values
of under 400 Pa (Figure 85). In this case, the loading of MBS-CO,Me is below the MGC for that
gelator, at only 0.10% wt/vol. It is therefore possible that the MBS-CO,Me is not assembling fully,

and so instead of reinforcing the DBS-CONHNH; network, may actually disrupt this network,

resulting in the decrease in stiffness.
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Figure 85. Amplitude sweep (0.05%-100%) for hybrid hydrogels. Left: 'low' MBS-CO,Me, 'low’

DBS-CONHNH;. Right: 'low' MBS-CO2Me, 'high' DBS-CONHNH,. Temperature 25 °C, Frequency
1H:z

It is therefore possible to tune the material properties of the hybrid hydrogels, by varying the
concentration of the two gelators, principally MBS-CO;Me. This can provide a material that is
stiffer than the individual hydrogels, or one that is less stiff than either (Figure 86). This approach

could allow for the tuning of the material so the desired rheological properties can be obtained,

depending on the targeted application.
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Figure 86. Amplitude sweeps (0.05%-100%) for MBS-CO,Me hydrogel, DBS-CONHNH, hydrogels,
hybrid hydrogels with 'low' MBS-CO:Me (0.10% wt/vol), 'low' DBS-CONHNH, (0.24% wt/vol), and
'high' MBS-CO.,Me (0.80% wt/vol), 'low' DBS-CONHNH-(0.24% wt/vol). Temperature 25 °C,
frequency 1 Hz.

Although it was clear that the mechanical properties of the hybrid hydrogels could be controlled
by varying the two components, initially, both the proportions of the two gelators, and the total
gelator loading were changed. These results did indicate that with a greater proportion of
MBS-CO;Me, which alone forms stiffer gels, the hybrid hydrogels were stiffer. However,
increasing the proportion of MBS-CO,Me also resulted in a greater total loading of gelator.
Therefore, further rheological studies were carried out, with total gelator loading (by mass) kept

constant, and only the proportions of the two gelators changed.

Hybrid hydrogels were therefore prepared, with a total concentration of 0.48% wt/vol. These
were made up of either 3.0% DBS-CONHNH; and 3.4% MBS-CO,Me, or 2.4% DBS-CONHNH,; and
2.4% MBS-CO;Me. The gels were prepared as for previous rheology samples. Again, an amplitude
sweep was carried out initially (Figure 87), with strain varied from 0.01%-100%, and frequency
kept constant at 1 Hz. This allowed the LVR to be determined, and a frequency sweep was then

carried out, at a strain within this region.
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Figure 87. Amplitude sweep (0.01%-100%) for MBS CO2Me and DBS CONHNH?2 hybrid hydrogels,
with a total gelator loading of 0.48% wt/vol, in different proportions of the two gelators.
Temperature 25 °C, frequency 1 Hz.

Despite the total loading of gelator being the same for both the hydrogels, as hoped, the
hydrogels with the higher proportion of MBS-CO,Me were stiffer than those with the higher
proportion of DBS-CONHNH;. The higher proportion of MBS-CO,Me gave a G’ in the LVR of around
820 Pa. This is greater than the G’ of around 300 Pa for the hydrogels with the greater proportion
of DBS-CONHNH,. This indicates that the simply varying the proportions of the two gelators can

give control of the mechanical properties, as well as changes in the total loading.

2.3.4 NMR Studies for Hybrid Hydrogels

The immobilisation of the gelators within the hybrid gel was then investigated via NMR studies.
These initially aimed to understand the level of assembly of MBS-CO,Me within the hybrid gel

when concentrations of this gelator were below the MGC (0.75% wt/vol).

Hybrid hydrogels (0.10% wt/vol MBS-CO;Me and 0.28% wt/vol DBS-CONHNH,) were prepared in
an NMR tube, using a 50:50 mix of D,0 and H,O.Interestingly, the solubility of MBS-CO,Me was

considerably reduced when using D,0 alone. Although replacing H,0 with D,0 has been shown to

199

impact the solubility of a range of molecules, including cyclodextrins,'®® lysozymes,'*® amino

200 201

acids,?® and carbohydrates,?*! the reasons behind this are not yet fully understood.?’? These gels
were prepared as normal, with the addition of DMSO (2 ul) as an internal standard, until the heat-
cool cycle. At this point, the hot solution was transferred to a warm NMR tube, and then allowed

to cool in situ, forming the gel.
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The amount of ‘free’ gelator can then be determined by standard *H NMR, as any that is
incorporated into the solid-like network will not be visible in the NMR spectrum, due to
broadening of the peaks. Any gelator is not incorporated into the self-assembled network and is
instead ‘mobile’ in the liquid-like phase, however, will be visible, and the concentration can be

determined by comparison to the internal standard.?®

These studies indicate that, on average, 64% of MBS-CO;Me is not incorporated within the
network at this concentration, although there is significant variation of 11% across the samples.
This suggests that, although some MBS-CO,Me is assembling, perhaps along with the
DBS-CONHNHj; that is also present, this is not occurring reliably, and so this assembly will not

routinely contribute to the overall hybrid gel.

On increasing the concentration of MBS-CO,Me to 0.28% wt/vol and 0.48% wt/vol, there was a
decrease in the proportion of ‘free’ MBS-CO,Me, to 48% +14 and 15% %4 respectively. This
indicates that as the concentration of MBS-CO;Me is increased, a greater degree of self-assembly
into the solid-like phase can occur. At the slightly lower concentration of 0.28% wt/vol, there is
again quite significant variation in the proportion of assembled MBS-CO,Me — with the
concentration being below the MGC for this gelator, it possible that assembly into supramolecular
structures may occur differently from sample to sample, dependent on factors such as nucleation

events.

The effect of temperature on the disassembly of the network was then investigated in order to
gain insight into whether in the fully-formed hybrid hydrogels, the two gel networks were
independently self-sorted, or whether the two gelators were incorporated into mixed fibres.
Hybrid hydrogels (0.80% wt/vol MBS-CO,Me, 0.22% wt/vol DBS-CONHNH,) were prepared as
previously. At these concentrations, neither gelator is visible in the spectrum at room
temperature, indicating that all of the gelator has assembled into the solid-like network. As the
temperature is increased, MBS-CO;Me signals become visible at 40 °C, and by 65 °C, around 90%
is free (Figure 88). This is in agreement with the Tg of MBS-CO:Me, and results from the relatively
high solubility of this gelator. In contrast, the first signal corresponding to free DBS-CONHNH, only
appears at 55 °C, with 90% being mobile at 85 °C. This reflects the higher Tge value of this LMWG.
Although the first of the DBS-CONHNH; begins to disassemble at 55 °C, before the MBS-CO,Me is
completely disassembled, the overall disassembly occurs in a largely sequential manner,
indicating that there is good degree of self-sorting of the two networks, with each gel network

having its own clear thermal sensitivity retained within the hybrid gel.
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Figure 88. The breakdown of the hybrid hydrogel with increasing temperature, monitored by *H
NMR spectroscopy.

2.3.5 Drug Release from Hybrid Hydrogels

2.3.5.1 Naproxen

Given that DBS-CONHNH, can give pH-mediated release of naproxen,® as a result of the
interactions between the functional groups of the gelator and the drug, studies were carried out

to determine whether this ability had been maintained in the presence of MBS-CO;Me.

Hybrid hydrogels containing NPX were prepared by addition of the three solids (the two gelators
and the drug) to a vial, with deionised water (1 ml) added, followed by 10 minutes sonication. The
resulting suspension was then heated until the solid was dissolved. On cooling, a white, opaque

gel was formed.

To monitor release of NPX, buffers of different pH values were added to the gels, and amount of
NPX released quantified by monitoring the UV-vis absorbance at 329 nm. Pleasingly, the hybrid
hydrogels showed pH mediated release of NPX (Figure 89), indicating that the responsive nature
of the DBS-CONHNH; network had been maintained. At pH 7, there is rapid initial release of NPX,
with over 65% released with the first three hours, and maximum release of 90% after

seven hours. In contrast, at pH 5.5, there is much slower release — after three hours, only around

30% has been released, and total release is under 50% even in seven hours.
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Figure 89. Release of NPX from DBS-CONHNH; and MBS-CO.Me hybrid hydrogels (1 ml), into pH 7
buffer (6 ml) or pH 5.5 buffer (6 ml), at 37 °C.

This difference in release at the two different pH values is a result of the interactions between the
acyl hydrazide groups of the gelator, and the carboxylic acid groups of NPX — these occur when
NPX is protonated (Figure 90). At a lower pH, NPX, which has a pK, of 4.15,%%* is protonated to a
greater degree, and hence there is increased interaction between drug and gelator. This in turn
leads to lower release. NPX is also less soluble at lower pH values, and this is also likely to
contribute to lower release at pH 5. The release from the hybrid hydrogel is very similar to that
previously observed with DBS-CONHNH; alone, and is clearly distinct from the rapid, erosion
driven release from MBS-CO;Me hydrogels. It is therefore clear that DBS-CONHNH, can exert

control over drug release in the hybrid hydrogel.
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Figure 90. The hydrogen bonding interaction between the hydrazide groups of the gelator and the
carboxylic acid group of NPX.

2.3.5.2 Atorvastatin

Although it is useful to be able to release NSAIDs such as NPX in a pH mediated manner, the
required oral dose for a therapeutic effect of such a drug is typically at least 250 mg — this is much
more than could be practically incorporated in dispersed form in a 1 ml gel, and far exceeds the
molar equivalence of any low-molecular-weight gelator. Given drug-gelator interactions help to
mediate the release, this is a significant limitation. Therefore, having demonstrated proof of
principle with naproxen, we moved on to investigate another more potent class of drug for their

potential to be incorporated within the gels.
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Statins are prescribed to lower cholesterol, and are among the most commonly prescribed classes
of drugs in the UK.2% Typically, initial doses are 5-10 mg — much more relevant for gel delivery on
this scale. Furthermore, as daily drugs that are taken for extended periods of time, potentially for
life, controlled delivery of this class of pharmaceutical is of high potential value.?’® A number of
statins contain a carboxylic acid functional groups — these in particular have the potential to
directly interact with the hydrazide groups of the gelator, as is the case with naproxen, opening
the possibility of controlled release. In the longer term, subcutaneous injection of gel depot
formulations containing statin drugs could potentially be an effective way of moving away from

daily tablet dosing.?”’

Atorvastatin (119) (Figure 91), was selected for incorporation into the hybrid hydrogels.
Atorvastatin is a commonly prescribed statin, administered as the calcium salt. Due to poor water
solubility and extensive first pass metabolism, the bioavailability is low, at around 14%. Despite

this, the typical therapeutic range for treatment with atorvastatin is 10-80 mg.2%®
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Figure 91. The structure of atorvastatin, a commonly prescribed statin.

Initially, the incorporation of atorvastatin within the hybrid hydrogels was investigated. The
atorvastatin was added as a solid, along with the two gelators (MBS-CO,Me at 0.80% wt/vol,
DBS-CONHNH; at 0.30% wt/vol). To improve the solubility of atorvastatin, 10% DMSO in water
was used as a co-solvent — despite this, only 0.4 mg of statin could be added and fully dissolved.
These samples were then prepared as previously — 10 minutes sonication, followed by a heat/cool
cycle. On cooling, translucent gels were formed. The requirement for full dissolution of statin
within the gel may not ultimately be important. However, for these preliminary studies, we

wanted to ensure we were working with homogeneous materials.

The release of atorvastatin from the hybrid gels was then investigated. Buffer was placed on top
of the prepared gels, and the release of the drug followed by monitoring the UV-vis signal at
253 nm. However, due to the low solubility of atorvastatin, along with the low concentrations

actually present, it proved very challenging to quantify the release into the buffer — with very low
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UV absorbances that varied considerably. This therefore resulted in very poor release profiles

(Figure 92).
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Figure 92. Release of atorvastatin from hybrid hydrogels (1 ml), into pH 7 buffer (6 ml) at 37 °C,
quantified by UV-vis.

It was therefore decided to use an alternative method for quantification of atorvastatin release —
HPLC. This is a commonly used method for quantification of statins. Initially, an HPLC method was
developed to ensure separation of atorvastatin and the other components that might be present
in the samples — MBS-CO;Me and DBS-CONHNH.. This was achieved by dissolving, as much as
possible, the components in methanol (in which atorvastatin is freely soluble, but the two
gelators are not). This was followed by filtration, to remove any undissolved solid. The three
components were prepared separately, along with a mixed sample. It was determined that the
solvent system 45% acetonitrile, 55% pH 4 buffer (0.01 M), with a C18 column, gave separation of

the three components (Figure 93).
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Figure 93. HPLC trace for a mixed sample of atorvastatin, DBS-CONHNH;, and MBS-CO,Me. The
two gelators appear before 2 minutes, the atorvastatin at 14 minutes.

This HPLC approach allowed a calibration curve to be prepared for atorvastatin, by preparation of
samples of known amounts of atorvastatin, dissolved in methanol. These were then run using the
above method, and the peak areas measured. This could then be used to quantify the release of

atorvastatin from the gels.

The release of atorvastatin into pH 7 buffer was then investigated. Hybrid gels (MBS-CO,Me at
0.80% wt/vol, DBS-CONHNH, at 0.28% wt/vol) were prepared, with atorvastatin (5 mg) also added
as a solid. These samples were then sonicated for 10 minutes, followed by a heat-cool cycle. On
heating in this case, not all of the atorvastatin was dissolved, but homogeneous opaque, white
gels were still successfully formed. This was confirmed by parallel plate rheology (Figure 94), with
a G’ value in the LVR at around 11200 Pa. This is slightly higher than for the hybrid gels without
atorvastatin, however, the hydrogels containing 5 mg of atorvastatin do also have a slightly higher

loading of gelator.
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Figure 94. Amplitude sweep (0.01%-100%) for hybrid hydrogels containing 5 mg of atorvastatin.
Temperature 25 °C, frequency 1 Hz.

The release was then investigated. On top of each gel was placed pH 7 phosphate buffer (6 ml),
and the samples stored in an incubator at 37 °C. At each timepoint (hourly for the first 8 h, every
24 h thereafter), 1 ml of buffer was removed from the gel. This was then replaced with fresh
buffer. The removed aliquot was dried, and the residue re-dissolved in methanol. This was then

filtered to give the sample for HPLC. The release was followed for 240 hours.

Over the first eight hours, around 40% release was obtained, with 75% release reached after 240
hours (Figure 95). While it is possible that there are some interactions between the drug and the
gelators, it seems likely that the slow release here is predominantly limited by the low water

solubility of atorvastatin. The replacement of the buffer allows for a concentration gradient to be
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maintained. This seems especially likely after the first 24 hours, where the longer intervals allow

for the buffer to become completely saturated.
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Figure 95. Release of atorvastatin from hybrid hydrogels (1 ml), into pH 7 buffer (6 ml, 1 ml
replaced at each timepoint) at 37 °C, over 240 hours, quantified by HPLC.

In a biological system, due to the constant maintenance of such concentration gradients, release
would likely be faster than demonstrated here. Additional work with this drug could focus on
changes in release rate with the buffer replaced more regularly, as this may give faster release, as
well as greater total release. The rate of release could also be investigated at a greater range of

pH values.

2.4 Conclusions

Initially, a novel hydrogelator, MBS-CO,Me, was developed, and the material properties of the
resulting hydrogels investigated. The hydrogel was also investigated for the encapsulation and

release of naproxen, and gave rapid, burst release.

As the properties of MBS-CO,Me hydrogels, including mechanical strength and thermal stability,
were quite distinct from those of the previously investigated DBS-CONHNH,, the two gelators
were combined to form a two-component supramolecular hydrogel. The resulting hybrid
hydrogels had properties that could be tuned, by varying the proportions of the two gelators —
with those with more MBS-CO,Me giving hydrogels with improved mechanical strength, while

those with more DBS-CONHNH; had greater thermal stability.

The hybrid gels also retained the ability of DBS-CONHNH, to interact with additives, and

demonstrated pH responsive release of NPX, similar to that observed with DBS-CONHNH, alone.
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Additionally, the hybrid gels could be used to encapsulate the statin atorvastatin, and

demonstrated release of this over an extended length of time.

Further work in this area would focus on tuning the hybrid gels to give different release profiles,
potentially enabling application in a range of drug delivery settings, including the investigation of
additional statins. The two component gels could also be investigated for use in wider
applications of biomedical science, such as tissue engineering. The release of statins from other
types of gel, that may be suitable for use in different routes of administration, could also be

investigated.
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3. Chapter 3 — Development of Gel Beads for Statin Release

It has become increasingly common to combine LMWGs with PGs.28 This approach is intended to
combine the most desirable features of the two types of gelator — usually the responsiveness of
the LMWG, and the mechanical strength of the PG. These combinations typically give materials

that are more suitable for real-life applications.

Although DBS-CONHNH; has properties that give it potential for a number of applications, the gels
that it forms have relatively low mechanical strength. This makes their general handling very
challenging, and thus limits practical applications. Therefore, in recent years DBS-CONHNH; has
been combined with a number of polymer gelators. Initially, studies focussed on
poly(ethyleneglycol dimethacrylate) (PEGDM) (120) and agarose (98) (Figure 96). These two
polymers have differing triggers for gelation — PEGDM being photoinitiated in the presence of a

radical initiator, and agarose being triggered by heating and cooling.
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Figure 96. The structures of the polymer gelators, PEGDM (left) and agarose (right) that have
previously been combined with DBS-CONHNH.

On combination of the LMWG and the PG, it is important that the desirable properties of the
LMWG are maintained. This was the case for DBS-CONHNH; and PEGDM, with pH-mediated
release of NPX being achieved both with and without PEGDM present.'’* The presence of PEGDM
also allows for photopatterning of the gel into desired shapes — this has allowed development of
shaped ‘gel reactors’, which in combination with enzymes, can be used in catalysis.'’® Similarly, on
combination with agarose, DBS-CONHNH, was still capable of forming metal nanoparticles, which
then allows the catalysis of cross-coupling reactions.!’? Additionally, combining DBS-CONHNH;
and agarose to form a hybrid hydrogel in which the complementary properties of the two gelators
combined was shown to improve cell growth during cell culture compared to the PG alone, with

the DBS-CONHNH; acting to provide more effective cell adhesion points within the hybrid gel.'”?
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More recently, DBS-CONHNH; has also been combined with the PG alginate (121) (Figure 97). This
is a natural biopolymer, and forms hydrogels as a result of ionic crosslinks formed when it is
exposed to calcium ions. As alginate is bioderived (from brown algae), biocompatible and

209

biodegradable,”” it is an attractive option for combination with LMWGs to form hybrid systems.
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Figure 97. Alginate, a natural biopolymer that can be combined with DBS-CONHNH.

Another interesting feature of calcium alginate hydrogels is the rapid gelation that occurs on
addition of the alginate solution to calcium chloride solution. As gelation occurs so rapidly, if the
alginate is added dropwise, gel beads can be formed.?%° This is well known within the food
industry,?'! as well as in the pharmaceutical industry.?'? Additionally, beads with a ‘core-shell’
structure can be prepared, with a second component forming the inner ‘core’ and being
surrounded by a ‘shell’ of the calcium alginate gel. In such cases, the core component is generally

a second polymer.?%3

Recently, in work carried out by Dr Carmen Piras, our research group reported the development
of gel beads formed from alginate, with a core of self-assembled DBS-CONHNH,.?'* These beads
had diameters of 3.0-3.6 mm. The size of the beads could also be controlled by varying the
volume used for their formation — with beads as small as 0.75 mm obtained. In this case, the
purpose of the calcium alginate is to act as a template mould, to control the assembly of the
LMWG into beads — this is not possible with the LMWG alone, as the materials do not have the
required mechanical strength to form discrete self-supporting spheres. As a result of the different
gelation triggers for alginate and DBS-CONHNH,, it was also possible to control the spatial
organisation of the networks, through changing the points at which stimuli were applied. In this
way, both interpenetrating and core-shell arrangements of the two gel networks within the beads

could be achieved (Figure 98).
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Figure 98. A representation of the two types of network that can be formed in the
alginate/DBS-CONHNH; hybrid beads, depending on the order in which the stimuli for gel
formation are applied.

Following the initial development of the gel beads, they were tested to confirm that the desirable
properties of DBS-CONHNH; had been maintained in the presence of alginate. The formation of
palladium nanoparticles, previously demonstrated for DBS-CONHNH,; hydrogels, was therefore
investigated with the newly developed beads. It was found that, on addition of PdCl; solution, the
hybrid alginate and DBS-CONHNH; hydrogels were indeed capable of forming Pd nanoparticles in
situ. The beads were then used to catalyse a Suzuki-Miyaura cross-coupling reaction, and
demonstrated good catalytic ability. The hybrid gel beads have now also been used for the in situ
formation of silver nanoparticles — these beads demonstrated antimicrobial activity against drug

resistant bacteria.!

Following development of these relatively large hybrid gel beads, attention was turned to
reducing their size. Recently, both nanobeads and microbeads have been of increasing interest in
biomedical applications.?®® This is a result of their having the general properties of hydrogels —
high water content and generally good biocompatibility, combined with a high surface area, as a
result of the small size. This leads to fast responses to environmental conditions, as well as
diffusion being able to take place rapidly.?%® They are therefore valuable as carriers for a range of
biologically-relevant molecules. Hybrid gel beads of DBS-CONHNH; and alginate, with a diameter
of ca. 800 nm were therefore developed using a suspension approach in the presence of a

stabilising surfactant. Y’

Having determined that the microbeads were stable in solution over a period of many months, as
well as on injection through a syringe needle, the microbeads were then tested for biomedical
applications. They were successfully loaded with heparin, an anti-coagulant that is also used in
cell culture, as it is capable of improving cell proliferation and growth.?!® The release of heparin
from the microbeads was demonstrated first by simply monitoring the release into buffer. This

indicated that around 41% of the heparin was released from the microbeads. This was followed
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by investigating the effects of this release of heparin on the proliferation of cells. This found that
the presence of heparin led to greater levels of cell proliferation than occurred with no heparin

present.

Following on from earlier work in this thesis working with statin drugs, we reasoned that gel
beads may be an appropriate platform for encapsulation and delivery of such drugs. We therefore
targeted a range of self-assembled gel beads in order to determine their relative abilities to

achieve controlled release of statins.

This was undertaken as collaborative work. Dr Carmen Piras developed and characterised the
novel gel beads, and prepared all the gel samples used. The drug release studies were carried out
by myself. For the purposes of this initial study, we targeted the formation of the larger

millimetre-sized hybrid gel beads because of their ease of handling and study.

3.1 Development of DBS-CONHNH, and Alginate Gel Beads

As mentioned previously, hybrid gel beads composed of the LMWG DBS-CONHNH,, and the PG
alginate have been developed by Dr Carmen Piras. Through changing the order in which the
gelation stimuli are applied, it is possible to control the structure of the beads — forming either an

interpenetrating network, or a core-shell structure.

Initially, gels were formed in vials, to demonstrate control over forming the two separate
networks and to gain a detailed understanding of the orthogonal assembly of the two networks.
In the first method, a suspension of DBS-CONHNH, (0.3 wt/vol), in alginate solution (0.5% wt/vol),
was heated, dissolving all of the LMWG. On cooling, the DBS-CONHNH; network is formed. A
solution of CaCl, was then added, and allowed to diffuse into the gel. This triggers the formation

of the second gel network, as the alginate is crosslinked.

Following this, hybrid gel beads with a core-shell structure were fabricated. This was achieved by
heating a suspension of DBS-CONHNH; (0.3% wt/vol), with alginate (0.5% wt/vol), until all of the
LMWG was dissolved. At this point, instead of simply allowing the solution to cool, the hot
solution was added dropwise to CaCl; solution. This leads to the alginate being crosslinked
immediately. Simultaneously there is rapid cooling of the solution, and hence formation of the
DBS-CONHNH; network. This leads to the formation of the core-shell beads, with DBS-CONHNH;

forming the core, and calcium alginate the outer core (Figure 99).
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Figure 99. Preparation of the hybrid alginate/DBS-CONHNH, hydrogels in vials, and the hybrid
core-shell beads. Reproduced from reference 214.

The structure of the beads was confirmed by optical microscopy, with the cross section clearly
showing the difference between the inner and outer sections of the beads. This also showed a
clear difference in comparison with beads formed of only alginate — these did not show the same

core-shell structure.?**

It was also important to understand what proportion of gelator was incorporated within the
beads, and therefore H NMR studies were carried out to determine how much LMWG was within
the beads. The hybrid beads were prepared, and dried. The DBS-CONHNH, was then dissolved in
DMSO-d; (this does not dissolve the alginate), and the concentration of gelator determined by use
of acetonitrile as an internal standard. These studies indicated that the majority of DBS-CONHNH,
was incorporated within the gel beads during gel bead synthesis, with over 90% being
incorporated. This indicates that this alginate approach is indeed an efficient way of capturing and

stabilising self-assembled DBS-CONHNH, gel beads.

3.2 Development of DBS-CO;H and Alginate Gel Beads

As well as DBS-CONHNH,, a second DBS based gelator, DBS-CO,H (34) (Figure 100), has also been
used in a number of applications within the group, including in combination with polymer
gelators.?!® For DBS-CO;H, gelation is triggered by lowering the pH to below the pKa value of the
carboxylic acid groups (ca. 5.4) — this leads to protonation of the carboxylic acid groups, and
consequently the solubility of the gelator is reduced and a gel is formed. This mode of gelation is

distinct from those of both DBS-CONHNH; and alginate.
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Figure 100. The structure of DBS-CO;H.

Following the development of the DBS-CONHNH; and alginate beads, efforts were then made to
fabricate similar beads, but with the LMWG in this case being DBS-CO;H. Gel beads based on
DBS-CO;H have not previously been reported in the literature. In addition to demonstrating the
general applicability of our alginate gel bead formulation method, these materials are of
particular interest due to the pH responsive nature of the DBS-CO;H network, which is stable
below a pH of around 5.5, but breaks down in more basic conditions. This is especially interesting
for drug release applications in which this pH value is of key importance. For example, the
stomach is more acidic than the pKa value of DBS-CO;H, whereas the intestine is less acidic.
Meanwhile, skin has a very similar pH value to the pKa of the gelator. It is therefore clear that the
responsiveness of DBS-CO,H occurs at a physiologically-interesting and potentially useful pH

value.

In work carried out by Dr Carmen Piras, alginate and DBS-CO;H hybrid gel beads were therefore
developed. To achieve this, the different rates in formation of the networks was exploited, as
alginate forms gels very rapidly on addition of Ca?* ions, while DBS-CO,H forms more slowly, as a
result of decreasing pH. To form the beads, DBS-CO,H (0.3% wt/vol) and alginate (0.5% wt/vol)
were combined in aqueous solution. This mixture was added dropwise to an acidified (using HCI,
0.1 M) CaCl; solution, and the alginate network formed immediately, giving small, transparent gel
beads. Over time, the beads gradually became more translucent, a visual indication of the
formation of the DBS-CO,H network being formed as the pH was lowered. The gel beads formed
were 2.8-3.3 mm in diameter which reflected the droplet size being added to the CaCl,/HCl

solution.

In this case, the formation of the two hybrid gel networks is reliant on the presence of both H*
and Ca% ions. It seemed likely that the beads would form with interpenetrating networks, rather
that the core-shell structure observed in the combination of DBS-CONHNH; and alginate. Indeed,

a uniform structure was observed by optical microscopy, with the beads again cut in half, before
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being embedded in resin and dyed with toluidine blue. This showed a consistent structure across
the whole cross section of the gel bead (Figure 101). SEM imaging of the cross section further
indicated that the network extended across the whole bead, with both gelators being in their
assembled state. Importantly, there was no evidence of any solid-like, non-self-assembled
material present within the gel, which agrees with the hypothesis that assembly is being

controlled by the presence of the H* and Ca?* triggers.

Figure 101. Optical microscopy (left) and SEM (right) images for cross sections of
DBS-CO,H/alginate beads.

Following the imaging that indicated that the two gelators had both assembled to form networks,
the self-assembly of DBS-CO,H was further investigated by an NMR experiment. DBS-CO;H and
alginate beads were formed, using D,0 instead of H,0, and were added to an NMR tube, also
containing D,0 and an acetonitrile internal standard. Any of the individual gelator components
that were not assembled into ‘solid-like’ nanofibres could therefore be quantified. This study

indicated that, for both DBS-CO,H and alginate, all of the gelator was assembled in the beads.

This was followed by determination of how much DBS-CO,H was incorporated into the gel beads.
The hybrid beads were prepared in water, then dried, and DMSO-ds added. This dissolves the
DBS-CO;H, but not the alginate. Acetonitrile was added as an internal standard, and the
concentration of DBS-CO,H could thus be determined. This indicated that around 94% of the

LMWG was incorporated within the gel beads during their preparation.

3.3 Development of DBS-CONHNH,, DBS-COH and Alginate Gel Beads

Following the successful development of both these types of hybrid gel bead, three-component
beads, containing DBS-CONHNH,, DBS-CO,H and alginate were developed by Dr. Carmen Piras.
Previously, the two LMWGs have been combined, with spatial control over different domains

220 or diffusion.??! As these two gelators have differing

being achieved either by photopatterning
properties, and the beads formed by each with alginate also differ, it was considered that

combining the three gelators would lead to beads with interesting properties.
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To fabricate the three-component beads, the methods used for the two types of two component
bead were combined. DBS-CO;H (0.3% wt/vol) was dissolved in a basic, aqueous solution, along
with DBS-CONHNH; (0.3% wt/vol) and sodium alginate (0.5% wt/vol). This suspension was then
sonicated, to ensure all of the solid was dispersed, followed by heating to dissolve all of the
DBS-CONHNH,. While still hot, drops of the solution were added to acidified CaCl; solution. As
soon as the hot gelator solution was added to the CaCl; solution, small gel beads were formed.

The beads had a diameter of 3.0-3.5 mm, reflecting the droplet size added into the CaCl, solution.

Similarly to the DBS-CONHNH; and alginate beads, these three-component beads have a core-
shell structure. In this case, we suggest that the core is primarily DBS-CONHNH; and DBS-COH,
and the shell is mainly alginate and DBS-CO,H. Optical microscopy was carried out, with beads
embedded in resin, then stained with toluidine blue. This clearly showed the core-shell structure
of the beads (Figure 102). SEM imaging also indicated that the gelators within the beads were
assembled into a sample spanning nanofibrillar network, and there was no evidence of solid-like
non-assembled material, indicating that the nanoscale assembly process was well controlled

during the synthesis.

d)

Figure 102. Optical microscopy (left) and SEM (right) images for cross sections of the 3-component
gel beads.

The self-assembly of the beads was further investigated by *H NMR, to determine what
proportion of the gelator was assembled within the beads. The three-component beads were
therefore prepared, using D,0 in place of H,0. They were then added to an NMR tube, which also
contained D;0, along with acetonitrile as an internal standard. No signals from any of the three
gelators were observed in the 'H NMR spectrum, indicating that all three gelators were indeed in

their assembled state within the beads.

The incorporation of the DBS gelators into the beads was also investigated. The three-component
beads were prepared, then dried. DMSO-ds was then added — this will dissolve the DBS gelators,

but not the alginate. An acetonitrile standard was also added, to allow the amount of gelator to
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be determined. This test determined that for each LMWG, over 90% of the gelator was

successfully incorporated into the beads during the fabrication process.

3.4 Properties of the Types of Bead

3.4.1 Rheology For the Different Materials

To compare the mechanical properties of the types of gel, hybrid gels were prepared in vials, so
that parallel plate rheology carried out. This was done for DBS-CONHNH,/DBS-CO:H gels,
DBS-CONHNH,/alginate gels, DBS-CO,H/alginate gels, and the three-component gels (Table 8).

For each two-component gel, the hybrid material was stiffer than either of the two components
individually, with the presence of the second network providing reinforcement for the first.
DBS-CO;H and alginate gels have a G’ of around 5300 Pa — considerably greater than for either
component alone (DBS-CO;H, 360 Pa; calcium alginate, 1420 Pa). Similarly, DBS-CONHNH; and
alginate gels have a G’ of around 8300 Pa, indicating greatly improved mechanical strength (DBS-
CONHNH; alone has a G’ of 800 Pa). In the case of these gels, it is important to note that there is
not a core-shell structure present, as the gels have been prepared in vials, rather than as beads,
and therefore the core-shell structure cannot form. The samples can therefore be considered as

sample spanning, fully interpenetrated multi-component networks.

A key comparison was between DBS-CO,H/DBS-CONHNH; hybrid gels, and the three-component
gels. The DBS-CO,H/DBS-CONHNH, hydrogels are stiffer than either of their two components
individually, with a G’ of around 5410 Pa. On addition of alginate, there is once again a significant
increase in G’, to around 19000 Pa. It should be noted that, again, these beads do not have a core-

shell structure, but extended interpenetrating network structures, as they are prepared in vials.

Table 8. G'values for gels formed from DBS-CONHNH,, DBS-CO,H and alginate.

Loading LMWG / Loading Alginate /
Gel G’/ Pa
% wt/vol % wt/vol
DBS-CONHNH; 0.4 - 800
DBS-CO:H 0.4 - 360
Alginate - 0.6 1420
DBS-CONHNH,/DBS-CO;H 0.3 - 5410
DBS-CONHNH,/Alginate 0.3 0.5 8300
DBS-CO,H/Alginate 0.3 0.5 5300
Three Component 0.3 0.5 19000
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This indicates that for this family of gels, the presence of multiple gel networks increases the
stiffness of the overall material. Furthermore, it is evident that the presence of calcium alginate
significantly enhances gel stiffness, underpinning its key role as a robust polymer gelator in
allowing the gel beads to have well-defined self-supporting structures. This is as expected — it is
well known that the presence of a PG along with a LMWG gives a gel that is stiffer.2®® It is also
notable that the three-component gel is stiffer than any of the two component hybrids,
demonstrating (as in Chapter 2), that two different LMWGs can form multi-component networks

with enhanced rheological properties.

3.4.2 pH Responsiveness of Gel Beads

The impact of changing the pH on the proportion of DBS-CO;H within the gel bead network was
also investigated. This is important for the potential drug delivery applications. To determine the
effect of pH, two-component DBS-CO,H/alginate gel beads were prepared in D,0, and transferred
to an NMR tube, to which was also added further D,0, a small amount of NaOD, and an
acetonitrile internal standard. This was then left overnight, before a *H NMR spectrum was
recorded. The amount of DBS-CO;H that has disassembled and was no longer part of the gel
network could then be determined. It was found that around 48% of the DBS-CO;H present in the
beads was freely mobile within the solution following standing overnight. This is perhaps less than
would be expected — it is possible that the remaining DBS-CO.H is interacting with the calcium
alginate network in some way, preventing full mobility, and therefore not appearing in the *H
NMR spectrum. It is, for example, plausible that when deprotonated, the carboxylate-
functionalised DBS can bind to the Ca®* ions within the calcium alginate, hence remaining
somewhat immobilised by the presence of the PG network. However, these beads are

nonetheless clearly pH responsive, making them potentially interesting for drug delivery.

It was also important to understand if, in the presence of two additional gelators (DBS-CONHNH,
and alginate) in the three-component system, the pH responsiveness of DBS-CO,H was also
maintained in the same way as for the DBS-CO,H/alginate beads as described above and the same

method was used here.

In this case, around 61% of DBS-CO,H became mobile on deprotonation, along with around 19%
of DBS-CONHNH,. We suggest that some DBS-CONHNH; is mobilised as a result of the disruption
of interactions between the two LMWGs as the DBS-CO,H network is disassembled — it is known

that there are some interactions between the networks formed by the two gelators.??° Clearly,
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however, these three-component beads retain the fundamental pH responsiveness programmed

into them by the presence of DBS-CO;H.

3.5 Release of Rosuvastatin from Hybrid Beads

The pH-responsive nature of these gel beads makes them interesting vehicles for potential drug
delivery applications. It was therefore decided to investigate the release of an API, rosuvastatin
(122) (Figure 103). As discussed in Chapter 2, statins are medications that lower cholesterol — for
this reason, they are widely prescribed to reduce the likelihood of cardiovascular events such as
strokes or heart attacks.??? Attractively for gel delivery, statins are typically therapeutically active
in relatively low doses, in the region of 5-40 mg — such doses can feasibly be easily incorporated
into a relatively small volume of gel carrier.?? Rosuvastatin is typically administered as a daily,

oral tablet, with the majority of the drug being absorbed in the intestine.??*

122

Figure 103. The structure of rosuvastatin, the APl incorporated within the gel beads.

Therefore, these novel multicomponent beads were tested for incorporation and release of the
statin drug rosuvastatin calcium. This was carried out for all of the previously described hybrid
beads, as well as for beads based on calcium alginate alone. The different types of
multicomponent gel were also prepared in vials and compared to the individual LMWGs, as well
as the two combined. Additionally, two different release media were chosen for these studies,
neutral Tris-HCI (pH 7.4, Tris-HCl 10 mM, NaCl 150 mM) and mildly acidic sodium acetate (pH 4.0,
0.1 M) — this was to determine the effect of changing pH on any interactions between the drug
and the gel network, and the impact of this on the release of the drug. Release of rosuvastatin
was monitored by UV-vis spectroscopy, with rosuvastatin having a maximum absorbance at

251 nm. For each experiment, control gels containing no rosuvastatin were also monitored, to
ensure the observed signals were a result of the drug being released, rather than the gelator. All

gel beads used in the study were prepared as described previously.
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3.5.1 Incorporation of Rosuvastatin

The first step was to ensure that the gel beads were capable of encapsulating rosuvastatin. An
aqueous solution of rosuvastatin calcium (0.11 mM) was prepared, and each sample stood
overnight in this solution (4 ml), to allow for diffusion of the drug into the gel. The drug solution
was then removed, and the amount of rosuvastatin remaining quantified by UV-vis. This allowed
the amount of rosuvastatin that was incorporated into the gels to be determined. This was
typically around 0.22 umol per gel sample. It is worth noting that for the studies reported here,
we preferred to use systems in which the rosuvastatin was fully soluble to facilitate release
studies using buffer solutions and effective spectroscopy. This means the absolute concentrations
are relatively low, and below the therapeutic value. However, we anticipate that further
development would involve optimising the incorporation of higher loadings of insoluble drug into

these gel carriers (see future work).

3.5.2 Release from Gel Beads

Once the beads had been loaded with rosuvastatin, the release of the drug was determined. The
release buffer (6 ml) was added to the samples, which were then incubated at 37 °C. At each
timepoint, an aliquot (2 ml) was removed from the sample, and release of rosuvastatin
determined by UV-vis spectroscopy. The aliquot was then returned to the sample. This was
carried out in triplicate, and standard error indicated by error bars. This was carried out using
both Tris-HCI (pH 7.4,Figure 104) and sodium acetate (pH 4.0,Figure 105) as release buffers, with

the control samples monitored in the same way in each case.
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Figure 104. Release of rosuvastatin from gel beads (total 1 ml), into Tris HCl pH 7.4 buffer (6 ml) at
37 °C, over 24 hours.

When using Tris-HCI (pH 7.4) as the release buffer, the most rapid release occurred for
DBS-CO,H/alginate beads, with 85% release having occurred within about 2 hours. Similarly, for
both DBS-CONHNH,/alginate beads, and alginate beads alone, most release occurred within the
first two hours. However, total release was lower, reaching about 60% for the
DBS-CONHNH,/alginate beads, and around 40% for the alginate beads. The three-component
system showed much slower release, with the maximum only reached after 24 hours, and with

the amount released being relatively low at only about 30%.
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Figure 105. Release of rosuvastatin from gel beads (total 1 ml) into pH 4.0 sodium acetate buffer
(6 ml) at 37 °C.

Changing the release medium to sodium acetate buffer (pH 4.0), and thereby reducing the pH,
had a significant effect on the release of rosuvastatin. For all the types of bead, release was
reduced considerably. For the DBS-CO,H/alginate beads, release was reduced to around 45%. The
DBS-CONHNH,/alginate beads also saw a significant decrease in release, to about 30%. However,
the alginate beads showed a similar level of rosuvastatin release to pH 7.4. The three-component
beads gave very slow and low amounts of release, with only 7% of rosuvastatin released after 24

hours.

These release profiles are a result of a number of different factors. A key consideration is that
rosuvastatin is a weak acid, with a pKa of 4.6.?* Therefore at pH 7.4, more that 99% of the drug is
in the ionised form, which has greater solubility in water than the non-ionised form at pH 4,
where the drug is mostly protonated, and therefore less soluble. This accounts for the overall

lower release from the beads at pH 4.0, compared to at pH 7.4.

Another secondary factor controlling and modifying drug release are the potential interactions
between rosuvastatin and the gel network — where these interactions are present, release will be
lower. It is interesting that the calcium alginate gels alone limit the release of rosuvastatin,
suggesting there are interactions between the drug and the network — this is most likely between
the carboxylic acid of the rosuvastatin, and the calcium ions that form part of the PG network.

These interactions would be expected to persist even when the pH is 7.4, and this is indeed
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observed for release from calcium alginate gels, where changing pH appears to have little impact

on drug release.

When DBS-CO;H is also present, however, the release of rosuvastatin is increased. This is
especially noticeable at pH 7.4. We suggest that at this higher pH value, the DBS-CO;H network
itself begins to deprotonate and disassemble (see NMR studies in Section 3.4.2). It is therefore
possible that some of the deprotonated gelator interacts with the alginate network (indeed, this
possibility was identified in our NMR studies (Section 3.4.2). This will compete with the
interactions of rosuvastatin with the calcium alginate network, and therefore enable more drug
release can occur. This effect therefore indicates that the DBS-CO,H/alginate beads are capable of
pH-triggered release as a result of competitive interactions between the different components

present.

It has been demonstrated previously that DBS-CONHNH; is capable of pH-mediated release of the
anti-inflammatory drug naproxen as a result of acid-base interactions between the drug and the
acylhydrazide functional group of DBS-CONHNH,. Similarly here, for DBS-CONHNH,/alginate gel
beads, lower release is observed at lower pH values — with the overall release doubling from 30%
at pH 4.0 to 60% at pH 7.4. We suggest that, as for naproxen, this is due to the increase in pH
effectively ‘switching off’ the acid-base interaction between rosuvastatin and the DBS-CONHNH,

network, due to deprotonation of rosuvastatin.

Intriguingly, we found there was a significant different between the release from gels formed in
vials compared with the gels in the form of beads (Figure 106). For the DBS-CONHNH,
combination, we observed greater release from the beads at a higher pH value — possibly due to
the increased surface area, or perhaps a result of the greater interpenetration of the calcium
alginate network, which may interact with the deprotonated rosuvastatin, limiting release from
the gels in vials. This effect is reversed at the lower pH value, possibly as a result of the core-shell
nature of the beads — possibly because under these conditions, the relatively tightly packed

alginate shell limits release from the beads.
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Figure 106. Release of rosuvastatin from DBS-CONHNH,/alginate gels, prepared either as beads

(total 1 ml) or in vials (1 ml), into either Tris/HCl or sodium acetate buffers (6 ml) at 37 °C.

For DBS-CO;H/alginate hybrids, this difference in release for the beads and the gels prepared in

vials was much less pronounced (Figure 107). This suggests that the core-shell nature of the

DBS-CONHNH,/alginate beads is in some way influencing release of the drug — as the equivalent

gels in vials do not have this core shell structure. This is also the case for the DBS-CO,H/alginate

gels, with neither the beads nor the gels prepared in vials having a core shell structure. However,

it is hard to fully understand these effects in detail.
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Figure 107. Release of rosuvastatin from DBS-CO,H/alginate gels, prepared either as beads (total
1 ml) orin vials (1 ml), into either Tris/HCl, or sodium acetate buffer (6 ml) at 37 °C.

The three-component system shows the lowest release at both pH 7.4 and pH 4.0, with release
being especially limited and slow at pH 4.0, with only 7% of the drug being released in 24 hours.
This is thought to be predominantly due to the interactions between the drug and the
DBS-CONHNH; network. Furthermore, as these three-component beads are formed in the
presence of HCl (unlike the DBS-CONHNH,/alginate beads), this may contribute to a lower pH
within the beads themselves. This would ensure that more of the rosuvastatin is deprotonated,
increasing the potential for these drug-network interactions. Additionally, the presence of the
three gelators leads to a network that is more densely packed — this further limits release. Release
is also low from the three-component system at pH 7.4 — this is thought to be partly due to the
tightly packed network, but also that interactions between DBS-CONHNH; and DBS-CO;H may
limit the interactions of deprotonated DBS-CO,H with the calcium alginate network, and hence
allow for interactions between rosuvastatin and the calcium alginate network to be retained even

when the DBS-CO;H network is disassembled.

In summary, pH mediates the release of rosuvastatin from these gel beads partly as a result of the
pKa value of the drug itself, with greater drug release at higher pH values. However, the precise
composition of the multi-component gel system plays a key role in mediating this effect as a

result of interactions between different components within the beads. Indeed, in the case of
calcium alginate alone, pH only has a very small effect on drug release, whereas in the presence of

the low molecular weight gelators, drug release can be effectively doubled. For the three-
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component gels in particular, there is some potential for the use of these systems as slow release

statin delivery systems, and this should be further explored in future.

3.6 Conclusions and Future Work

By creating DBS-CO;H/alginate beads, it has been demonstrated that the Smith group’s alginate
gel bead methodology can be extended to pH-triggered hydrogels as well as heat-cool systems.
Given the prevalence of pH-triggered LMWGs in the literature, this is an important breakthrough,
which illustrates that the alginate gel bead stabilisation method is a potentially widely applicable

fabrication technique, applicable across a range of different hydrogelators.

These pH-responsive gel beads, formed from multiple components, are capable of encapsulating
and releasing the drug rosuvastatin, commonly prescribed to lower cholesterol. Importantly, the
precise composition of the bead plays a key role in modulating the extent of drug release and the

impact of pH on this process.

The polymer component of the gel gives increased mechanical strength, as well as allowing the
material to be shaped into beads. The LMWGs that are also part of the beads are responsive, with
DBS-CO;H disassembling at higher pH values, and DBS-CONHNH; giving direct interactions

between the gel network and the drug additive, especially at lower pH values.

It was found that these beads released rosuvastatin in a pH-dependent manner, with release
typically being much reduced at the lower pH of 4.0. This was observed across all the types of
bead and results from the protonation of the drug limiting its release under these conditions.
Generally, the presence of DBS-CO;H enhanced delivery, especially at pH 7.4, when this network
is disassembled. It is argued that in the carboxylate form, this disassembled gelator prevents
interaction of the drug with other components of the gel bead, such as calcium ions, by a
competitive binding mechanism. In contrast, DBS-CONHNH, decreases drug delivery, an effect
which is particularly noticeable at pH 4.0, where it can interact with rosuvastatin as a result of
forming an acid-base interaction under these conditions, as well as in the three-component

system, which gave slow and limited drug release.

This range of drug release, both in terms of rate and the overall amount released, allows for
tuning of the rosuvastatin delivery by modifying gel bead composition. This gives potential for use
in a range of settings, with the type of bead varied depending on the rate of release required. As
previously discussed, statins are widely-used to lower cholesterol — for this application, slow
release, providing a steady supply of drug, would be desirable. Increasingly, statins are also being

shown to have a positive effect on bone growth.2?® For example, statins have also been shown to
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improve outcomes for periodontitis — in these cases, rapid, localised release is desired — some of

these formulations could also be useful in this regard.??’

Further work in this area will investigate fabrication of injectable microgels with smaller gel bead
diameters (ca. 1 um), and the application of these for statin delivery. It is suggested that
injectable microgels capable of slow statin release may be particularly suitable for long-term
treatment of patients with this type of medication, which is often prescribed for a period of very
many years. Injectable slow release formulations have been demonstrated to be of significant
clinical value in the field of contraception, and it is suggested that long-term cholesterol
management could be dealt with in a similar way. They may also be useful in bone-healing
applications as a result of the potential for the microgel to retain the drug in a well-defined local

area after injection.

Future work would also focus on incorporating different drugs into this gel bead system. For
example, there are a wide range of statin drugs that could be studied, as well as a extending the

application of this gel system to other drugs and disease targets.
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4. Chapter 4 — Synthesis of Novel Sorbitol Derivatives

1,3;2,4-Dibenzylidene sorbitol (DBS) (32) has been known and exploited for its thickening
properties for over 100 years — with the first report as early as 1891.%” As DBS and its derivatives
were increasingly investigated, 2,4-monobenzylidene sorbitol (MBS) (33) was also discovered

(Figure 108).

32 33

Figure 108. The structures of dibenzylidene sorbitol and monobenzylidene sorbitol.

Currently, DBS derivatives are widely used in a range of commercial applications for their
thickening properties, mostly based on their ability to form organogels. These applications tend to
make use of the physical effects of including DBS in a formulation — rather than any chemical
effects - particularly in the personal care industry, in products including deodorant sticks??® and
lipsticks.>®® DBS derivatives are also capable of thickening oil-in-water emulsions, and so have
found use in a variety of products such as suncreams?? and make-up.?*° DBS has also been widely
used as an additive in polymers, as a clarifying?®! or nucleation agent.?®? In this latter case, the
self-assembly of DBS into nanostructures within the molten polymer phase helps to control the

polymer crystallisation event, leading to polymers with greater transparency.

There has been increasing interest in modifying DBS to give derivatives with desirable properties.

These modifications typically focus on two main parts of the molecule — the aromatic ‘wings’, and
the free alcohol groups of the sugar backbone (Figure 109). A common technique for modification
of the ‘wing’ is to simply replace benzaldehyde with an alternative aldehyde — this then forms the
novel derivative by the same condensation reaction. Common groups used for functionalisation

233

include alkyl chains®3 and halogens.?3
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Figure 109. DBS, with the key sites for modification marked. Blue circles - aromatic 'wings'. Red
circle - free alcohols.

As described in the introduction, DBS and its derivative are also beginning to be exploited for
more ‘high-tech’ applications. These have been limited as a result of DBS forming gels only in

organic solvents.

For DBS derivatives to be capable of forming hydrogels, the hydrophilicity of the molecules needs
to be slightly increased - achieved with modification of the ‘wings’ of the DBS molecule. Smith and
co-workers were the first to achieve this by a simple two step synthesis. Initially, benzaldehyde
was replaced with 4-methylcarboxybenzaldehyde and the condensation rection carried out. The

DBS-CO;Me can then be isolated (Scheme 5).
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Scheme 5. The synthesis of DBS-CO.Me.

Once DBS-CO;Me has been separated from the mono and tri substituted derivatives that are also
formed, the ester groups can be easily converted to give either an acyl hydrazide!®® or a carboxylic
acid (Scheme 6).1% These two derivatives are capable of forming hydrogels — each with a different
trigger for gelation. DBS-CONHNH; hydrogels are formed following a heat cool cycle, and
DBS-CO;H following a decrease in pH. This method of pH-triggered gelation is common for

supramolecular gels.!®
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Scheme 6. The conversion of DBS-CO.Me (116) to give DBS-CONHNH; (35) or DBS-CO,H (34).

In addition to having different triggers for gelation, these gels also have different properties.
DBS-CONHNH; hydrogels have good stability across a range of pH values — additionally, the
hydrazide groups are capable of interacting with chemical additives, including aldehydes'” and
carboxylic acids.'”® These hydrogels can also achieve in situ formation of metal nanoparticles,

including silver®! and gold.?”* This gives this class of hydrogels potential in applications including
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drug delivery,® pollutant removal'® and catalysis.!”?

DBS-CO;H hydrogels are formed by a pH change — as a result, the gels formed are not stable at
higher pH values. However, this method of formation allows for the gel to be patterned, using a
photo-acid to decrease the pH.??° This allows for good spatial control of the formation of the

network, and therefore some of the material properties.

Although having access to these two gelators with their differing properties is useful, the only way
to combine the effects is to mix the two gelators to give a hybrid material. An attractive
alternative method for achieving a mix of properties could be to synthesise a ‘'non-symmetric’ DBS
derivative, containing both a hydrazide group and an acid group. Combining the two
functionalities may allow the development of a gelator with properties intermediate between the
two individual gelators. This would increase the flexibility of the DBS based system, potentially

opening up new applications for this class of gelator. Investigations have therefore been made
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into the synthesis of non-symmetric DBS derivatives, primarily based upon DBS-CONHNH; and
DBS-CO;H.

Given our interest in extending the range of DBS hydrogels, we also noted that generally, there
has been much less investigation of MBS derivatives in comparison to DBS derivatives. Although
MBS itself does have potential applications in cosmetics,?* derivatives of MBS have not been
widely reported. However, there is great potential for this type of system to form hydrogels —
indeed this has been previously reported.'® 18 Encouraged by this, along with the successful
synthesis of MBS-CO,Me described in Chapter 2, and its useful behaviour as a hydrogelator, a

number of additional MBS derivatives were also targeted, and their gelation ability investigated.

4.1 Synthesis of MBS Derivatives

4.1.1 General Procedure

Initially, the synthesis of a variety of MBS derivatives was attempted. A range of aldehydes with
different functionalities were selected. The conditions for the reaction were chosen based on the
previous synthesis of MBS-CO,Me. Therefore, for each derivative, the same general procedure
was followed, with 4 equivalents of b-sorbitol being condensed with the chosen aldehyde, under

Dean-Stark conditions, and using p-TsOH as the acid catalyst (Scheme 7).

HO
HO 0
4 OH . )J\ p'TSOH .
HO R® H Cyclohexane/methanol
"'OH 70 °C
OH Dean-Stark Conditions

Scheme 7. General scheme for the synthesis of MBS derivatives.

Following analysis of the crude product, the purification steps were then varied for each
aldehyde. The results of the aldehyde screening, along with the isolated yields for each reaction,

are shown in Table 9.
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Table 9. Aldehydes investigated for formation of MBS derivatives, using the standard Dean-Stark
conditions. Yield quoted is relative to the aldehyde. Trace indicates a small amount of product
could be observed in *H NMR, but not isolated.

Aldehyde Yield

47%

H

H
o}
O
VY
Trace
(e}

H
Trace
(0]
H
O e}
/
H

HO

©\/\( 32%
H
Q

_S
\©\f 52%

W Trace

Of the aldehydes investigated, vanillin, cinnamaldehyde and 4-methylthiobenzaldehyde gave
successful reactions, and the final MBS derivatives could be separated from the reaction mixture
in pure form. Typically, this required only the removal of any remaining aldehyde, and the excess
sorbitol. Unlike for the synthesis of MBS-CO,Me, there was not significant formation of di or tri
substituted derivatives. Purification was achieved by washing first with methanol, to remove the
aldehyde, then with water to remove excess sorbitol. In the case of these three aldehydes, this

left the desired product as a white solid.

In the *H NMR spectra for MBS derivatives, a distinctive peak, representing the acetal proton, was
present at around 5.5 ppm. This was the case for all the derivatives successfully synthesised. This
is combined with the loss of any aldehyde peak in the reaction mixture. Each derivative also
showed peaks in the aromatic region, typically shifted in comparison to those observed for the

starting aldehyde.
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In the case of 9-anthracenecarboxaldehyde, although *H NMR and mass spectrometry (MS) of the
crude product indicated that a reaction had taken place, and a small amount of MBS-Anthra had
been formed, purification proved extremely challenging. Numerous washing steps were
attempted — however, these did not prove to be successful in isolating the desired product. The
crude product was therefore analysed by TLC, to allow for column chromatography to be carried
out. Although not every component of the crude product could be dissolved in any one of the
solvents tested, a distinct spot, not resulting from aldehyde and sorbitol, was observed when the
product was dissolved in ethyl acetate. Ethyl acetate also gave suitable separation when used as
the mobile phase, and column chromatography was therefore attempted. However, although
separation was achieved, each fraction only contained a very small amount of material, and when
the fractions were analysed by *H NMR and MS, there was no product present. It was concluded
that only a trace of the desired product had been formed, visible in initial analysis, but very
difficult to isolate. Due to the difficulties isolating the desired product, this synthesis was not

pursued any further.

Similarly, for MBS-Hexcin, *H NMR of the crude product indicated that an acetal had been formed,
with MS also indicating that the desired product had been formed. Again, numerous washing
steps were attempted, and although excess sorbitol was removed, the remaining products could
not be separated. Column chromatography of the crude product was therefore attempted, but
although separation was achieved, none of the isolated fractions contained any MBS-Hexcin.
Similarly as for MBS-Anthra, it is believed that only a very small amount of MBS-Hexcin is ever

formed, and therefore this compound was also not investigated any further.

4.1.2 Synthesis of MBS-Fur

In the case of furfural, *H NMR spectroscopy of the crude product indicated that, although the
desired acetal may have been formed, this was present only in very small quantities, with the
majority of the material being unreacted aldehyde and sorbitol. The crude product was therefore
washed with methanol then water, to remove these impurities. This left a black solid that was
highly insoluble, and therefore could not easily be analysed. It is known that furfural may
polymerise in the presence of acid. The polymer of furfural formed in acid is a black, insoluble

resin — like that observed in this reaction.?*®

There are two main methods proposed for the polymerisation of furfural — depending on whether
the reaction takes place in aqueous or anhydrous conditions. In aqueous conditions, an acid is

also required, while in anhydrous conditions, either an acid or a base can act as a catalyst. In
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anhydrous conditions, temperatures of at least 100 °C are also required.?*” While the reaction for
the formation of MBS derivatives is carried out under Dean-Stark conditions, to minimise the
amount of water in the reaction, it is feasible that there is enough water present for the
polymerisation to take place —the temperature of 70 °C is too low for the anhydrous method. The
polymerisation under these conditions is a hydrolytic ring opening — to generate open-chain

aliphatic products (Scheme 8).

OH
I LA g A

H,0 H,0*

11

Scheme 8. Ring opening polymerisation of furfural.

Therefore, alternative methods for the synthesis of MBS-Fur (124) were sought. A method for the
synthesis of MBS-Fur described in the literature is carried out under an inert atmosphere, and at
room temperature, to minimise the formation of the polymer resin (Scheme 9),%*® and therefore

this method was attempted.

HO

HO (0] 0] H,SO,4
+ >
HO o WH Water

Inert Atmosphere

OH
114 123 124

Scheme 9. Synthesis of MBS-Fur (124).

Initially, H,SO4 and water were added to a flask, which was then purged with nitrogen. Sorbitol
was then dissolved in the minimum amount of water, and added to the acid, then furfural added
slowly. The reaction was then allowed to proceed, at room temperature, overnight. 2-Propanol
was added, and the reaction mixture filtered. However, unlike described in the literature, at this
point no solid was present. The solvent was therefore removed from the reaction mixture to give
a dark brown solid. At this stage, 'H NMR showed a peak in the acetal region, suggesting that
some MBS-Fur had been formed. A large amount of sorbitol was also present, and this was

removed by washing with cold water, leaving a black solid. This solid was then washed with
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ammonia in acetone, with only some of the solid dissolving. The solid was therefore washed with
copious amounts of acetone, to leave a dark brown solid. *H NMR of the solid indicated that this
was the desired product, although isolated only in a very low yield of 0.5%. As well as the dark
brown solid, there was also an insoluble black solid present — this could not be analysed, as it was
not soluble in even DMSO. It was considered that this solid was likely to be polymerised furfural,
and it was therefore removed by filtration. As only a very small amount of the desired product

could be isolated, this was not considered practical for further investigation.

4.1.3 Synthesis of MBS-CONHNH

MBS-CONHNH, (125) has previously been reported,®® and the disubstituted molecule, DBS-
CONHNH; has previously been used in numerous high-tech applications.?*® The synthesis of this

molecule, from MBS-CO,Me, was therefore attempted.

First, MBS-CO,Me was synthesised according to the previously described procedure. This was
then converted to MBS-CONHNH, (Scheme 10) by a method similar to that used to convert
DBS-CO;Me to DBS-CONHNH,. MBS-CO;Me was suspended in THF, and then an excess of
hydrazine monohydrate slowly added. This mixture was heated to reflux, and the reaction
allowed to continue overnight. On cooling, a white solid was formed, which was removed by

filtration, then washed with small amount of water to give the product as a white solid.

O 0]
\O HZN\N
H

Hydrazine Monohydrate

THF

17 125

Scheme 10. Synthesis of MBS-CONHNH..

This reaction proved to be capricious, and some attempts failed to produce any product.
However, on occasion, yields of up to 18% could be obtained. Additionally, attempts were made
to replicate the previously reported procedure, which used methanol in the place of THF, which

were also unsuccessful.
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4.2 Gelation Screening of MBS Derivatives

The MBS derivatives were then screened for gelation ability, first focussing on MBS-Van and
MBS-Cin, both of which could be reproducibly synthesised in good yield and purity. A known mass
of each derivative was weighed into a sample vial, and 0.5 ml of deionised water added. The solid
was then dissolved by heating. After cooling, gelation was checked by the tube inversion method.
Some samples were also sonicated before heating, to aid with dissolution, but this did not appear
to have any impact on the gelation event. For each derivative, a range of concentrations was
investigated (Table 10).

Table 10. Screening for gelation of MBS-Van and MBS-Cin. All used 0.5 ml of water. S=solution,
V=viscous liquid, C=crystals.

Gelator
Concentration / % wt/vol MBS-Van MBS-Cin
0.1 S \Y,
0.2 S \Y,
0.3 S \Y,
0.4 S \Y,
0.5 S c
0.6 S C
0.7 S -
0.8 S C
0.9 S -
1.0 S C

At all concentrations, MBS-Van was too soluble to form hydrogels — once dissolved, it remained in
solution. The more hydrophobic MBS-Cin, although it did not remain in solution at concentrations
above 0.5% wt/vol, formed small, needle like crystals on cooling. At lower concentrations, a
slightly viscous liquid was formed, but this did still flow easily when the tube inversion test was

performed.

Further investigations were then carried out, with either water/DMSO or water/ethanol as the
solvent mix — at appropriate concentrations, such mixes can be relevant in pharmaceutical
applications.?* Water and PEG 200 (common in cosmetic formulations)?! mixes were also
investigated. A known mass of each gelator was weighed into a sample vial, and 1 ml of the

relevant solvent system added. The solid was dissolved by heating, and, on cooling, gelation
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investigated by the tube inversion test. The concentrations used, and selected results of the

screen, are shown in Table 11.

Table 11. Gelation screening for MBS-Van and MBS-Cin, in water/DMSO and water/ethanol mixes.
=solution, C=crystals. All samples were at 0.3% wt/vol.

Gelator

Solvent mix MBS-Van MBS-Cin

1% DMSO

(@]

2% DMSO
3% DMSO
4% DMSO
5% DMSO
10% Ethanol
20% Ethanol
30% Ethanol
40% Ethanol
50% Ethanol
60% Ethanol
70% Ethanol
80% Ethanol
90% Ethanol
100% Ethanol

v umu u u u u u u u u u u u u u u
©w O u u u u u u u u u O O O O

5% PEG 200

As previously, no gels were formed. Furthermore, when samples at the higher gelator
concentrations (0.6% wt/vol for MBS-Cin, 0.7% wt/vol for MBS-Van) were used, still no gels were
formed, in any solvent mix. It was reasoned that the additional alcohol group of MBS-Van
increases its hydrophilicity, leading to this compound being too water soluble to form gels.
Although MBS-Cin is less water soluble, the appropriate balance between solubility and
crystallisation cannot be achieved, with crystals forming in place of a gel in the presence of DMSO,
whereas with ethanol or PEG200 as a co-solvent, this system is also too soluble for gelation to

occur.

These two molecules were also tested with a range of organic solvents. Samples were prepared as

previously by addition of one of the compounds (0.5% wt/vol) to a sample vial, and the relevant
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solvent (0.5 ml) added. This was then heated carefully until the solid was dissolved, or the solvent

was boiling. On cooling, the tube inversion test was used to check for gelation (Table 12).

Table 12. Solvent screen for MBS-Cin and MBS-Van. All samples at 1% wt/vol.

Gelator

Solvent MBS-Van MBS-Cin

Acetone I I
Methanol P P
Toluene I I
Ethyl Acetate I I
Chloroform | |
2-Propanol I
DMSO S
Cyclohexane I I
Diethyl ether I I

Acetonitrile I/G P

Once again, there was little success with gelation with these two compounds, with both being
insoluble in the majority of the solvents investigated. Although MBS-Van did form an apparent gel

in acetonitrile, this was not reliably reproducible, and as a result was not investigated further.

Following investigation of MBS-Van and MBS-Cin for gelation, MBS-Fur and MBS-CONHNH; were
also investigated for the ability to form hydrogels. In the case of MBS-Fur, the brown solid could
not be dissolved in water at any concentration, and therefore no gels were formed. Despite
literature reports of MBS-CONHNH; being capable of forming hydrogels, despite attempting to
form hydrogels at numerous concentrations, and with mixes of solvents, no hydrogels could be

formed reproducibly.

4.2.1 Attempted Synthesis of DBS-Van

In all of the aqueous solvent systems tested, MBS-Van was too soluble to form hydrogels,
remaining in solution once dissolved by heating. It was reasoned that, if the mono-substituted
version was too water soluble for gelation to occur, the di-substituted version, which would be
more hydrophobic, would be a promising candidate for a hydrogelator. This is similar to the
contrast between DBS-CO,Me and MBS-CO,Me — however, in this case, DBS-CO,Me is too

insoluble to form hydrogels, while the more hydrophilic MBS-CO,Me is an effective gelator.
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Efforts were therefore made to synthesise DBS-Van (127). Two main methods were investigated.
The first followed the same method used for the synthesis of DBS-CO;Me — condensation of two
equivalents of aldehyde with sorbitol, with p-TsOH as a catalyst, under Dean-Stark conditions

(Scheme 11).

HO HO
H
HO o ~o
p-TsOH
OH+ > -
HO Cyclohexane/methanol
"''OH o 70°C OH
HO Dean-Stark Conditions o
OH ~
114 126 127

Scheme 11. The first proposed method for the synthesis of DBS-Van.

This reaction was allowed to proceed for 2 hours. After this time, a white and green solid had
formed, which, on drying, underwent a colour change to blue-grey. When *H NMR was carried out
for the crude product, peaks were present in the acetal region of the spectrum, indicating that
some reaction had occurred. Additionally, MS indicated that a species with the expected mass for

DBS-Van had been formed, along with MBS-Van.

Attempts were therefore made to purify the desired compound. However, this proved
challenging, and no DBS-Van could be isolated — it is thought this is due to only a very small
amount of DBS-Van being formed in the reaction. There may also be issues with the solubility of

the product that impacted the purification steps.

A second method was therefore attempted for the synthesis of DBS-Van (127). First, MBS-Van
(128) was synthesised by the method described previously. A second substitution was then

attempted, again under Dean-Stark conditions (Scheme 12).
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Scheme 12. The second proposed method for synthesis of DBS-Van.

After the reaction had proceeded for 2 hours, a white solid was suspended in a colourless
solution. This solid was removed by filtration, and analysed by *H NMR and MS. Separately, the
solvent was removed from the colourless solution in vacuo, to give a green oil. This oil was also

analysed by *H NMR and MS.

This analysis indicated that the oil did not contain any of the desired DBS-Van. However, MS of
the crude solid indicated that some DBS-Van was present, along with MBS-Van. Unfortunately, *H
NMR showed that very little DBS-Van had been formed, with the majority of the material being
MBS-Van. Although some attempts were made to separate out the desired product, these were
not successful. As before, it was reasoned that only a very small amount of DBS-Van is formed,

making isolation very challenging.

Before further investigations into this could be carried out, work from Amabilino and co-workers
was published, in which some of the same compounds were synthesised, characterised and
tested for gelation.?*> Amabilino and co-workers had interest in this class of materials as potential
‘green gelators’ given that they are synthesised from compounds extracted from renewable
resource. Similarly to the work presented here, both MBS-Van and MBS-Cin were synthesised,
and tested for gelation. As in our own work, neither were found to form hydrogels. Additionally,
however, MBS-iPr (Figure 110) was synthesised from 4-isopropylbenzaldehyde (cuminaldehyde, a
component of essential oils found in cumin), and this system was found to form hydrogels. It is
worth reflecting that the solubility of the aromatic substituent in cuminaldehyde is intermediate
between cinnamaldehyde and vanillin, and would indicate that the precise tuning of solubility

parameters is an essential feature in gelator discovery.
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Figure 110. Structure of MBS-iPr.

As well as these investigations, Amabilino and co-workers reported attempts to synthesise
DBS-Van — with similar problems being experienced as in our work. As a result of this published
work, and the lack of success with our own efforts, this line of study was discontinued. It was,
nonetheless, pleasing to see good agreement with work that had been going on elsewhere, giving

us confidence in the methods we had been using.

4.3 Gelation Studies for MBS-SMe

We then moved on to investigate the gelation of MBS-SMe (Figure 111). The disubstituted
version, DBS-SMe, had been previously investigated in our group by Nicole Whitelaw, and showed
very interesting gelation properties, acting as a supergelator in alcohol/water mixtures at
exceptionally low loadings (much lower than related DBS derivatives) with the resulting gels
having good thermal stability, with the gels formed at these low concentrations not breaking

down until relatively high temperatures are reached.?*

Figure 111. Structure of MBS-SMe.

For each sample, a known mass of MBS-SMe was added to a sample vial, and deionised water
(0.5 ml) added. This was then heated until the solid was dissolved, and the resulting solution left
to cool. Once cooled, gelation was tested, initially using the tube inversion method. A range of

concentrations were investigated (Table 13).
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Table 13. Gelation screening for MBS-SMe. Each sample used 0.5 ml water. Results: P=precipitate,
I=insoluble, C=crystals, G=gel, WG=weak gel.

Concentration / wt/vol Result
0.03 p
0.1 I/C
0.2 /WG
0.3 1/G
04 1/G
0.5 1/G
0.6 I/G

At all but the lowest concentrations, MBS-SMe was partially insoluble on heating, with not all of
the solid being dissolved. Despite this, at concentrations of 0.2% wt/vol and above, MBS-SMe did
form an apparent cloudy hydrogel, (Figure 112), although at 0.2% wt/vol, this was very weak and

collapsed readily. This novel hydrogel was therefore further investigated.

Figure 112. Apparent hydrogel formed by MBS-SMe, following a heat/cool cycle (0.3% wt/vol).

4.3.1 Tgel Studies for MBS-SMe

The thermal stability of the hydrogels was investigated. Samples were prepared by addition of a
known mass of MBS-SMe to a sample vial, along with deionised water (0.5 ml). The samples were
heated until the water was boiling, then left to cool. On cooling, opaque gels were formed. These
were heated in an oil bath, at a rate of 1 °C a minute, and the Tg determined by the tube

inversion test (Table 14).
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Table 14. Ty values for MBS-SMe hydrogels, formed at a range of concentrations.

Concentration / % wt/vol Teet / °C
0.30 23
0.40 23
0.50 41
0.60 25

Between 0.30% wt/vol and 0.50% wt/vol, there was an increase in the Tg from 23 °Cto 41 °C—
increases such as this are typically observed with increasing concentration. The decrease in Tge at
0.6% wt/vol may be a result of some MBS-SMe not being fully dissolved — as concentration
increases, this problem will become more significant. This insoluble material is not incorporated
into the network, and indeed can disrupt it, hence weakening the overall hydrogel network, and

reducing the Tgel.

Although the tube inversion test is a useful quick indicator for whether gelation has occurred, this
alone is not sufficient to prove that a gel has formed; a highly viscous liquid may also be self-
supporting, as can networks of crystals. Further tests must therefore be carried out to confirm

that gelation has taken place.

4.3.2 Rheology of MBS-SMe

To confirm if a gel had indeed been formed, parallel plate rheology was carried out. Samples were
prepared at a concentration of 0.4% wt/vol. The gelator was added to a mass spec vial, along with
0.5 ml of water. This was then heated until the solvent was boiling. On cooling, a white gel was
formed. The gel was then transferred to the rheometer, using a spatula. Although attempts were

made to form the MBS-SMe hydrogels in bottomless vials, these were not successful.

Initially, an amplitude sweep was run, with strain 0.001-100%, allowing the linear viscoelastic
region (LVR) to be determined (Figure 113). The LVR occurs at a strain of under 0.01%, with the G’
in this region around 400 Pa. This indicates that the MBS-SMe hydrogels only behave in a

viscoelastic manner at very low strain.
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Figure 113. Amplitude
25 °C, frequency 1 Hz.

sweep (0.001%-100%) for MBS-SMe hydrogels (0.40% wt/vol). Temperature

Additionally, a frequency sweep was performed, with the amplitude kept constant at 0.01%, and

frequency varied from 0.1-100 Hz, was carried out (Figure 114). Samples were prepared as

previously. For viscoelastic materials such as hydrogels, G’ should be independent of frequency.

For this material, G’ is constant up to around 7 Hz, indicating that a gel is indeed present at lower

frequencies. However,

7 Hz is a relatively low frequency for gel breakdown to be observed, which

would agree with the view from amplitude sweep rheology that these gels are not particularly

stable.

1000000

100000

10000

1000

G'/G" / Pa

100

1

o

e
oG i
AG" .fé
o’
$% .7
sessssessssssssssssd? 5{
xt“ii
§§§§{§§;§§§}§§x§
0.1 1 10 100

Frequency / Hz

Figure 114. Frequency sweep (0.1 Hz-100 Hz) for MBS-SMe hydrogels (0.40% wt/vol). Temperature

25 °C, frequency 1 Hz.
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In summary, therefore, rheological studies therefore indicated that a gel has indeed been formed
by MBS-SMe, although it is mechanically fairly weak, probably as a result of the fact it likely

contains some undissolved material that disrupts the overall network assembly and integrity.

4.3.3 Imaging of MBS-SMe

To further investigate the formation of the gel network, imaging was carried out, using both SEM
and TEM. Samples were prepared at 0.40% wt/vol, and prepared for imaging as previously
discussed. Although there are limitations when considering dried samples that have been imaged,
as discussed in Chapter 2, they can still provide some useful insights into the nature of the
material. Interestingly, the images obtained for the MBS-SMe hydrogels, (Figure 115), show both

relatively rigid microcrystals, and a more flexible nanoscale network more typical of a gel. This

suggests that the material has a mix of microcrystalline and gel-like character.

Figure 115. Images of the hydrogels formed by MBS-SMe (0.40% wt/vol). Left: SEM, scale bar
10 um. Right: TEM, scale bar 5 um.

Combined with the rheology, these results indicate that MBS-SMe is capable of forming
hydrogels, although they do also have some microcrystalline character. The presence of some
crystals is consistent with the weakening of the overall gel network, resulting in the reduced

stiffness and generally low mechanical strength of these materials.

4.4 Synthesis of Non-symmetric DBS Derivatives

The initial target for the synthesis of this type of DBS derivative was DBS-CO,H/CONHNH, (130)
(Figure 116). As previously discussed, it is desirable to have a derivative that contains two

separate functionalities, which can respond to different stimuli, and have different levels of
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interaction with the environment, as this may increase the potential applications for any material

formed.

HO

HN.
NH,

130

Figure 116. The structure of DBS-CO,H/CONHNH..

A number of different methods were investigated for the synthesis of DBS-CO,H/CONHNH,. The
first of these focussed on first synthesising the non-symmetric DBS-CO,H/CO,Me (131) (Figure
117), to then be converted into the desired product. For this initial step, two synthetic routes

were explored.

HO

131

Figure 117. The structure of DBS-CO,H/CO.Me.

The first method is similar to that for conversion of DBS-CO,Me to DBS-CO,H, with NaOH being
used to hydrolyse the ester (Scheme 13). However, rather than using an excess of NaOH, only one
equivalent was used, with the aim that only one of the two ester groups would be converted.
Although this would be unlikely to be selective, as the two wings on 1,3;2,4-dibenzylidenesorbitol
are not actually equivalent to one another, and it would be theoretically possible to hydrolyse the
ester group on either wing, it was nonetheless reasoned that this may be a suitable starting point

to determine the feasibility of the reaction.
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Scheme 13. The synthesis of DBS-CO,H/CO;Me from DBS-CO,Me. Although only one product is
shown in the scheme, it is possible that hydrolysis could occur at either ester group.

This reaction was therefore attempted, with DBS-CO,Me suspended in methanol, with one
equivalent of NaOH, heated to reflux and left overnight. On cooling, a white solid precipitated.
This was filtered and analysed by *H NMR and MS. Unfortunately, MS indicated that none of the
desired product had been formed. The solvent was also removed from the filtrate in vacuo, and
the resulting white solid also analysed. In this case, MS showed that although a mix of DBS-CO,H
and DBS-CO;Me was present, there was no evidence of the mixed compound being present
(Figure 118). Similarly, *H NMR showed resonances that could be attributed to either of these two
compounds, and although it is possible any NMR peaks corresponding to DBS-CO,H/CO,Me could
have been overlapping with these, it is more likely, when combined with the lack of evidence of

formation in MS analysis, that none, or only very little, of the desired product had been formed.
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Figure 118. Mass spectrum for the attempted synthesis of DBS-CO,H/CO,Me. The bottom half
shows the predicted output, the top half the experimental spectrum.

A second route, a two-step process, was therefore investigated. First, MBS-CO,Me (117) would be

converted to the carboxylic acid equivalent, MBS-CO,H (132). This would then be further reacted
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with 4-methylcarboxybenzaldehyde (115) to give the desired DBS-CO,H/CO,Me (131) (Scheme
14).
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Scheme 14. The proposed two-step route for the synthesis of DBS-CO,H/CO;Me.

4.4.1 Synthesis of MBS-CO2H

The synthesis of MBS-CO,H was therefore carried out. Initially, MBS-CO.Me (117) was prepared
and isolated as described in Chapter 2. The second step (Scheme 15), was to convert the ester

group to a carboxylic acid, by hydrolysis with NaOH.

0O 0O

~o HO

NaOH

—_—

Methanol

117

Scheme 15. The conversion of MBS-CO,Me to give MBS-CO;H.

145



Based on the method for the conversion of DBS-CO,Me to DBS-CO,H,*%> MBS-CO,Me was
suspended in methanol, and an excess of NaOH added. This was heated, and the reaction left to
proceed overnight. Once the colourless solution had been allowed to cool, the solvent was
removed in vacuo, to give a colourless oil. This was redissolved in water, and acidified using
NaHSO,. The solvent was again removed in vacuo, and the resulting white solid washed with a
small amount of water. On analysis by *H NMR and MS, it was evident that the reaction had been
successful, and MBS-CO,H had indeed been formed in a 44% yield. This was indicated by the loss
of the ester peak in the *H NMR spectrum, as well as the presence of a species at 314 in the mass
spectrum. This compound was also investigated for gelation ability, with both a heat/cool cycle

and a decrease in pH used as a trigger — however, only solutions were obtained.

4.4.2 Further Reaction of MBS-CO2H

Once MBS-CO;H (132) had been isolated, the next step of the reaction was to carry out a second
acetal formation. It was hoped that this step (Scheme 16) would give the desired
DBS-CO,H/CO;Me. Unlike for previous reactions, this was not performed under Dean-Stark
conditions, but used alternative, milder, reaction conditions, modified from a known literature
method for the synthesis of mono-benzylidene sorbitol (MBS).2* This was in an attempt to

minimise the reverse reaction, and therefore reduce the level of mixing of the aldehydes.

0]
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+ >

0o Water/Methanol

131

115

Scheme 16. Synthesis of DBS-CO,H/CO,Me from MBS-CO,H.

Therefore, 4-methylcarboxybenzaldehyde was dissolved in methanol, while MBS-CO,H was

suspended in water. These were combined, and the resulting suspension cooled to 0 °C, before
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the addition of HCl as a catalyst. The reaction was allowed to warm to room temperature, and

monitored by TLC.

After 24 hours, there was no change in the TLC, and therefore the reaction was heated to reflux.
After 3 hours of heating, TLC indicated that some reaction had taken place, and the reaction was
stopped. On cooling, a white precipitate was formed, and this was removed by filtration. This was
analysed by *H NMR and MS. The 'H NMR showed that a reasonable amount of aldehyde was still
present, and other peaks overlapped with the expected for both DBS-CO,H and DBS-CO,Me.
However, MS showed that some of the desired product had indeed been formed, with some
MBS-CO;H also still being present. It was therefore reasoned that, as the formation of an acetal is

a reversible reaction, a mix of products had been formed.

Efforts were therefore made to isolate the desired DBS-CO,H/CO;Me. Initially the remaining
aldehyde was removed, by washing with methanol. However, due to the remaining product being

very insoluble, further purification proved very challenging.

4.4 .3 Purification of DBS-CO2H/CO:Me

Due to the lack of solubility of the product, options for purification were limited. Therefore, HPLC
was investigated, to both confirm the nature of the mixture, and to attempt to separate the

components.

For this purpose, a number of different compounds were investigated, for comparison to the
reaction mixture. These included MBS-CO,H, DBS-CO,H, DBS-CO,Me, and the product itself. As
the solubility of these compounds is generally poor, they were dissolved in DMSO, with a
water/methanol mix as the solvent system. A number of different mobile phase compositions

were used, but no good separation of the reaction mixture was achieved.

Therefore, further investigations into the makeup of the product were carried out, with LC-MS
being used to determine what species might be making up the single peak visible in the HPLC
trace. This again used a water/methanol mix as the solvent system, with the proportion of
methanol was increased from 55% to 65% over the course of the run. Mass detection was set for

461, the mass of DBS-CO,H/CO,Me, and 474, the mass of DBS-CO,Me (Figure 119).
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Figure 119. (a) HPLC trace for the product of the DBS-CO,H/CO,Me reaction; (b) LC-MS trace of the
reaction mixture, scanning at a mass of 461, (c) LC-MS trace for the reaction mixture, scanning at
a mass of 474.

The LC-MS showed that the single peak visible in the HPLC trace contained both DBS-CO,Me and
DBS-CO,H/CO,Me. Although only one peak was visible, the mass scans indicated that there might
be very slight separation of the two compounds, with DBS-CO,H/CO;Me eluting just slightly
earlier than DBS-CO,Me, as would indeed be expected in reverse phase HPLC, given its slightly

higher polarity.

It was therefore attempted to separate these two components by prep HPLC, in the hope that
even if some fractions were mixed, some pure DBS-CO,H/CO,Me might be obtained. Prep HPLC
was carried out using the same solvent system as previously, with the prep column used an

equivalent to the HPLC column used previously.

Fractions were collected if they contained any species with a mass of 461. These fractions were
then concentrated, and reanalysed by LC-MS. However, none of the collected fraction showed
any peaks, in the LC trace or the MS. As a result, attempts to purify the compound at this stage

were halted.
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4.4.4 Synthesis of DBS-CO;H/CONHNH;

Although pure DBS-CO,H/CO,Me (131) could not be obtained, it was decided to proceed to the
next stage of the reaction with the mix of products, in the hope that, if a further reaction took
place, the purification might be simplified. Therefore, the mix from the DBS-CO,H/CO,Me reaction

was reacted with hydrazine monohydrate (Scheme 17).

o) 0]
HO HO
NoH4.H20
—
0 (@)
SN N-NH,
131 130

Scheme 17. The synthesis of DBS-CO,H/CONHNH: from DBS-CO,H/CO,Me.

Initially, DBS-CO,H/CO,Me was suspended in THF, before an excess of N>H4.H,O was added. This
was then heated to reflux, and monitored by TLC. This reaction was carried out multiple times,
with varying equivalents of hydrazine monohydrate and reaction times. In no case was any
product formed, evidenced by TLC, which showed no additional spots, and *H NMR and MS, both
of which showed no peaks that could be attributed to the desired product. Only starting material

could be recovered.

4.4.5 Synthesis of DBS-CO,Me/CONHNH?

As an alternative to the problematic synthesis of DBS-CO,H/CO,Me, initial direct conversion of
one of the esters in DBS-CO,Me to a hydrazide was also investigated (Scheme 18). It was reasoned
that this alternative route might give a product that was easier to separate, and therefore the
reaction was attempted. Once again, we note that if successful, this approach would be expected
to yield of mixture of different products as a result of the non-equivalence of the aromatic wings.

Nonetheless, in gel formation, a mixture of this type could still be of very significant value.
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Scheme 18. Synthesis of DBS-CO.Me/CONHNH, from DBS-CO:Me.

Therefore, DBS-CO,Me (117) was suspended in THF, with one equivalent of N;H4.H;0. This
mixture was heated to reflux, and allowed to proceed overnight. When the reaction was analysed
by TLC, *H NMR, and MS, there was no indication that any reaction had taken place. This was
indicated by there being no additional spots in the TLC, no characteristic hydrazide peak in the H

NMR, and no species of the expected mass in MS.

This was not an especially surprising result. The conversion of DBS-CO,Me to DBS-CONHNH,
requires a significant excess of N2H4.H,0.1% As no reaction observed at all, and increasing the
amount of hydrazine would likely just result in conversion of both esters, this method was not

pursued any further.

As a result of the lack of success with this reaction, following the issues with the synthesis of
DBS-CO,Me/CO;H, particularly with regards to purification, this line of research was not

continued any further, and instead, alternative non-symmetric derivatives were investigated.

4.5 Conversion of MBS Derivatives

Following the difficulties of first synthesising a non-symmetric derivative, then converting the
desired groups in the desired manner, a different method was investigated. This centred on the
use of MBS derivatives, for which a reliable synthetic procedure had been developed, as starting
materials. These were then simply reacted with a different aldehyde, in an effort to synthesise a
simple non-symmetric DBS derivative. A general scheme for this reaction, with MBS-CO;Me as the

starting MBS derivative, is shown in Scheme 19.
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Scheme 19. General scheme for the reaction of MBS-CO,Me with a further aldehyde, for the
formation of a non-symmetric DBS derivative.

Although in Scheme 19, the second substitution is only shown to occur at the 1,3 position, as the
formation of an acetal is a reversible procedure, it is possible that there will be scrambling of the
aldehydes, with the starting MBS derivative being broken down, and either aldehyde then being
available to react in the more favourable 2,4 position. Additionally, it is then possible for either
aldehyde to react in the second position. This results in there being a number of possible products
theoretically being formed — these are indicated in Figure 120, with MBS-CO,Me again used as the
example starting material. However, such derivatives have previously been synthesised,?** and so

this route was still considered to be worth pursuing.

0]

o

Figure 120. The DBS derivatives that may be formed with MBS-CO,Me and a second aldehyde.

4.5.1 Synthesis of MBS-CO,Me/SMe

The first aldehyde to be investigated was 4-(methylthio)benzaldehyde (134). This was chosen as

previously both DBS-SMe and MBS-SMe had been synthesised successfully. Additionally,
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MBS-SMe is capable of forming hydrogels, while DBS-SMe forms gels in various solvents, and
shows interesting gelation characteristics. To try and minimise the level of mixing of the two
aldehydes, the reaction was carried out under Dean-Stark conditions, which remove water, and
should therefore reduce the likelihood of the reverse reaction occurring (Scheme 20).
0 0
~o ~g ~o

Dean-Stark

17 134 135

Scheme 20. The reaction of MBS-CO,Me with 4-(methylthio)benzaldehyde to form a DBS
derivative.

The same general method was followed as the synthesis of a standard MBS or DBS derivative
under Dean-Stark conditions, but with MBS-CO,Me (117) used as the starting material in place of
p-sorbitol. This was suspended in a cyclohexane/methanol mix and heated to 50 °C, before
4-(methylthio)benzaldehyde and p-TsOH, dissolved in methanol, were added dropwise. The
reaction was then heated to 70 °C, and allowed to proceed for 1.5 hours, with more solvent
added as necessary. After this time, an oily, green solid had formed. This was removed by
filtration, and washed sequentially with methanol, hot water, DCM and ethyl acetate. However,

the solid was found to be highly insoluble.

Analysis by 'H NMR and MS indicated that the solid was likely to contain a mix of DBS-CO,Me,
DBS-SMe, and the desired DBS-CO,Me/SMe (135). However, as the resulting solid had very poor
solubility, the multiple components could not be separated by washing, and the solid could not be

columned.

However, such non-symmetric derivatives have nonetheless previously been reported to be
synthesised in a similar way for industrial applications.?*® These are typically synthesised by simply
mixing two different aldehydes and a sugar — with no significant attempts made to gain any
selectivity. The resulting product mixtures are then tested for gelation, rather than the separated

products.

It was therefore decided to test the mixture obtained from the reaction for gelation, despite the
lack of success with separation. Initially a concentration of 0.1% wt/vol was used, with the solid

added to a vial along with deionised water (0.5 ml). it was then attempted to dissolve the solid, by
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both heating, and sonication followed by heating. In neither case was the solid dissolved, and no

gels were formed.

4.5.2 Synthesis of DBS-Van/CO:Me

Following attempts to synthesis DBS-CO;Me/SMe, an alternative MBS derivative was investigated
for use as the starting material — MBS-Van (128), as this could be obtained in good purity, and
reasonable yield. In previous studies, MBS-Van was consistently too soluble to form gels, so it was
thought that by performing an additional substitution, a more hydrophobic derivative, that could
be capable of gelation, might be formed. Additionally, formation of a second acetal in the 1,3
position of the sugar has been shown to be highly unfavourable for vanillin — it was reasoned that
this might reduce the number of possible products formed. Given that the formation of
DBS-CO;Me is well established, 4-methylcarboxybenzaldehyde (115) was chosen as the second
aldehyde (Scheme 21).
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128

Scheme 21. The synthesis of DBS-Van/CO,Me. Although only one product is shown in the scheme,
a number of different substitutions might be possible.

The same general method was followed as for the synthesis of DBS-CO,;Me, with MBS-Van
suspended in a cyclohexane/methanol mix in place of p-sorbitol. This was heated to 50 °C, under
Dean-Stark conditions, before the aldehyde and p-TsOH catalyst, dissolved in methanol, were
added dropwise, and the temperature increased to 70 °C. The reaction was then allowed to

continue for around 2 hours.

After this time, a white solid had been formed. This was removed by filtration, and MS carried out
on this crude product. This indicated that there was some DBS-Van/CO,Me (136) present. It was

therefore attempted to isolate the product. However, the solid was very insoluble — with very
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little being dissolved in any of the solvents investigated, including DMSO. This led to issues with
both the purification, and the characterisation of the product. Although some attempts were

made towards the purification, these were not successful, and no product could be isolated.

As a result of the lack of success with these reactions, particularly with regards to purification, this
line of research was discontinued — as the desired products were formed with only very limited

success, were extremely challenging to isolate, and did not form gels in the mixtures obtained.

4.6 Improved *H NMR Assignment of Protons in the Sugar Backbone

One issue faced previously had been incomplete or inaccurate assighment of the *H NMR spectra
of DBS derivatives. As a final part of this synthetic work, we therefore resolved to fully assign the
'H NMR spectrum of DBS-CO,Me. This was achieved at high resolution using a 500 MHz
spectrometer. Initially, the peaks corresponding to the alcohol protons were identified. This was
achieved using the HMBC spectrum, showing 1) C-H coupling. The signals at 4.91 ppm and 4.46
ppm, each corresponding to one proton, were the only signals that did not couple directly to any
carbon peak. This, combined with the splitting patterns of a doublet, and a doublet of doublets
(appearing as an apparent triplet) respectively, indicated that these were indeed the OH protons
in positions 14 and 15 respectively. Attempts were made to confirm this by a D,0 shake.
However, due to the insolubility of DBS-CO,Me in water, when D,0 was added to a sample
dissolved in DMSO-dj, a partial gel was formed, and there was substantial precipitation. A DO
shake was therefore carried out with a sample of MBS-CO,Me, and the corresponding peaks were
no longer visible in the spectrum. The protons of the sugar backbone have been labelled for easier

identification (Figure 121).

OH
15

Figure 121. DBS-CO;Me, with labels for NMR assignment.

Once the OH signals had been unambiguously identified, this in turn allowed identification of the
corresponding carbon peaks, through the HSQC spectrum. This led to the identification of Hy,, at
3.79 ppm and His, at 3.62 and 3.47 ppm (Figure 122). As the resolution of these peaks was good,

the coupling constants could be determined, providing further evidence for these assignments.
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A combination of the HSQC and COSY spectra then allowed for identification of Hi1, and Hi, at
3.90 and 4.01-4.00 ppm respectively, and the corresponding carbons. However, precise
assignment of Hg and Hs was not possible, as these signals form an overlapping multiplet at 4.26-

4.18 ppm. The individual signals could not be identified even with the use of the 2D spectra.
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Figure 122. The sugar region of the H NMR for DBS-CO,Me.

In the aromatic region, improved resolution has led to the signal (corresponding to aromatic Ha)
at 8.00-7.97 ppm appearing as a complex multiplet (Figure 123). Such multiplets are relatively
common for para-substituted aromatics, and occur when the chemical shifts of two separate
protons, that are coupled, are not significantly larger than the coupling values. This leads to
second order effects in the coupled system. Additionally, the two aromatic rings of DBS-CO,Me
are very slightly different, further complicating the aromatic region of the spectrum. A second
multiplet at 7.63-7.59 ppm is also present. This can be attributed to aromatic Hs, as the COSY

spectrum indicates some coupling of these protons to the acetal proton.
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Figure 123. The complex multiplet at 8.00-7.97 ppm in the 500 MHz *H NMR spectrum for
DBS-CO;Me.

4.7 Conclusions and Future Work

The synthesis of a range of different MBS and DBS derivatives has been investigated, with varying

levels of success in terms of both synthesis and gel formation.

A number of MBS derivatives were successfully synthesised, and if produced in a reasonable yield,
these could generally be successfully isolated, and tested for gelation. MBS-Van and MBS-Cin are
notable in having been fully produced from renewable resources, however, neither formed gels in
any of the solvent conditions investigated. This was in-line with results from Amabilino and co-
workers that were published after our work on these was complete. Although most of the isolated
derivatives did not form hydrogels, MBS-SMe did form weak hydrogels. However, the gels that
were formed were opaque in appearance, and detailed characterisation indicated the presence of
microcrystals as well as a nanofibrillar network. Those derivatives that were only formed in very
small amounts proved very challenging to isolate, often as a result of solubility limitations and

these could not be obtained in great enough amounts to allow for gelation screening.

The synthesis of non-symmetric DBS derivatives was also attempted — and although some were
formed in small amounts, these proved highly difficult to isolate, with the selectivity of the
reactions also being very difficult to control. This made this line of research very challenging, and

eventually, it was decided not to pursue it any further.

Although much of the research carried out here was ultimately not successful, there are still some
useful conclusions to be drawn. In industry, DBS itself is widely used, but there is relatively little
use of its derivatives, or MBS and its derivatives. While DBS is currently used mostly simply for the
thickening or gelation properties, increasingly, there is interest in use of the derivatives for more

high-tech applications, in a wider range of applications.
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Interestingly, it is quite common in the patent literature to do things such as treat sorbitol with
two different aldehydes and simply use the resulting product on the assumption that it is the
product with one of each aldehydes attached.?*” Our studies here would suggest that such
assumptions are unlikely to be correct, and that such reports should therefore be treated with

significant caution.

To help expand the application of sorbitol-based thickeners, a greater understanding of what

functionalities may, or may not, be introduced into DBS based molecules is of considerable value.

It is also important that, as DBS derivatives are desired to be used on a large scale, that any

synthesis and purification is straightforward, with the desired product being obtained in a

reasonable yield. In the longer term, this can help target the design of such molecules for selected

applications.
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5. Chapter 5 — Chirality of DBS-CONHNH;

Many hydrogelators are based on molecules that occur naturally, such as amino acids?* or

101, 249

sugars, which contain chiral centres. As a result, when these molecules are modified to give

the gelator, this will also contain chiral centres.

Generally, the physical properties of gel-phase materials formed from two enantiomers will be
the same, as the enantiomers have identical chemical properties. There are two key areas in
which differences can be observed if there is chirality on the nanoscale — the morphology of the
fibres, and the response to polarised light. This makes imaging and CD important techniques for

monitoring the transfer of chirality from individual molecules to the nanoscale.?*®

As well as comparing the two enantiomers separately, the two may be combined, and the effects
this has on self-assembly investigated. When two enantiomers are mixed in equal quantities,
there are a number of possible outcomes. In many cases, the interactions between the two
gelators are disruptive, giving a weaker gel, or no gelation at all.?! In rarer cases, the interactions

between the two enantiomers may be stronger, and this will result in the formation of a stronger

gel 155b, 252

In cases where self-assembly, and gelation, still occur, the two enantiomers may be interacting in
a number of ways (Figure 124). There may be self-sorting, where the enantiomers form separate
fibrils and fibres. These can then interact to form the overall gel. The gelators may also form a
true racemate, or a pseudo racemate. In a true racemate, the gelators are arranged in a regular,
alternating pattern, whereas in a pseudo racemate, the gelators are mixed, but randomly rather

than in a repeating manner.**®

(2) (b) (©)
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Figure 124. Different modes of assembly for a mix of two different enantiomers. (a) self-sorting;
(b) true racemate; (c) pseudo racemate.

There has recently been increasing interest in chirality in gels, as there is some evidence that this
can have an impact in their applications - as the different enantiomers can give different
nanoscale morphologies, this can impact the properties of the bulk material. This is particularly
true for interactions with other chiral compounds or nanostructures. This is especially relevant in

biomedical applications, as most involve some form of chiral molecule. Hydrogels, and the
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impacts of chirality, are therefore being investigated in a number of areas, including cell

culture,® 23 drug delivery,?* cancer therapy,”® and bio-imaging.?®

In the case of cell culture, it has been shown that cell culture can be controlled by use of one gel
enantiomer over another. Feng and co-workers have shown that cell adhesion can be controlled
by changing the gelator enantiomer used — with left-handed nanofibres giving increased adhesion
and proliferation, with the opposite effect observed with right-handed nanofibres. Some
differences in cell differentiation were also observed between the two gel enantiomers —
indicating that there is the possibility of controlling cell growth through the use of different

enantiomers.

While the exact reason for the difference in cell behaviour was unclear, it was likely a result of
either the difference in the helical nanofibres, or a chiral interaction between the cells and the gel
fibres at a molecular level, an example of the use of different enantiomers in drug delivery,
reported by Xu and co-workers has made use of the difference susceptibility of peptide based
enantiomers to enzyme activity. The presence of the unnatural p-enantiomer in the peptide
gelator results in increased stability to proteolytic enzymes — this effect is well known.?*” As the
gels do not break down as rapidly, release of active additives (in this case, isotopes for imaging) is

slowed.

As discussed in previous chapters, derivatives of DBS are increasingly being developed for more
high-tech applications. All of the studies thus far have made use of DBS derivatives synthesised
from p-sorbitol — this is the naturally occurring sugar, and so is cheaper and more widely
available. Indeed, DBS used in an industrial setting is derived from p-sorbitol. Obviously, for
industrial use, where it is required to synthesise the molecules on a very large scale, it is clearly

important to consider the cost of the starting materials.

However, there has been some interest in how a change in chirality affects DBS and its ability to
form gels. The behaviour of b-DBS has been compared to a racemic mixture of b- and L-DBS, with
the mixture found to be incapable of forming gels. However, L-DBS alone was not investigated.
This makes it harder to properly understand the differences between the two enantiomers,

compared to using the two individually.?®

The DBS derivative DBS-CONHNH,, which is capable of forming hydrogels, and has been
investigated for a number of high-tech applications in our laboratory, is generally formed from
p-sorbitol. However, in high-tech applications, bulk quantities of gelator are not necessarily

required, and gelators based on L-sorbitol may potentially offer some advantages with regard to
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stability against biodegradation, perhaps limiting interactions with biosystems. It was therefore
decided to synthesise L-DBS-CONHNH,, and confirm the two enantiomers have the same
behaviour, with the exception of interactions with chiral additives or polarised light. Mixtures of
D- and L-DBS-CONHNH, would also be investigated. Following the initial gelation studies, the two
gelators would be used in some of their previously developed applications, including release of
active molecules and cell culture, and any differences in behaviour between the two enantiomers

identified.

5.1 .-DBS-CONHNH:

5.1.1 Synthesis of L-DBS-CONHNH;

First, L-DBS-CO;Me (116b) was synthesised. This was achieved following the same method as is
used for the synthesis of b-DBS-CO,Me (116) (see Chapter 2). To synthesise the L enantiomer, the
p-sorbitol (114) normally used in the first step of the reaction was simply replaced with L-sorbitol

(114b) (Scheme 22).
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Scheme 22. Synthesis of L-DBS-CO,Me.

L-Sorbitol was suspended in cyclohexane/methanol, and heated to 50 °C under Dean-Stark
conditions. At the same time, 4-methylcarboxybenzaldehyde was dissolved in methanol with
p-TsOH. This solution was then added to the sorbitol suspension, before the temperature was
increased to 70 °C. The reaction was then allowed to continue for two hours, and a white solid
obtained. This was washed first with cold methanol, to remove any unreacted aldehyde and the
acid catalyst. This was followed by washes with boiling water, to remove any MBS-CO;Me that
had been formed, then boiling DCM, to remove any TBS-CO,Me. The remaining white solid was

analysed by *H NMR and MS, and confirmed to be L-DBS-CO,Me, obtained in a yield of 57%.

The second step of the reaction is conversion of ester to hydrazide (Scheme 23). This was

achieved by reaction with N2H4.H,0.
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Scheme 23. Synthesis of L-DBS-CONHNH..

L-DBS-CO;Me (116b) was suspended in THF, before hydrazine monohydrate was added slowly.
This was then heated to reflux, and left overnight. This gave a white solid, which was removed by
filtration, and washed with water. This was analysed by *H NMR, and the presence of the
characteristic hydrazide peak indicated that L-DBS-CONHNH, (35b) had indeed been formed, in an
excellent yield of 90%. The characterisation of L-DBS-CONHNH; was in full agreement with that
previously reported for D-DBS-CONHNH,, with the exception of the [a]p measurement, which was

equal and opposite as would be expected.

5.1.2 Gelation Testing of L-DBS-CONHNH;

Once L-DBS-CONHNH; had been formed, it was then tested for gelation ability. As this enantiomer
has the same physicochemical properties as the more commonly used b-DBS-CONHNH; (except
for its handedness) it would be expected that it should form hydrogels in exactly the same

manner. Screening was therefore carried out to confirm this.

To test for gelation, a known mass of L-DBS-CONHNH, was added to a sample vial, and 0.5 ml of
deionised water added. This was then sonicated for 15 minutes to form a suspension, before the
solid was dissolved by heating. The resulting solution was then left to cool, before gelation was

tested by tube inversion (Table 15).
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Table 15. Gelation screen for L-DBS-CONHNH;,

Concentration / % wt/vol L-DBS-CONHNH, p-DBS-CONHNH;
0.16 S S
0.20 G G
0.25 G G
0.28 G G
0.30 G G
0.37 G G

As expected, the two enantiomers showed the same ability to form hydrogels, with the same
minimum gelation concentration of 0.20% wt/vol. Following these initial tests, the thermal
stability of the gels was investigated. It is known that b-DBS-CONHNH,; hydrogels are stable to

high temperatures, with most concentrations having a Tg value over 100 °C.

Hydrogels of L-DBS-CONHNH; were therefore prepared as previously, at the same range of
concentrations. Once the gels had formed, the thermal stability was tested. The hydrogels were
placed in a thermoregulated oil bath, and the temperature increased at a rate of 1 °C min™. The
gels were monitored by the tube inversion test. The temperature at which a gel was no longer
self-supporting under gravity was recorded as the Tg.i. These could then be compared with the
values for p-DBS-CONHNH; (Table 16).

Table 16. Thermal stability of L-DBS-CONHNH, and p-DBS-CONHNH. Note: Ty values are only

monitored up to 100 °C for hydrogels - above this, it would not be possible to determine if the loss
of the gel is due to the breakdown of the network or the evaporation of the solvent.

L-DBS-CONHNH, / % wt/vol Tea / °C p-DBS-CONHNH; / % wt/vol Tea / °C
0.20 72 0.20 66
0.25 97 0.25 96
0.28 100+ 0.28 99
0.30 100+ 0.30 100+
0.37 100+ 0.37 100+

At the same concentrations, the T, values for the gels formed by each enantiomer are very
similar, with the biggest differences observed at the minimum gelation concentration. As is

common, the Tg values increase with increasing gelator concentration, up to 100 °C.
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5.2 Comparison of the Two Enantiomers

5.2.1 Rheology of b-DBS-CONHNH; and L-DBS-CONHNH:

As discussed in previous chapters, the best method for gaining insight into the mechanical
properties of a soft material is to carry out rheology. The hydrogels formed by the two

enantiomers were therefore investigated by parallel plate rheology.

For rheology, samples were prepared at a concentration of 0.28% wt/vol, for both the p- and the
L- enantiomers. These gelators were weighed into vials, sonicated for 15 minutes to give a
suspension, and the solids then dissolved by heating. While the solutions were hot, they were
transferred to a bottomless vial attached to a petri dish. Once the solutions had cooled, and a
translucent gel had formed, for both the enantiomers, the bottomless vial could be removed and

the gel disc transferred to the rheometer for analysis.

The first rheology experiment carried out was the amplitude sweep — this allows for the LVR for
the hydrogel to be determined, and also gives information on the stiffness and resistance to strain
of the gel. For each enantiomer, this was carried out with a strain of 0.05-100%, with frequency

kept constant at 1 Hz (Figure 125).
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Figure 125. Amplitude sweep (0.05%-100%) for b-DBS-CONHNH; and L-DBS-CONHNH; hydrogels,
gelator concentration 0.28% wt/vol. Dark blue circles: p-DBS-CONHNH; G', Light blue diamonds:
p-DBS-CONHNH, G", Dark red squares: L-DBS-CONHNH; G', Light red triangles: L-DBS-CONHNH,

G". Temperature 25 °C, frequency 1 Hz.

As would be expected, the values of G’ in the LVR are very similar for the two enantiomers,

indicating that the hydrogels formed have similar stiffness. The two gels also have a very similar
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crossover point at around 8% strain, showing very similar resistance to strain. The two materials

formed by the two enantiomers are therefore mechanically very similar.

As well as the amplitude sweep, a frequency sweep was also carried out. When a material is
viscoelastic, the G’ value will be independent of frequency. The frequency sweep for the two
hydrogels was carried out with frequency varied from 0.1-100 Hz, with the strain kept constant at

0.02% (Figure 126).
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Figure 126. Frequency sweep (0.1 Hz-100 Hz) for b-DBS-CONHNH; and L-DBS-CONHNH; hydrogels,
gelator loading 0.28% wt/vol. Dark red circles: p-DBS-CONHNH: G', Light red diamonds:
p-DBS-CONHNH; G", Dark blue squares: L-DBS-CONHNH, G', Light blue triangles: L.-DBS-CONHNH
G". Temperature 25 °C, amplitude 0.1%.

As with the amplitude sweep, the two hydrogels showed very similar values of G’ — as expected,
this remains constant, despite increasing frequency, to around 10 Hz. However, the G” value
starts increasing from about 1 Hz. Once a frequency of 10 Hz is reached, the gels are hardening
and then breaking down, and therefore no longer behave in a viscoelastic manner. This

breakdown occurs at a very similar frequency for both enantiomers of the gelator.

5.2.2 Imaging of b-DBS-CONHNH; and .-DBS-CONHNH;

To compare the morphologies of the nanofibres formed by the two gelators, both TEM and SEM
imaging were carried out. For this, L-DBS-CONHNH; samples were prepared at a concentration of
0.28% wt/vol. These gels were then prepared for imaging as described in previous chapters, and
the resulting images could be compared with those already obtained for b-DBS-CONHNH; (Figure
127).173 As previously discussed, there are considerations to take into account when imaging gels,

primarily due to the drying process. However, imaging is still a valuable method for understanding
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self-assembly, particularly if comparing two chemically-related samples that have been prepared

in exactly the same way.

X20,000 5.0kvV UED

———— 100 hm
Figure 127. Imaging of L-DBS-CONHNH, (0.28% wt/vol) and p-DBS-CONHNH; (0.4% wt/vol)
hydrogels. Top: SEM images, magnification x20,000, (left: L-DBS-CONHNH,, right:
p-DBS-CONHNH,). Bottom: TEM images, scale bar 100 nm, (left: L-DBS-CONHNH,, right:
p-DBS-CONHNH,).

In both cases, the SEM images show that a network of fibres has indeed been formed. These
images also indicate that the network is quite highly branched, with fibres of a similar size (ca.

30 nm in diameter) being formed from the two enantiomers. In the TEM images, it is possible to
observe the helical nature of the fibres formed, although any change in the handedness of the
fibres cannot easily be determined. From the images obtained, the two enantiomers do appear to
give very similar morphologies of nanofibre — suggesting that the self-assembly process does not
change significantly on changing the enantiomer. This is as expected — the only change would be
in the handedness of the fibre. In this case, evidence for this is inconclusive, as the pitch of the
helix is wide, and there appear to be left and right handed helical grooves equally spaced on the

nanofibers in both cases, making it difficult to determine which way the helix is twisting.
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5.2.3 Circular Dichroism Studies for bo-DBS-CONHNH; and L-DBS-CONHNH;

5.2.3.1 Introduction to Circular Dichroism

As discussed in Chapter 2, circular dichroism (CD) is a useful tool for observing the self-assembly
of nanoscale structures, due to changes in the magnitude of the observed signal when
nanostructures are present. Circularly polarised light is directed through the sample, alternating
between right-handed and left-handed. Any sample with no chirality will not give a signal in the
CD spectrum, whereas a chiral molecule will show a signal in the same region as its UV
absorbance. However, molecules that are not self-assembled generally give only a low intensity
signal. If the individual molecules assemble to form a chiral nanostructure, the CD signal becomes
much stronger. It is therefore possible to both observe the formation or breakdown of nanofibres,

and to determine if any chirality in an individual gelator has been translated to the nanoscale.!?

The two forms of polarised light are affected differently depending on the chirality of the sample.
Each will pass through the sample at a different speed, with the absorbance and wavelength also
affected. These differences can be measured, and converted to give ellipticity. When
nanostructures have been formed, the ellipticity will generally be of a greater magnitude. When
two samples are formed from two enantiomers, the ellipticity is expected to be of equal, but
opposite, magnitude. This makes this technique particularly valuable for observing the behaviour
of two different gelator enantiomers. Variable temperature CD is especially useful — at low
temperature, the nanostructure is present, and the ellipticity is large. As temperature is
increased, the structures begin to disassemble, and rather than the supramolecular structure,
there are individual molecules in solution. This should correspond with a decrease in ellipticity

and helps confirm that the CD signal is indeed associated with the self-assembled state.

5.2.3.2 CD Studies of b-DBS-CONHNH; and -DBS-CONHNH;

The two enantiomers were therefore investigated by CD spectroscopy. Samples were prepared at
a concentration of 0.10% wt/vol — although this is below the minimum gelation concentration for
DBS-CONHNH;, samples prepared at a higher loading were found to be too concentrated to give
useful spectra. For CD, a transparent sample is required — for DBS-CONHNH,, this means a lower
concentration is required. The loading chosen is only just below the minimum gelation
concentration, and as such, there is still sufficient gelator for nanostructures to form. As normal,
the samples were prepared by first sonicating for 15 minutes, then heating to dissolve the solid.
While this solution was hot, it was transferred to a warmed CD cuvette, in which self-assembly

could occur. This process was carried out for both enantiomers.
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The samples were then analysed by variable temperature CD. The first measurements were taken
at 20 °C, with the following measurements taken at 5 °C intervals, up to a temperature of 90 °C.
Both enantiomers showed a CD band with a maximum absorbance at around 272 nm (Figure 128).
This wavelength is consistent with the organisation of the aromatic wings of DBS-CONHNH; into a
local chiral environment on self-assembly. As expected, at lower temperatures, this band had a
greater magnitude of ellipticity, indicating that self-assembling nanostructures are indeed
present. On heating, the CD band slowly decreased in intensity and shifted to slightly lower
wavelengths. The biggest change in ellipticity, indicating disassembly of the supramolecular
structures, occurred between 75 °C and 85 °C —in line with the Tg value observed for
DBS-CONHNH; hydrogels. Importantly, the CD spectra observed for b-DBS-CONHNH; and L-DBS-
CONHNH; were equal and opposite in ellipticity, reflecting the enantiomeric relationship of the

self-assembled nanostructures formed in each case.
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Figure 128. The CD spectra for p-DBS-CONHNH, and L-DBS-CONHNH,. The highest temperatures
are in red, and the lowest in blue.

When recording CD spectra, it is important to consider the absorbance of the sample — if this is
too high, too little light will reach the detector, and reliable spectra will not be obtained. This is
known as oversaturation. The level of light reaching the detector can be monitored by observing
the high tension (HT) voltage, as this is roughly proportional to absorbance. As a result, HT is
typically measured alongside the ellipticity. If the HT value rises about 600 V, this is an indication
that the absorbance is too high for reliable readings to be obtained. In this case, only a small

portion of the measurements were over 600 V — the corresponding ellipticity values have been
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removed from the analysis. All the affected points were at wavelengths of less than 250 nm, and

therefore the overall analysis was not impacted.

5.3 Mixtures of b-DBS-CONHNH; and L.-DBS-CONHNH>

As would be expected, the two enantiomers of DBS-CONHNH; both formed gels, which had
comparable physical properties such as Tge values and mechanical strengths as described above.
The key difference was observed in CD analysis, with the hydrogels formed by each enantiomer

having an equal and opposite impact on circularly polarised light.

Following comparison of the hydrogels formed from the two gelators, the impact of mixing the
two enantiomeric gelators on the properties of the gels was investigated. As discussed earlier,
when two enantiomers of a gelator are mixed, the resulting interactions may be destructive,
resulting in either a weaker gel being formed, or gelation not occurring at all. Alternatively, the
interactions between the two different enantiomers may be stronger, resulting in a stronger gel
than with a single enantiomer. Indeed for the parent compound DBS it has been reported that
mixing enantiomers disrupts the gel forming ability, with no gel state being observed.® We
therefore wanted to determine the impact of mixing the two enantiomers on the resulting

hydrogels — if indeed gels were formed.

5.3.1 Gelation Studies and Thermal Stability

Different ratios of the two enantiomers, p-DBS-CONHNH, and L.-DBS-CONHNH,, were
investigated. These samples were prepared by addition of a known mass of each of the two
gelators to a vial, followed by sonication, then heating until all of the solid was dissolved. Once
the sample had cooled, gelation was tested by the tube inversion test (Table 17). The total

concentration of gelator was kept constant at 0.28% wt/vol.
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Table 17. Gelation screen for mixtures of b-DBS-CONHNH; and .-DBS-CONHNH,. The percentage of
each gelator shown is the proportion of the total gelator, at a loading of 0.28% wt/vol. G=Gel.

p-DBS-CONHNH, / % L-DBS-CONHNH, / % Gel?
90 10 G
80 20 G
70 30 G
60 40 G
50 50 G
40 60 G
30 70 G
20 80 G
10 90 G

In contrast to the previous reports for unmodified DBS, at all proportions of the two gelators, a
gel was still formed. These gels were somewhat less reproducible than those formed from the
individual enantiomers, suggesting that the gels may be weaker (see below). This indicated that
mixing the two enantiomers might lead to disruptive interactions, although not to such a level as

to prevent a gel from forming.

These mixed enantiomer gels were therefore further investigated, with the thermal stability
initially being explored. The hydrogels were prepared as previously, with the total gelator loading
kept at 0.28% wt/vol. These gels were then heated, in a thermoregulated oil bath, at a rate of

1 °Cmin?, and the temperature at which they broke down was monitored by the tube inversion

test (Table 18).
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Table 18. Ty values for p-DBS-CONHNH; and L-DBS-CONHNH; hydrogels. Total gelator loading
0.28% wt/vol.

L-DBS-CONHNH; / % Tge [ °C
(] 82
10 50
20 35
30 43
40 31
50 47
60 52
70 38
80 34
90 48

100 78

For all of the mixtures, the Tge value was significantly lower than that observed for the hydrogels
formed from a single enantiomer (ca. 80 °C at this concentration). This indicates that the mixture
of the two enantiomers results in interactions that are weaker, and therefore an overall network
that is also weaker. This results in the lower thermal stability of the mixed enantiomer gels (Figure
129). However, there was no evidence of very significant differences depending on the specific
ratio of the two enantiomers. This might suggest that even a small amount of the ‘wrong’

enantiomer disturbs the assembly process and that a new gel structure therefore results.
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Figure 129. Ty values for b-DBS-CONHNH; and L-DBS-CONHNH; hydrogels, and the hydrogels
formed from mixtures of the two enantiomers.

To further investigate the impact of mixing the two enantiomers, an NMR study was carried out,
to determine if the mixing was resulting in less gelator being incorporated into the gel network.
When NMR is carried out on a gel, any gelator that is incorporated into the gel network will not
appear in the spectra, as a result of long relaxation times, and subsequent broadening of the
signals. It is therefore possible, by addition of an internal standard, to quantify any gelator that is

in solution, rather than incorporated into the network.2%

Two different samples were prepared, using D,0 in place of H,0, and with a DMSO internal
standard (2 pl). One contained just L-DBS-CONHNH,, and the second a 50:50 mixture of
L-DBS-CONHNH; and p-DBS-CONHNH,. The samples were prepared as normal, until the heat/cool
cycle. At this point, while the solution was still hot, and the gelator still dissolved, it was

transferred to an NMR tube, and the gel formed within the NMR tube.

In both cases, very little ‘free’ gelator was visible in the spectra (Figure 130). For the
L-DBS-CONHNH; hydrogel, only 1.5% of the total gelator in the sample was visible in the 'H NMR
spectrum, with the vast majority being incorporated into the network. For the racemic gel, this
rose to 3.6% ‘free’ gelator — a small increase compared to the single enantiomer, but the majority
of the gelator has still assembled into a network. This indicates that, even though the overall
network is weaker, the two enantiomers still assemble into some sort of ‘solid-like’ network even

when mixed.
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Figure 130. 'H NMR spectra for L.-DBS-CONHNH (top) and p-DBS-CONHNH; and -DBS-CONHNH,
(bottom) hydrogels. Total loading for both hydrogels is 0.24% wt/vol.

5.3.2 Rheology of b-DBS-CONHNH; and .-DBS-CONHNH; Hydrogels

Following the initial gelation studies, rheology was carried out for a selection of mixed
D-DBS-CONHNH; and L-DBS-CONHNH; hydrogels. This was to both confirm that hydrogels had
indeed been formed (although the tube inversion test is a useful indicator of gelation, alone it is
not enough to prove gelation), and further investigate the impact of mixing the two enantiomers

on the mechanical properties of the hydrogels.
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These studies looked at hydrogels with three different proportions of gelator — 50:50
D-DBS-CONHNH,: L-DBS-CONHNH,, 25:75 p-DBS-CONHNH,: L-DBS-CONHNH,, and 75:25
D-DBS-CONHNH,: L-DBS-CONHNH,. These could then also be compared to hydrogels formed from

each of the two enantiomers individually.

Initially, samples were prepared for rheology as previously — formed in a bottomless vial attached
to a petri dish, and transferred to a rheometer. Although gels were formed, they were
mechanically very weak, and very difficult to transfer to the rheometer without breaking. An
alternative method for preparing these samples for rheology was therefore developed. The
normal procedure for preparing these gels was followed, up to the heat/cool cycle. At this point,
the hot solution was transferred to a bottomless vial that had been placed on the bottom plate of
the rheometer — the plate was also heated to 40 °C. This was then left for the solution to cool, and
the plate then cooled to 18 °C. This method resulted in gel discs being successfully formed on the

rheometer, allowing analysis to be carried out.

Initially, an amplitude sweep was carried out. This varies the strain applied to the material, while
keeping the frequency constant. This allows the LVR to be determined, and also gives information
regarding the mechanical properties of the gel. For each of the hydrogels, an amplitude sweep

was carried out with the amplitude varied 0.01-100%.

The amplitude sweep for the 50:50 mix of enantiomers (Figure 131) indicated a G’ value of around
230 Pa — considerably lower than the value of around 600 Pa for L-DBS-CONHNH,. This is further
evidence for the interactions between the two enantiomers being disruptive, as the hydrogels
formed have much lower stiffness. The interactions are not, however, sufficiently disrupted to
prevent the formation of a gel - as evidenced by the clear LVR, the materials formed from the
racemic mixture do behave viscoelastically. The crossover point of around 10% strain is also fairly
comparable to that of the gels formed from a single enantiomer — ca. 12%. This indicates that,

despite the racemic gels being less stiff, the resistance to strain of the material is less affected.
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Figure 131. Amplitude sweep (0.01%-100%) for racemic DBS-CONHNH hydrogels. Total gelator
loading 0.28% wt/vol. Temperature 25 °C, frequency 1 Hz.

The two 25:75 mixes also showed significant drops in the value of G’ in the LVR, indicating that a
smaller amount of the ‘wrong’ enantiomer also induces the formation of less stiff hydrogels
(Table 19). The variation in G’ and yield stress for these mixes indicates the unpredictable nature
of these hydrogels, which could be a result of the variable level of self-assembly when both
enantiomers are present.

Table 19. G' values for mixes of p-DBS-CONHNH; and L-DBS-CONHNH, hydrogels (total
concentration 0.28% wt/vol).

Ratio p-DBS-CONHNH,:

G’/ Pa Yield Stress / %
L-DBS-CONHNH;
100:0 740 £+ 300 15
75:25 42070 25
50:50 240 + 60 10
25:75 240 £ 50 79
0:100 610 + 280 15

As well as the amplitude sweep, a frequency sweep was also carried out. If a material is
viscoelastic, the G’ value will be independent of frequency. This is therefore a valuable method for
determining if a material is viscoelastic. For the racemic gels, a frequency sweep was carried out

with the frequency varied 0.1-100 Hz, and the strain kept constant at 0.063%.
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At lower frequencies (<10 Hz), the G’ value for the racemic gels was independent of frequency
(Figure 132), offering further confirmation that a viscoelastic material, a gel, has been formed. As
observed with the amplitude sweep, the G’ value, of around 280 Pa, is lower than that observed
for the hydrogels formed from just one enantiomer, which had a G’ value of around 580 Pa. This
again shows the reduced mechanical strength of the mixture compared to the single enantiomer
gels. It is perhaps interesting to reflect that although the difference in G’ is only ca. a factor of
two, the gels have very different physical handling characteristics — those made from a single
enantiomer can be transferred onto the rheometer plate by hand, whereas those made from

mixtures of enantiomers cannot, and have to be made in situ as described above.
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Figure 132. Frequency sweep (0.1 Hz-100 Hz) for racemic DBS-CONHNH; hydrogels. Total gelator
loading 0.28% wt/vol. Temperature 25 °C, amplitude 0.05%.

5.3.3 Imaging of the Mixed Hydrogels

To determine whether there were any significant changes to the network with the mixed system,
imaging was carried out for the gels based on a 50:50 mixture of enantiomers. These mixed gels
were prepared as previously discussed, with the samples then prepared for imaging as described
previously. Both SEM and TEM images were obtained. Although sample preparation can impact
the structures observed in electron microscopy, such images can still give insight into the nature
of the networks formed, particularly for comparative studies where the samples are prepared

using the same method.

The SEM images of the racemic mixture (Figure 133), shown with images of L-DBS-CONHNH; for
comparison, indicate that it is still self-assembling to form a sample spanning network. Indeed,

the images show a branched network similar to that obtained with L-DBS-CONHNH; alone. The
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TEM images, however, are quite different — with the fibres appearing either narrower, and/or
larger but significantly more fragmented in the mixture than in the single enantiomer gel. This
lack of homogeneity may be a factor in the reduced thermal stability and mechanical strength of
the racemic hydrogels. This suggests that the 50:50 mixture of enantiomers has a different self-
assembly mode, which is less well-defined, resulting from the disruptive nature of the interactions

between the two enantiomers.

Figure 133. SEM (x20,000) (top) and TEM images (scale bar 100 nm) (bottom) for racemic

hydrogels (left) and L.-DBS-CONHNH; hydrogels (right). Total gelator loading for both samples -
0.28% wt/vol.

5.3.4 Circular Dichroism for Mixed Samples

As previously discussed, CD is a very useful tool for investigating the way in which the chirality of
an individual molecule impacts the chirality of a nanostructure formed by self-assembly. For
mixtures of two gelator enantiomers, CD can offer useful information on how self-assembly

occurs, particularly whether one enantiomer dominates the chirality of the nanostructures.
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Mixtures of the two enantiomers were therefore investigated by CD, using a total gelator loading
of 0.1% wt/vol — as previously, this is below the minimum gelation concentration, but sufficient
for the formation of self-assembled nanostructures. Samples were prepared as previously, with

the hot solution being transferred to a warm CD cuvette, and then allowed to cool.

These samples were then analysed by CD. Measurements were carried out at 20 °C, to ensure
nanostructures would be present, and the ellipticity observed at the previously determined
maximum of 272 nm. The ellipticity of the mixtures could then also be compared with that of gels
formed from just one enantiomer (Figure 134).
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Figure 134. Ellipticity, measured at 272 nm, for mixed p-DBS-CONHNH; and -DBS-CONHNH,
hydrogels, total gelator loading 0.1% wt/vol.

On addition of even a small proportion of a second enantiomer to the gelator mixture, the
chirality of the nanostructures was almost completely lost. At a 90:10 ratio of one enantiomer to
the other, there was an ellipticity of around +20 mdeg, this is a considerable drop from the
ellipticity, of around £60 mdeg, observed in the hydrogels formed from one of the two
enantiomers. Once 20% of the mixture is the opposite enantiomer, the overall ellipticity of the
supramolecular nanostructures is completely lost. This indicates that the interactions between
the two enantiomers result in supramolecular nanostructures that are not chiral — even when only
a relatively small proportion of the total gelator is the ‘wrong’ enantiomer. This is in-line with the
observation that even a small amount of the opposite enantiomer leads to a significant decrease
in the thermal stability of the gel. It is also in support of the view that significantly different
nanostructures are observed for the racemic system by TEM. Clearly, therefore, this is somewhat

similar to native DBS, in which mixing enantiomers has a disruptive effect on assembly, however,

177



in this case, the gel-forming properties are not completely lost, and hence a gel weakening effect

is observed rather than a total gel disruption.

5.4 Incorporation of Chiral Additives

It has previously been shown that enantiopure materials can form enantioselective interactions
with other chiral molecules.?® This is of particular interest, as many bioactive molecules, including
APls, have one or more chiral centres. The effect of chiral additives on the hydrogels of the two

DBS-CONHNH; enantiomers was therefore investigated.

The additives chosen for investigation were (R)-naproxen (118b) and (S)-naproxen (118a) (Figure
135). Naproxen (NPX) is a non-steroidal anti-inflammatory drug (NSAID), with the S form being
both a more effective anti-inflammatory, and less toxic than the R form.2®® The drug is used as a
single enantiomer, however, other drugs in the same class (e.g. ibuprofen, ketoprofen etc.) are
generally used as racemic mixtures. In previous work, interactions between p-DBS-CONHNH, and
(5)-NPX have been investigated, and hydrogels containing the drug investigated as possible drug
delivery vehicles.?® 74 As a result, there is already a good understanding of the hydrogen bonding
interactions between the carboxylic acid of (5)-NPX and the gel fibres formed by b-DBS-CONHNH..
For this reason, and as both enantiomers of naproxen are readily available, the interactions
between the gels formed from the two DBS-CONHNH, enantiomers, and the two enantiomers of

naproxen were investigated.

OH OH
I DOR!
~o ~o

118a 118b

Figure 135. (S)-naproxen (118a) and (R)-naproxen (118b).

5.4.1 Gelation Studies with Chiral Additives

Initially, the four different combinations of the two gelator enantiomers, and the two naproxen
enantiomers, were investigated to determine if a gel was still formed in all cases. To prepare the
samples, the gelator was weighed into a vial, and NPX added as a solid. Water was then added,
followed by 15 minutes of sonication to disperse the solid. The suspension was then heated until
all of the solid was dissolved. Once the solution was cooled, gelation was determined using the

tube inversion test (Table 20).
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Table 20. Gelation testing for different combinations of DBS-CONHNH; and naproxen enantiomers.
Gelator loading is 0.28% wt/vol, with one equivalent of NPX.

(S)-naproxen (R)-naproxen
p-DBS-CONHNH; G G
L-DBS-CONHNH; G G

In all combinations of the enantiomers, gels were still formed. Following this initial testing, the
resulting hydrogels were tested in more detail for thermal stability by determination of the Tge
values. The hydrogels were prepared at a gelator concentration of 0.28% wt/vol, with one
equivalent of NPX. The method for preparation was as discussed previously. Once hydrogels had
been formed, these were heated in a thermoregulated oil bath, at a rate of 1 °C min™. The
temperature at which the hydrogels were broken down was determined by the tube inversion
test (Table 21).

Table 21. Ty values for p-DBS-CONHNH: and L-DBS-CONHNH; hydrogels, with (S)-NPX or (R)-NPX.
Hydrogels have gelator loading of 0.28% wt/vol, with 1 equivalent of NPX.

Gelator (S)-naproxen (R)-naproxen None
p-DBS-CONHNH, 98 100+ 100+
L-DBS-CONHNH; 100+ 81 100+

For b-DBS-CONHNH, with (R)-NPX, and L-DBS-CONHNH, with (S)-NPX, the addition of NPX did not
have a notable impact on the Tge value — for hydrogels, Tg values are only measured to 100 °C, as
above this temperature, any breakdown of the gel network may be a result of the solvent
evaporating. It is notable that these two combinations have an enantiomeric relationship with
one another, and should therefore behave in the same way. The other two combinations,
D-DBS-CONHNH; with (S)-NPX, and L-DBS-CONHNH, with (R)-NPX, showed a drop in the Tge value
— greater for L-DBS-CONHNH; than for b-DBS-CONHNH; — however, both clearly converting to a
sol below 100 °C. Once again these two combinations have an enantiomeric relationship with one
another, and would be expected to behave in the same way. However, they have a
diastereomeric relationship with the other two combinations, and therefore it is plausible that
they would exhibit different physical properties, such as Tg value These results would therefore
suggest that the different diastereomeric combinations of gelator and NPX enantiomers may give
rise to hydrogels with slightly different thermal stabilities, which could indicate the importance of

chiral information in the self-assembly and drug binding process.
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5.4.2 Rheology of Hydrogels with Chiral Additives

Following the investigation of the thermal stability of the DBS-CONHNH; hydrogels with the NPX
additives, their mechanical properties were also investigated. Samples, of the different
combinations of gelator and NPX enantiomers, were prepared as described previously, until the
heat/cool cycle. At this point, while still hot, and the solid still dissolved, the solution was
transferred to a bottomless vial, attached to a petri dish. Once the solution had cooled, the vial

could be removed, and the gel disc transferred to the rheometer for analysis.

For each sample, an amplitude sweep was carried out first — to both determine the LVR for the
gels, and to give information regarding the stiffness and resistance to strain of the material. This
was carried out for b-DBS-CONHNH, with both NPX enantiomers (Figure 136), and for
L-DBS-CONHNH; with both NPX enantiomers (Figure 137), with amplitude strain varied 0.01-

100%, and frequency kept constant at 1 Hz.
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Figure 136. Amplitude sweep (0.01%-100%) for b-DBS-CONHNH; hydrogels with (R)- or (S)-NPX.
Gelator loading 0.28% wt/vol, one equivalent NPX. Temperature 25 °C, frequency Hz.
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Figure 137. Amplitude sweep (0.01%-100%) for L-DBS-CONHNH2 hydrogels with (R)- or (S)-NPX.
Gelator loading 0.28% wt/vol, one equivalent NPX. Temperature 25 °C, frequency 1 Hz.

All of the gels tested showed a clear LVR, but with some variation in the stiffness. For each of
D-DBS-CONHNH; and L-DBS-CONHNH,, one additive gave a hydrogel with a G’ value broadly
similar to that of the gel without additive, and the second gave an increase in stiffness of ca.

400 Pa (Table 22). For each enantiomer of the gelator, the opposite enantiomer of naproxen gave
these effects. For b-DBS-CONHNH,, the addition of (S)-NPX gave the increase in stiffness, while for
L-DBS-CONHNH; it was (R)-NPX that gave the increase. In agreement with the thermal studies, this
indicates that enantiomeric systems behave the same, whereas systems with a diastereomeric
relationship do have a difference in their physical properties. This suggests that the interactions
between the chiral additives and the gel fibres do differ when chirality is changed, and this has
some impact on the material properties of the hydrogels. Interestingly, the enantiomers of
naproxen that decreased the thermal stability of the gels are those that increase the stiffness of
the gels. This might suggest that certain enantiomers cause a stiffening of the gel network, that
decreases its thermal stability. Despite the differences in stiffness of the gels, all had a similar

crossover point of around 12%, indicating all have a similar resistance to strain.
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Table 22. The effect of the addition of NPX to the DBS-CONHNH; hydrogels. Gelator concentration
0.28% wt/vol, with one equivalent of NPX.

Gel Additive G’/ Pa
p-DBS-CONHNH; None 740 + 300
p-DBS-CONHNH, (R)-NPX 630 £ 110
p-DBS-CONHNH, (S)-NPX 1190 + 240
L-DBS-CONHNH; None 610 + 280
L-DBS-CONHNH; (R)-NPX 1130+ 190
L-DBS-CONHNH; (S)-NPX 750+ 120

In summary, these observations, along with the reduced thermal stability of the gel, indicates that
the two different enantiomers of NPX impact the two hydrogels differently, suggestive of a
degree of chiral recognition between gelator and drug, and that this then has an impact on the

physical materials properties of the gel.

5.4.3 NMR Studies of the Hydrogels with Additives

To try and further understand the interactions between the hydrogel fibres and the NPX additives,
'H NMR studies were carried out. As discussed in section 5.3.1, NMR can be used to determine
the amount of gelator incorporated within the network, due to the long relaxation times and
subsequent broadening of peaks when the molecules have self-assembled. The same method can
be used to determine if there are interactions between the gel network and any additives — if the
additives are interacting with the gel network, the corresponding signals will also be broadened.
Any signal that is observed is a result of ‘free’ molecules, within the pores of the hydrogel, and

can be quantified by use of an internal standard.

For NMR analysis, DBS-CONHNH, hydrogels were prepared by adding the relevant enantiomer of
gelator, along with the NPX additive, to a vial, along with DO and a DMSO internal standard

(2 ul). This was then sonicated, followed by heating to dissolve the solid. While the solution was
hot, it was transferred to a warm NMR tube, and the gel formed within the tube. The integrations
of the DMSO standard, and the signal at 1.46 ppm corresponding to the methyl group of NPX, can
be compared, and the amount of unbound NPX calculated (Table 23). There are very small
differences in the amounts of NPX bound to the gel fibres, with each having around roughly 70%
interacting with the fibres. There are however some small differences, and once again there

appears to be a diastereomeric relationship, with the D/S and L/R systems (those that formed less
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thermally stable, stiffer gels) appearing to have slightly less NPX bound to the gel than the D/R

and L/S analogues.

Table 23. The percentage of (R)-NPX and (S)-NPX not bound to the gel network, as determined by
use of a DMSO internal standard. Gelator loading 0.28% wt/vol, with one equivalent of NPX.

Gelator (5)-NPX Unbound / % (R)-NPX Unbound / %
p-DBS-CONHNH; 32+04 26+1.5
L-DBS-CONHNH; 27 +£0.18 28 £0.6

For both gels, when there is a greater proportion of NPX is interacting with the fibres, the gel is
less stiff. This effect is more pronounced for the b-DBS-CONHNH,, with a greater difference
between the amount of each NPX enantiomer bound to the fibres, and a greater difference in
stiffness between the two gels formed. The difference in interactions of NPX with the
L-DBS-CONHNH; hydrogels is much smaller —as is the difference in the stiffness of the gels.
Overall, however, these NMR differences are close to error levels, and it is important not to place

too much emphasis on them.

This further indicates that the two enantiomers of NPX may interact slightly differently with the
fibres of the two hydrogels — and that these differences can have some influence on the material

properties.

5.4.4 Release of Chiral Additives

Following the investigations into the impact of additives of different chiralities, the release of the
two different NPX enantiomers was then considered. pH-dependent release of NPX from
p-DBS-CONHNH; has been previously demonstrated,%® 174 and given the differing effects on the
material properties of the hydrogels, it was reasoned that a change in chirality may also impact on

the release of NPX.

Samples were prepared as previously, with the two solids weighed into a vial, water added, and
this mixture sonicated, followed by a heat/cool cycle. This resulted in the formation of translucent
hydrogels. The gels used a gelator concentration of 0.28% wt/vol, with one equivalent of NPX.
Once the gels had formed, pH 7 buffer (6 ml) was added, and the samples placed ina 37 °C
incubator. The release of NPX into the buffer was then monitored by UV-vis spectroscopy. A
wavelength of 329 nm was used — NPX has a distinct absorbance at this wavelength, while any

absorbance from DBS-CONHNH; is minimal.
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Release was monitored for both (S)-NPX and (R)-NPX, from both p-DBS-CONHNH; (Figure 138) and
L-DBS-CONHNH; (Figure 139). A sample containing no NPX was also monitored in each case, to
allow any absorbance from the gelator to be accounted for.
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Figure 138. Release of (R)-NPX and (S)-NPX from b-DBS-CONHNH hydrogels (1 ml), into pH 7
buffer (6 ml) at 37 °C. Gelator loading is 0.28% wt/vol, with one equivalent of NPX.

For p-DBS-CONHNH, hydrogels, release of both NPX enantiomers was very rapid, with the
majority of the release occurring within the first 90 minutes. For both enantiomers, a maximum

release of around 90% was reached.
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Figure 139. Release of (R)-NPX and (S)-NPX from 1-DBS-CONHNH; hydrogels (1 ml), into pH7 buffer
(6 ml) at 37 °C. Gelator loading is 0.28% wt/vol, with one equivalent of NPX.
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For L-DBS-CONHNH; hydrogels, release of both enantiomers of NPX was again rapid, with the
majority of the additive being released after 2-3 hours — maximum release in this case was around
85%. Overall, despite some small differences, the release of the two NPX enantiomers from the
two hydrogels was very similar. For both enantiomers of NPX, slower release is observed from the
L-DBS-CONHNH,; hydrogels. The reason for this is not yet understood, and would require further
investigation. As observed previously for DBS-CONHNH, hydrogels and NPX at pH 7, most release
occurs rapidly, and around 90% of the total drug is released. This was the case for all
combinations of enantiomers tested here, despite some small differences. This suggests that,
although there are likely to be some small differences in how the two enantiomers of NPX interact
with the gel fibres, as evidenced by the rheological and NMR studies carried out, these differences

do not have a significant impact on the release profiles of the NPX from the hydrogels.

Similar studies were also carried out using (R)-(-)-2-phenylbutyric acid and (S)-(+)-2-phenylbutyric
acid as the chiral additives. The results from these studies were broadly in line with those
obtained with the two enantiomers with NPX. The main difference was observed in release
studies — due to overlap between the UV signals from the DBS-CONHNH; and the acid additives.

For these reasons these studies have not been included in the thesis.

5.5 Biological Studies

As discussed in the Introduction, it has been previously reported that using different enantiomers
of a gelator led to differences in cell differentiation. Initial investigations into any differences
between the two enantiomers of DBS-CONHNH; in cell culture were therefore carried out.

173 and in combination with

D-DBS-CONHNH; has previously been used for cell culture, both alone
polymer gelators.??”- 21 However, no investigation into L-DBS-CONHNH, has previously been
carried out. The two hydrogels were therefore investigated using cell proliferation and viability
studies. All cell culture experiments were carried out by Dr Carmen Piras working in the

laboratory of Prof Paul Genever (Department of Biology, University of York).

5.5.1 Cytotoxicity Studies

To test the impact of the two enantiomers on cells, a cytotoxicity assay was carried out. Gels
formed from both enantiomers were prepared in a 6 well plate, with hot gelator solution
transferred into bottomless vials (diameter 1 cm) attached to this plate. For both enantiomers,
gelator loading was 0.4% wt/vol. Once the gels were formed, the vials could be removed to leave

a gel disc in each well (Figure 140).
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Figure 140. Hydrogels of L-DBS-CONHNH; (top) and b-DBS-CONHNH, (bottom), prepared in a 6
well plate. Gelator concentration for all hydrogels is 0.4% wt/vol.

The cells used were Y201 immortalised human mesenchymal stem cells (MSCs).%%2 These were
grown in Dulbecco’s Modified Eagle Medium (DMEM) with fetal bovine serum (FBS, 10%) and
penicillin/streptomycin (P/S, 1%). Once grown, these cells were seeded (100,000 per well) in the

bottom of the wells around each gel, and covered with DMEM.

After 48 hours, DMEM was removed and the cells washed with PBS. The cells were then stained
with crystal violet methanol solution. The stain was collected after 20 minutes, the plates washed
in water multiple times, and left to dry. The plates were then imaged, to determine how the gels

had influenced the cells (Figure 141).

Figure 141. The plate after 48 hours, following treatment with crystal violet methanol solution.
Purple indicates viable cells. Top: L-DBS-CONHNH,,; Bottom: p-DBS-CONHNH.

The images show that the cells, stained violet, are still present right up to the boundary of the

hydrogels. This indicates that any cytotoxicity caused by the gels is very low. Additionally, there
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was no difference between the two enantiomers — therefore the change in chirality does not have

an effect on cytotoxicity.

5.5.2 Viability Studies

Cell viability studies were also carried out, to determine if both enantiomers would be equally
suitable for cell culture. Hydrogels were prepared in a 96 well plate. Each well contained 50 pl of
gel, with a gelator concentration of 0.3% wt/vol. Once formed, the gels were soaked with DMEM
(containing FBS and P/S). These gels were then seeded with Y201 immortalised human
mesenchymal stem cells (25,000 per well). Both the gels and the cells were then covered with
DMEM. Cell viability was measured at days 0, 3, 6 and 10 using the Alamar Blue assay. Alamar
Blue (10% in DMEM) was added to each well, and the plates incubated for 4 hours at 37 °C.
Aliquots (20 ul) were then removed from each well, and these diluted with DMEM in a second
well plate. Hydrogels without cells were also treated in the same way at each timepoint, to
control for any effects from the gels themselves. The fluorescence was then measured (excitation
530-570 nm, emission 600 nm). This indicates the number of viable cells for each sample (Figure

142).
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Figure 142. Cell viability for o-DBS-CONHNH, and L-DBS-CONHNH; hydrogels (0.3% wt/vol) at days
0, 3,6, 10.

There is no significant difference in cell viability between the two enantiomers of DBS-CONHNH..
Over time there is a small decrease in viability across both of the gels — this has previously been

observed for b-DBS-CONHNH; hydrogels.
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Although there is no difference in cell viability between the two enantiomers of the gel, this does
not rule out the possibility that there may be differences in cell development or differentiation,
however, such studies were beyond the scope of this preliminary investigation. There is no doubt
that the potential impact of materials chirality on cells is a current hot topic,?®® and these simple

enantiomeric gelators may be worthy of further investigation in this regard.

5.5.3 Alamar Blue Test

Although no significant difference in cell viability was observed between the two enantiomers, an
interesting difference in the control gels, with no cells present, was observed in response to the

Alamar Blue assay. In this assay, the dye resazurin (136) is reduced by the processes that occur in
viable cells, to give the fluorescent form, resorufin (137) (Scheme 24). More viable cells therefore

lead to greater fluorescence.?*
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Scheme 24. Reduction of resazurin (weakly fluorescent) to give resorufin (highly fluorescent).

However, DBS-CONHNH; is also capable of reducing Alamar Blue — hence the importance of the
control gels. These control experiments indicated that there was a difference in the reduction of
Alamar Blue between the different gels formed by the two enantiomers of DBS-CONHNH,, with
fluorescence from the b-DBS-CONHNH; hydrogels being almost twice that from with
L-DBS-CONHNH;hydrogels. Alamar blue itself is not a chiral substrate, and so there should be no
difference in the way it interacts with the two gelator enantiomers. It therefore seemed possible
that the ability of DBS-CONHNH; to reduce Alamar Blue was being impacted by an interaction
with some component of the cell media, which contains many chiral compounds. One or more of
these might be interacting with the gel fibres (differently for each enantiomer), and this in turn
may impact the reduction. A preliminary study was therefore carried out to investigate which of

the components might be causing this effect.

A selection of amino acids that are present in the cell culture medium were therefore investigated
for their impact on the reduction of Alamar Blue by DBS-CONHNH,. Hydrogels were prepared in a
96 well plate (gelator loading 0.3% wt/vol), as for the cell viability experiment. A selection of

L- amino acids, along with p-glucose, were added in solution to the gels, and left overnight for
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diffusion into the gels to take place. After this time, the additive solution was removed from the
hydrogels. Alamar Blue solution (10 ul in 90 ul pH 7 sodium phosphate buffer) was then added,
and the plate incubated at 37 °C for 4 hours. The Alamar Blue solution was then transferred to a
second well plate, diluted with further buffer, and the absorbance measured. Absorbance was
used in this case as the reduced, fluorescent form of Alamar Blue is not stable in buffer or water —
only cell media.?®® However, the reduction of Alamar Blue does also lead to an increase in
absorbance. The values for each amino acid, as well as glucose and the control gels, could then be

compared (Figure 143).
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Figure 143. Impact of different amino acids, and glucose, on the reduction of Alamar Blue.
Absorbance measured following incubation of gels with Alamar Blue at 37 °C for 4 hours. Solution
was then removed, and absorbance measured.

For all of the amino acids investigated, there was no significant difference in absorbance between
the two enantiomers — although some did give significant variation across the three samples. This
suggests that it is likely to be another component of the cell media that is impacting the reduction
of Alamar Blue - perhaps an amino acid that was not included in this study, or a protein present in
the FBS that is also present, however we were unable to determine what underpinned this effect

at this point.

5.6 Conclusions

Here, L-DBS-CONHNH; has been synthesised, its properties as a gelator investigated, and these
compared to b-DBS-CONHNH,. The two gelators were found to perform in an equivalent way with
regard to both mechanical and thermal properties. Furthermore, electron microscopy imaging

suggested similar nanostructures that could not easily be distinguished in terms of helicity. The
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key differences were observed in CD spectra, which clearly indicated that the nanostructures

formed by the two enantiomers had mirror image chirality.

Mixtures of the two enantiomers were also investigated, and these gels were found to be

considerably weaker than those formed by a single enantiomer, indicating disruptive interactions.
Additionally, chirality on the nanoscale was lost even with addition of only a small proportion of a
second enantiomer. This further indicates disruptive interactions are established between the two
enantiomers. This suggestion is supported by electron microscopy imaging of the racemic mixture

which indicated the presence of some fragmented and poorly defined aggregates.

The gels from the two enantiomers were then tested for encapsulation of two enantiomers of
NPX. Both gels could incorporate both NPX enantiomers and retain the characteristics of a gel.
There was an impact on the on the thermal stability and stiffness of the two gels with different
combinations of the two enantiomers, along with some small differences in interactions between
the gel fibres and the NPX additive. This suggested there was some difference in the
establishment of diastereomeric complexes. However, when release of the NPX was tested, the

small changes in stiffness and level of interaction did not have a significant effect on drug release.

The gels were also tested with cells — for both cytotoxicity and viability. There were no differences
observed in the behaviour of the cells with the two enantiomeric gels. Some interesting enantio-
derived effects on the reduction of Alamar Blue were observed for the two hydrogels with no
cells. However, we were unable to delineate a clear mechanism for this effect, with the
preliminary studies using different amino acids present in the medium failing to indicate that any

of them were the chiral species responsible for leading to this effect.

Further work in this area would focus on determining if the different gels have any impact on cell
differentiation, now that initial cell viability studies have been carried out. Further investigations
could also be undertaken to determine what components of cell media lead to the difference in
reducing ability of the DBS-CONHNH, hydrogels. Increased understanding of how the gel fibres

interact with additives could help guide future applications of these hydrogels.
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6. Chapter 6 — Glutamine Amide Derivatives

As the population ages, society faces a number of challenges, including an increase in the
prevalence of age-related diseases.?®® This has implications for healthcare systems, with more
people being affected by such diseases, even if the number of years spent in good health is also
increasing.?®’ These diseases include Parkinson’s disease (PD), a degenerative neurological
disorder. There has been a significant increase in the global prevalence of Parkinson’s since

1990,%%® and this increase is projected to continue.?®® The disease has significant impacts, both
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financial and otherwise, on patients and their families,*’® as well as on healthcare systems.

In Parkinson’s, neurons in the brain that produce dopamine are broken down, leading to the
characteristic symptoms of the disease, including tremors, slowness of movement, and muscle
stiffness,?’? along with a range of non-motor symptoms.?’® These can severely impact the ability of
a patient to live independently. At present, there is no cure for Parkinson’s — the neurons cannot
be repaired or replaced. Current treatment therefore focusses on pharmaceutically replacing the
dopamine that is no longer being produced. However, dopamine (139) itself is not capable of
crossing the blood brain barrier, and therefore L-DOPA (138), a metabolic precursor to dopamine,
is administered. L-DOPA is then converted by DOPA decarboxylase enzymes in vivo, to give

dopamine (Scheme 25).
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Scheme 25. Conversion of L-DOPA to dopamine, that occurs in vivo, by the action of DOPA
decarboxylase.

However, there are a number of issues with this method of treatment. The first is the low
bioavailability of L-DOPA in the brain. Only around 30% of administered L-DOPA ever reaches
systematic circulation, with a mere 1% of a typical oral dose reaching the brain.?’* This is due to
significant first pass liver metabolism, with decarboxylation occurring not just in the brain, but
around the whole body. Given that once L-DOPA has been converted to dopamine, it can no
longer cross the blood brain barrier, any conversion prior to blood-brain barrier passage will mean
it is unable to reach the brain. This early metabolic conversion of L-DOPA also leads to side effects
as a result of off-target action, including nausea and hypotension.?’®> To reduce the proportion of

L-DOPA converted before crossing the blood brain barrier, L-DOPA is typically administered with
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an inhibitor of DOPA decarboxylase, carbidopa (140) (Figure 144).27° This carbidopa is metabolised
by DOPA decarboxylase in preference to L-DOPA and therefore acts as a sacrificial additive. This
improves the bioavailability of L-DOPA, and hence allows the dose of L-DOPA to be lowered, and
this lowering of the required dose leads to a reduction in side effects.?”” It is believed that
carbidopa inhibits L-DOPA conversion primarily through binding to the active site of DOPA
decarboxylase.?’® Although this is not thought to be an irreversible interaction, the dissociation
constant is small, and therefore the inhibition is highly effective.?’® Carbidopa can also bind
permanently to pyridoxal 5’-phosphate (PLP), an important co-enzyme in the decarboxylation —
this further contributes to inhibition.?® This binding can also occur once the PLP has bound to the

DOPA decarboxylase.?! As PLP is also important for numerous other enzymes, significant

282

inhibition of this can lead to side effects.

Figure 144. The structure of carbidopa, the additive administered with L-DOPA.

Although the poor bioavailability and off-target effects of L-DOPA are problematic, the key issue
with L-DOPA treatment is that, on prolonged treatment, metabolism of the drug is upregulated,
and bioavailability is therefore lowered even further. Given Parkinson’s is an incurable lifelong
condition, with treatment for many years being required, this is a significant problem. This leads
to unpredictability around the impact of the drug, with patients experiencing ‘off-time’ where the
symptoms of Parkinson’s are not reduced.?® Patients therefore require an ever-increasing dose of
drug, with increasingly little impact on the symptoms. This can eventually lead to delivery of
L-DOPA by an intestinal gel, delivered directly into the jejunum.?® This method is intrusive,
unsuitable for many patients, and problems with the pump are common.?> These kind of

problems typically begin 10-15 years after treatment with L-DOPA begins.

Despite these issues with L-DOPA, it has remained the gold standard for treatment of Parkinson’s
since the 1960s, with relatively little progress being made to improve things.?® There is therefore
a clear need for enhanced delivery of L-DOPA, in either a slow-release formulation suitable for

injection or implantation, or in a manner that may bypass the problematic first pass metabolism.
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Work in this chapter therefore aimed to develop methods that might be capable of improving
delivery of L-DOPA to the brain, either by developing a formulation for slow, controlled systemic

release, or a system that might allow more direct delivery of L-DOPA to the brain.

6.1 Release of L-DOPA from DBS-CONHNH.

DBS-CONHNH; hydrogels have previously been shown to form interactions with carboxylic acid
containing compounds, including a number of non-steroidal anti-inflammatories, giving pH
responsive release.'® As L-DOPA also contains a carboxylic acid group, it was considered possible
that this would also form interactions with the DBS-CONHNH, gel fibres (Figure 145), possibly

leading to controlled release of the drug.
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Figure 145. The potential interaction between L-DOPA and the DBS-CONHNH, gel fibres.

The incorporation of L-DOPA into DBS-CONHNH, hydrogels was therefore investigated, along with
release of the drug. Initially, the best method for incorporation of L-DOPA into the hydrogels was

explored.

Three methods for drug incorporation were investigated. The first used a solution of L-DOPA,
which was then added to the gelator. This was sonicated, then the solids dissolved by heating. The
second approach suspended DBS-CONHNH; in water, with this then being added to L-DOPA in a
vial. Again, the solids were dissolved by heating. In both these methods although in some cases
hydrogels were formed, gelation was not particularly reproducible. A third method, with the
gelator and L-DOPA mixed as solids, in a 1:1 molar ratio, was therefore tried. Following sonication,
the solids were dissolved by heating, and on cooling, hydrogels were reliably formed. This method
was therefore used for the formation of all further DBS-CONHNH; hydrogels containing L-DOPA.
Although the reasons for this method being more reliable were not further investigated, solvation
is an important factor in gelation, and so changing the order in which the two solids were added
to water may impact gelation.® In these studies, we had a preference for all the L-DOPA
incorporated to be solubilised, to facilitate the analysis carried out. This required relatively low
loadings of L-DOPA. In pharmaceutical formulations, it might be more desirable to formulate L-
DOPA as a powder within the gel, to allow for higher loadings of the drug. This would be in

equilibrium with the dissolved L-DOPA also present.
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6.1.1 NMR Studies for DBS-CONHNH: Hydrogels with L-DOPA

Following the incorporation of L-DOPA into the DBS-CONHNH, hydrogels, the interactions
between the drug and the gel fibres were investigated by *H NMR. Any gelator that is immobilised
within the self-assembled ‘solid-like’ gel network will not appear in the NMR spectrum, as a result
of a long relaxation time, and subsequent broadening of the peaks.?®’” This is also the case for any
soluble additives that are interacting with the gel fibres. However, soluble drug additives that are
mobile within the gel and capable of rapid diffusion, will be visible in the NMR spectrum and can
hence be quantified. Through use of an internal standard, the proportion of an additive that is

bound to the gel fibres can therefore be determined.

DBS-CONHNH; hydrogels with L-DOPA were therefore prepared for NMR studies. The same
method as previously was used, with H,0 replaced with D,0, and a DMSO internal standard (2 pl,
0.0282 mmol) was added. On heating, once the solid was dissolved, the solution was transferred,

while hot, to a warm NMR tube, and the gel formed within the tube.

These studies indicated that around 59% of the L-DOPA included in the gel was immobilised, and
hence potentially bound to the solid-like self-assembled gel fibres. This was promising, as such
interactions can slow diffusion out of the gel, and therefore may be helpful in achieving controlled

release of the drug.

6.1.2 Release of L-DOPA from DBS-CONHNH, Hydrogels

109 35 well as of

As DBS-CONHNH, has been shown to achieve pH-mediated release of naproxen,
rosuvastatin (see Chapter 2), the release of L-DOPA from these hydrogels was investigated at
different pH values (Figure 146). Hydrogels were prepared as previously described, and buffer
(6 ml) placed on top of the gel. The samples then placed in an incubator at 37 °C. At each
timepoint, an aliquot (2 ml) of buffer was removed, and the amount of L-DOPA that had been
released was quantified by UV-vis, with absorbance measured at 288 nm. The buffer was then

returned to the gel. A sample containing no L-DOPA was also monitored, to account for the

release of any DBS-CONHNH; into the solution and hence normalise the data.
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Figure 146. Release of L-DOPA from DBS-CONHNH; hydrogels (1 ml), into pH 5.5 or pH 6.5 buffer
(6 ml) at 37 °C. Gelator loading 0.28% wt/vol, L-DOPA one molar equivalent.

As has been seen previously with DBS-CONHNH, hydrogels, there is some variation in release at
different pH values, with lower release observed at lower pH. In this case, release is only slightly
reduced at pH 5.5 compared to pH 6.5 — this is not surprising, given there is only a relatively small
difference in pH. Furthermore, unlike previous carboxylic acid functionalised drugs studied with
DBS-CONHNH,, L-DOPA also contains an amine group. This directly impacts on the pKa values,
which are 2.3, 8.7, 9.7 and 13.4.288 There are four pKa values as there are four ionisable groups
(CO3H, NH,, and two OH). The pKa values mean that between pH 2.3 and 8.7, L-DOPA is
predominantly present in the zwitterionic form, in which the amine group is protonated and the
carboxylic acid is deprotonated. Changing the pH from 6.5 to 5.5 will therefore only slightly
increase the level of protonation in this case. At both pH values, the majority of the total release
occurred with the first 2-3 hours of the study, with relatively little further L-DOPA being released

after this point.

Although there was evidence of some limited pH control over release, in both cases, the total
amount of L-DOPA released still reaches its maximum rapidly — this is therefore not considered to
be useful for a slow release formulation. It is also only of limited use to be able to obtain release
at differing pH for L-DOPA — in any case, this would only have been really useful for oral delivery,

which would not help bypass the problematic first pass metabolism.

6.2 Release of L-DOPA from MBS-CO,Me

MBS-CO,Me is a hydrogelator based on monobenzylidene sorbitol (MBS), that forms hydrogels at

a gelator concentration of 0.75% wt/vol and above. As discussed in Chapter 2, it has properties
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quite distinct from DBS-CONHNH,, with greater mechanical strength, but reduced thermal
stability and instability with respect to aqueous media. When tested for release of NPX, release

was rapid, and primarily driven by gel erosion on addition of buffer.

Although this is not a useful property for slow, controlled, long term release, there are modes of
delivery where rapid release of a drug from the gel would be desirable, including dermal and nasal
delivery. Nasal delivery is of particular interest for delivery of drugs for Parkinson’s. By
administering the drug to the nasal cavity, not only can rapid systematic delivery be achieved via
the nasal epithelia, but delivery directly to the brain can occur along the olfactory and/or
trigeminal nerve, bypassing the blood brain barrier completely.?®® One key issue for consideration
with nasal delivery is the need to keep contact between the delivery vehicle and the nasal
epithelium, to maximise uptake of the drug. It is here that hydrogels have potential to improve
nasal delivery systems — the presence of the gel may help maintain this contact longer, as well as

enhancing the intimacy of contact with nasal mucosa.

It was therefore considered that MBS-CO.Me, with its rapid breakdown, and the resulting fast
release of incorporated drugs, might have some potential for this application. Incorporation and

release of L-DOPA from MBS-CO;Me hydrogels was therefore investigated.

MBS-CO;Me hydrogels containing L-DOPA were prepared by weighing a known mass of gelator
into a vial, along with L-DOPA in a molar ratio of 0.5:1 drug: gelator. Water (1 ml) was added, and
this was sonicated for 5 minutes to aid dispersion of the solid. The resulting suspension was
heated until all the solid was dissolved, and the resulting solution allowed to cool. On cooling,

transparent gels were formed.

The thermal stability of the gels was then investigated, with the concentration of MBS-CO,Me at
0.9% wt/vol. The stability of the hydrogels was monitored by the tube inversion method, and the
Teervalues determined (Table 24). The presence of the L-DOPA additive made very little difference
to the Tge value, which indicates that the presence of the drug does not significantly disturb the
self-assembled gel, and may suggest that interactions between the drug and the gel network are

limited in this case.

Table 24. Tyes values for MBS-CO,Me hydrogels with and without L-DOPA.

MBS-CO;Me / wt/% L-DOPA Equivalents Tee / °C
0.90 - 57
0.90 0.5 56
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Attempts were then made to quantify the release of L-DOPA from the MBS-CO;Me hydrogels.
MBS-CO;Me gels containing L-DOPA were prepared in the manner described above, and 6 ml of
buffer placed on top. The vials were then placed in a 37 °C incubator. The release of L-DOPA was
then monitored by taking aliquots (2 ml) of the buffer at regular timepoints, and the
concentration of L-DOPA determined by UV-vis absorbance at 288 nm. The aliquots were then
returned to the sample. Control hydrogel samples, which did not contain any L-DOPA, were also

prepared and treated in the same manner.

As demonstrated in Chapter 2, MBS-CO,Me hydrogels break down rapidly on the addition of
buffer, leading to burst release of incorporated drug. With NPX, the drug and the gelator have
maximum absorbances at wavelengths that differ enough for release of the drug to be quantified.
However, L-DOPA has a maximum absorbance at 288 nm — as does MBS-CO;Me. It was found that
both with and without L-DOPA, a significant signal was observed at ca. 290 nm, indicating release.
Indeed, there was very little difference in absorption between the control gels, containing only
MBS-CO:Me, and the gels containing L-DOPA, and the overlap can be seen clearly (Figure 147).
There was also significant variation in absorption for different control gels, adding to the difficulty
in correcting for the overlap. This overlap gives significant problems with quantifying the release

of L-DOPA.
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Figure 147. UV-vis spectra for release from MBS-CO,Me hydrogels, both with and without L-DOPA.

This problem is increased by the rapid breakdown of the MBS-CO,Me hydrogels, a result of the
relatively high water solubility of this gelator. This leads to more gelator being present in solution,
further increasing the corresponding UV-vis signal. Indeed, within two hours of the supernatant

being added, there is very little remaining gel. This suggests that, despite the issues with precise
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quantification of L-DOPA release, all of the drug will have been released once the gel has broken

down.

Despite the fast release of additives from MBS-CO,Me hydrogels, they are not an especially
suitable vehicle for nasal delivery. Ideally, for this application, rather than a bulk gel, it would be
desirable to have a thin film, that could form on the inside of the nasal cavity. MBS-CO,Me
hydrogels are not especially well suited to this given their relatively high degree of rheological
robustness — this gelator forms hydrogels that are fairly stiff, but have relatively low resistance to
strain (see Chapter 2). It is likely that using this material for nasal delivery would cause discomfort
to a patient. Furthermore, this gel has limited capacity to ‘self-heal’ which makes it poorly suited
for delivery into the nasal cavity followed by thin film formation. It was therefore decided to focus

attention on other possible candidate gels for L-DOPA delivery.

6.3 Development of Glutamine Amide Based Hydrogels

Previously, within our group, Dr Kirsten Hawkins investigated a group of molecules based on
modified amino acids, for both the ability to form hydrogels, and catalysis of prebiotic
reactions.?® Although a number of modified amino acids were synthesised, one in particular,
based on glutamine, showed some promise — this amide-functionalised glutamine derivative was
capable of forming hydrogels, albeit not especially reproducibly. This compound was synthesised
by a straightforward two-step process (Scheme 26). First, dodecylamine (142) and Boc-protected
glutamine (141) were coupled using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
dimethylaminopyridine (DMAP). This was followed by removal of the Boc protecting group with
HCI. The resulting product was converted to the free base using NaOH (1 M).

H,N__O H,N__O

i) EDC, DMAP, DCM, 12 h
H2N\/H\ ii) HCl in dioxane (4 M, 15 eq.)
OH 10

+
H
N
BocHN H,oN \/H\

141 142 143

Scheme 26. Synthesis of glutamine amide.

While glutamine amide (143) was found to be capable of forming hydrogels, this process was
inconsistent, with gels not being formed in every case. However, it was found that further
reaction between the glutamine amide (143) and aromatic aldehydes (e.g. 144) resulted in the

reversible formation of a Schiff base (eg. 145) (Scheme 27). The product acted as a gelator, with
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hydrogels being formed in a highly reproducible way. Two component hydrogels of this nature are

relatively rare.}”” 291
H,N__O

H,N__O
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Scheme 27. Formation of the Schiff base responsible for gelation, from glutamine amide and
4-nitrobenzaldehyde.

This novel hydrogel was investigated further by Hawkins, with the most effective method for
gelation found to be a heat/cool cycle. The gelator had a very low MGC of 0.074% wt/vol (total
loading, including both components) — low enough to be classed as a “supergelator”. Gels were
still formed with even lower equivalents of 4-nitrobenzaldehyde used — as low as 0.7 equivalents.
As the formation of the Schiff base requires 1:1 stoichiometry, this suggests that not all of the two
starting materials need to be converted to the Schiff base for gelation to occur. This was further
backed up by 'H NMR studies of the gel with the components in a 1:1 ratio. These studies

indicated that 0.3 equivalents of aldehyde were mobile in solution.

The Schiff base responsible for gelation is formed in a reversible reaction. As a result, it was
considered plausible that the gel may be capable of self-healing behaviour. Tests were therefore
carried out by Hawkins to determine if the gel behaved in a thixotropic manner. A hydrogel, with
glutamine amide at 0.1% wt/vol, and 1 equivalent of 4-nitrobenzaldehyde, was formed in a
syringe. This was then injected into a vial, and left to stand, without the application of any other
stimuli. After 4-12 hours of standing, the hydrogel was shown to have re-formed, as
demonstrated by the tube inversion test. Re-formation following injection is an attractive
property for hydrogels, with potential applications in drug delivery in particular, as it indicates
that the gel can be injected, and then reform in the desired location.?®? Although in this case the
self-healing was relatively slow, it is worth noting that this was to form a full sample-spanning gel

in a vial — very different to the formation of a thin film on a support.

Following this initial work with 4-nitrobenzaldehyde, an aldehyde screen was carried out, to
determine how general this mechanism for gel formation might be. A number of aldehydes were
screened, all in a 1:1 molar ratio with glutamine amide. These tests showed that for gelation to

occur, the aldehyde was required to contain an aromatic group. The nature of this group was also
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important, with electron-poor substituents typically giving hydrogels, and more electron-donating

substituents not forming gels.

This screen indicated that the combination of glutamine amide and benzaldehyde led to the
formation of a gel. Benzaldehyde, as the simplest aromatic aldehyde, was of particular interest.?>
Notably, benzaldehyde is used both as a flavouring and in some fragrances,?** and is generally
regarded as safe.?® This is in contrast to many other aromatic aldehydes, which are considered to
be more toxic. This made the glutamine amide and benzaldehyde based gelator (144) (Figure 148)

attractive for further investigation.

H,N__O
H
NN N~
o]

144

Figure 148. The Schiff base gelator formed from glutamine amide and benzaldehyde.

6.3.1 Rheology of Glutamine Amide Based Hydrogels

When considering applications for a hydrogel, it is important to understand the material
properties in detail — how a gel behaves in response to an application of force can be particularly
important. These properties influence what applications a hydrogel might be suitable for. The
rheological properties of the glutamine amide and benzaldehyde hydrogels were therefore
investigated in detail as a part of this PhD, as this feature had not previously been studied by
Hawkins. In particular, we were interested in the self-healing characteristics, as these are
particularly relevant in the application of nasal drug delivery where the gel should ideally enter

the nasal cavity in liquid form and then rapidly assemble into a gel.

Firstly, an amplitude sweep was carried out — this allows the LVR of the hydrogel to be
determined, and gives information on the stiffness and resistance to strain of the material.
Hydrogels were prepared with glutamine amide at a concentration of 0.3% wt/vol, and 1
equivalent of benzaldehyde. These were prepared by addition of the gelator to a vial, followed by
a heat/cool cycle. At this point, once the solid had been dissolved by heating, the hot solution was
transferred quickly to a warmed bottomless vial, attached to a petri dish. Without warming the
vial, the hydrogel formed very rapidly once transferred, and the hydrogels formed were not
homogenous. This therefore gave very weak gels that could not be transferred to the rheometer.

With a pre-warmed vial, the rate of cooling was slowed, and the gels therefore formed more
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slowly, giving more homogenous gels. The gel discs could then be transferred to the rheometer
for analysis. The amplitude sweep (Figure 149) was then carried out, with the amplitude varied

from 0.001-100% strain, and frequency kept constant at 1 Hz.
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Figure 149. Amplitude sweep (0.001%-100%) for glutamine amide gels (0.3% wt/vol) formed with
benzaldehyde (1 equivalent). Temperature 25 °C, frequency 1 Hz.

The glutamine amide and benzaldehyde hydrogel has a clear LVR, indicating that at lower strain,
the material is behaving as a viscoelastic material. The LVR extends to around 0.065% strain — at
this point, G’ drops by 5% of its original value. The G’ in the LVR is around 780 Pa, reasonably stiff
for a LMWG — although this is at a relatively low strain. The crossover point, where G’=G" is at just

under 8% - indicating a reasonable resistance to strain.

As well as the amplitude sweep, a frequency sweep was also carried out (Figure 150). Frequency
was varied from 0.1-100 Hz, with strain kept constant at 0.00787%. For a viscoelastic material
such as a gel, G’ should remain independent of frequency. This was indeed the case, with G’
remaining constant to around 5 Hz. At very high frequencies, where gel dynamics are being
studied over very short timescales, there is an increase in G’ and G”, indicative of hardening and

breakage being induced, under these extreme conditions.'’* 2%
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Figure 150. Frequency sweep (0.1 Hz-100 Hz) for glutamine amide (0.35 wt/vol) hydrogels with
benzaldehyde (1 equivalent). Temperature 25 °C, amplitude 0.0078%.

A key consideration was whether the self-healing properties, observed visually for a macroscopic
sample of the 4-nitrobenzaldehyde based gel by Hawkins were maintained in the benzaldehyde
based system. This was initially tested using the same visual method as previously. A hydrogel of
glutamine amide (0.35% wt/vol) with benzaldehyde (1 equivalent) was prepared. This followed
the same method as previously until the heat-cool cycle. At this point, while the solution was hot,
it was drawn up into a syringe. On cooling, the hydrogel was formed within the syringe barrel.
Following gel formation, the gel was injected into a vial — at this point, the gel was broken down
(Figure 151). The vial was then left to stand overnight, and gelation then tested by the tube

inversion test.

Figure 151. Left: Glutamine amide and benzaldehyde hydrogel (0.5 ml, 0.35% wt/vol, 1 equivalent
benzaldehyde) formed in a syringe. Centre: The solution immediately after injection of the
hydrogel into a vial. Right: The reformed hydrogel, following standing overnight.

Pleasingly, as for the 4-nitrobenzaldehyde based system, the glutamine amide and benzaldehyde
hydrogels did reform after standing — with no further application of external stimuli. This is
promising — as previously discussed, injectable hydrogels are attractive for pharmaceutical

applications.
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Self-healing of this nature would be of particular interest for nasal delivery. If the gel applied to
the nasal cavity (with the gel breaking down in the process) can rapidly reform into a thin film,

this offers potential for maintaining contact between the drug delivery vehicle (in this case the
hydrogel) and the nasal cavity. This in turn allows more time for any incorporated drug to be

delivered through the nasal epithelium.

The self-healing properties of the hydrogel were therefore investigated further. Particularly
important are the kinetics of the process — to be useful for the desired application, the gel must
reform relatively rapidly. The reformation process was therefore monitored by parallel plate
rheology. Samples for rheology were prepared as previously, with glutamine amide at a

concentration of 0.35% wt/vol, with one equivalent of benzaldehyde.

Once the gel had been transferred to the rheometer, a shear strain of 0.0126% was applied — this
strain is within the LVR of the hydrogel, and therefore will not break it down. For the first 200
seconds, the frequency was maintained at 2 Hz. The frequency was then increased to 100 Hz for
30 seconds, resulting in the gel being broken down. The frequency was then returned to 2 Hz, and
the recovery of the hydrogel monitored over time (Figure 152). In a nasal delivery device, it is
likely that a mixture of both shear strain and frequency would contribute to the breakdown of the
gel. This frequency method was therefore chosen, as it helped reduce artifacts in the data
produced, and both the viscosity and G’/G”” were measured. This allowed the kinetics of gel

reformation to be studied.
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Figure 152. Shear viscosity of glutamine amide hydrogels (0.35% wt/vol, 1 equivalent
benzaldehyde) with changing frequency. Blue: frequency is 2 Hz. Red: frequency is 100 Hz.
Temperature 25 °C, shear strain 0.012%.
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As expected, on the increase in frequency, the hydrogel broke down immediately — indicated by
the significant reduction in viscosity. Pleasingly, once the frequency was returned to 2 Hz, the
hydrogel quickly recovered to close to the original viscosity — within around 10 seconds. This
indicated that although the larger bulk sample took longer to fully recover, under rheometry
conditions designed to mimic those of nasal delivery, the majority of the recovery occurs rapidly.
This was also observed in the G’/G”” measurements for the hydrogel (Figure 153). This shows the
rapid recovery of the gel, within around 15 seconds, to close to the original G’ value following the
application of increased frequency. This is positive for the potential application of nasal drug
delivery — as the material should be capable of forming the desired thin film inside the nasal cavity

upon application by a spraying device or similar.
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Figure 153. G' and G" for the reformation of glutamine amide hydrogels (0.35% wt/vol, 1
equivalent benzaldehyde). The gap at 200-230 s is the time at which the frequency was increased.
Temperature 25 °C, shear strain 0.012%.

6.4 Glutamine Amide Hydrogels with L-DOPA

Following confirmation that glutamine amide and benzaldehyde hydrogels undergo self-healing
after the application of a force, the inclusion of L-DOPA as an additive was tested. Hydrogels with
glutamine amide (0.35% wt/vol) and benzaldehyde (1 equivalent) were tested, with varying
equivalents of L-DOPA. The hydrogels were formed as previously, with the components added to
a vial, before addition of water, and dissolution of the solids by heating. On cooling, gelation was

tested by the tube inversion test (Table 25).
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Table 25. Gelation testing for glutamine amide hydrogels (0.35% wt/vol, 1 equivalent
benzaldehyde) with L-DOPA. Equivalents are molar equivalents. G=Gel, P=Precipitate.

L-DOPA / equivalents Gel
0.25 G
0.5 G
0.75 G

1 G
2 G
3 G
4 G
4.5 G, P
5 G, P
10 G, P

Gels were still formed in the presence of L-DOPA. At up to 4 equivalents of L-DOPA, all of the solid
was still dissolved. At loadings above this, not all of the solid was dissolved, so although hydrogels
were still formed with up to 10 equivalents of L-DOPA, these gels also contained clumps of
undissolved L-DOPA. This meant the samples were not homogenous. Such gels may, nonetheless
be useful for practical drug delivery, but for the ease of characterisation and the purposes of this

study, we elected to focus on gels in which all of the L-DOPA was fully dissolved.

6.4.1 Rheology for Glutamine Amide Hydrogels with L-DOPA

The effect of the addition of L-DOPA on the rheological properties was then investigated. Initially,
an amplitude sweep was carried out, to confirm that a hydrogel was still being formed, and
determine the LVR of the material. Glutamine amide hydrogels were prepared for rheology as
previously, with glutamine amide at a concentration of 0.35% wt/vol, and 1 equivalent of each of
benzaldehyde and L-DOPA. The amplitude sweep (Figure 154) was carried out with amplitude
0.001-100%, and a constant frequency of 1 Hz.
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Figure 154. Amplitude sweep for glutamine amide and benzaldehyde hydrogels (0.35% wt/vol, 1
equivalent benzaldehyde) with L-DOPA (1 equivalent). Temperature 25 °C, frequency 1 Hz.

With addition of L-DOPA, the hydrogels still had a clear LVR. Although the G’, and therefore
stiffness of the gel, was significantly reduced in comparison to the hydrogels without L-DOPA, to
around 100 Pa. However, for the desired application of nasal drug delivery this is not too
problematic, as a softer material would be preferable as it will be more suited to thin film

formation.

The key characteristic which needed to be maintained for this application is the self-healing
properties of the hydrogels. This was therefore tested for the glutamine amide hydrogels with
one equivalent of L-DOPA, using the same method as described in section 6.3.1, with frequency
first at 2 Hz, then increased to 100 Hz to break down the hydrogel, then returned to 2 Hz, at which

point the recovery of the hydrogel was monitored (Figure 155).
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Figure 155. Shear viscosity of glutamine amide and benzaldehyde hydrogels (0.35% wt/vol, 1
equivalent benzaldehyde) with L-DOPA (1 equivalent). Blue: frequency is 2 Hz. Red: Frequency is
100 Hz. Temperature 25 °C, shear strain 0.012%.

As with glutamine amide hydrogels without L-DOPA, once the frequency returned to 2 Hz, the gel

recovered quickly, within around 10 seconds. Once again, this was also observed in the G’/G”

values (Figure 156). This confirms that, on incorporation of L-DOPA into the hydrogel, the self-

healing properties are maintained, and so this material still has potential for nasal drug delivery.
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Figure 156. The G' and G" for the reformation of glutamine amide hydrogels with L-DOPA
(0.35% wt/vol, 1 equivalent benzaldehyde, 1 equivalent L-DOPA). The gap at 200-230 s is when the
frequency was increased. Temperature 25 °C, shear strain 0.012%.
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6.4.2 Imaging of Glutamine Amide Hydrogels with L-DOPA

To further investigate any impact of adding L-DOPA to the glutamine amide hydrogels, TEM and
SEM imaging was carried out. As discussed in previous chapters, these techniques do have
limitations associated with sample drying, but are nonetheless useful for comparing chemically
related samples that have been prepared for imaging in the same way. Samples were prepared
with a glutamine amide concentration of 0.35% wt/vol, and one equivalent of benzaldehyde, with

the loading of L-DOPA being varied (Figure 157).
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Figure 157. TEM (left) and SEM (right) images for glutamine amide hydrogels with L-DOPA. a)
benzaldehyde:L-DOPA 1:1 (b) benzaldehyde:L-DOPA 1:4 (c) benzaldehyde:L-DOPA 1:10. All scale
bars 5 um.

The images indicate that increasing the loading of L-DOPA has little impact on the nanostructured
network of the hydrogel, with nanofibres clearly visible at all loadings. However, the TEM images
for the samples at higher L-DOPA loadings do indicate that some aggregates have formed — most
likely these are a result of L-DOPA that has not completely dissolved within the gel. In terms of
drug delivery, in this work we generally ensured that all of the L-DOPA was soluble wherever

possible for the studies, however, it is possible that for clinical application the presence of some
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solid L-DOPA may not be problematic, and may actually enhance the total amount of L-DOPA that

can be delivered using these gels, enhancing therapeutic performance.

6.4.3 NMR Studies for Glutamine Amide Hydrogels with L-DOPA

Given that the reaction for the formation of the Schiff base is reversible, it was important to
determine how much benzaldehyde was ‘free’ at any point. Although benzaldehyde is generally
regarded as safe, especially at low concentrations, there is some evidence of nasal irritation being
caused on inhalation of benzaldehyde. While it is worth noting that this was observed under
relatively extreme conditions, with volatilised benzaldehyde, at a concentration of 500 ppm,

inhaled for multiple six hour periods,*’

it is clearly still important to understand the nature of a
system that may be used for drug delivery. The proportion would be determined by *H NMR, as

discussed in Section 6.1.1.%%

Hydrogels were therefore prepared of glutamine amide (0.35% wt/vol) and benzaldehyde (1
equivalent), in the same manner as for the samples with L-DOPA. Once the hydrogels had formed
within the NMR tube, they were analysed by *H NMR, and the amount of ‘free’ benzaldehyde

could be quantified.

It was determined that around 35% of the benzaldehyde added was not bound within the gel
network. This equates to 0.4 mmol of benzaldehyde, or 0.04% wt/vol. This is considerably lower
than the concentration of benzaldehyde used in other applications such as perfumes.
Additionally, it has been shown that these hydrogels can be formed successfully with only 0.7
equivalents of benzaldehyde. In this case, a greater proportion of the benzaldehyde would be
bound within the gel network, further minimising any impact. We come back to this point at the

end of the Chapter.

When considering a hydrogel for drug delivery, as noted previously, it is important to understand
the level of interaction between the drug and the gel network — this can have an impact on the

rate at which the drug is released.

Glutamine amide hydrogels (0.35% wt/vol), with benzaldehyde (1 equivalent) and L-DOPA (1
equivalent) were prepared in D0, with a DMSO internal standard. The standard method was
followed to the point of the heat/cool cycle. At this point, once the solid was dissolved, the hot
solution was transferred to a warm NMR tube. On cooling, a gel was formed within the NMR tube.

The amount of unincorporated benzaldehyde was also calculated.
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On analysis of the hydrogel by *H NMR, it was found that 92% of the L-DOPA was mobile within
the hydrogel, rather than precipitated or bound to the gel fibres in a ‘solid-like’ form. This
indicates there is little interaction between L-DOPA and the gel network in this case. This is likely
to lead to rapid release of the drug — there are no interactions to slow the diffusion of the L-DOPA
out of the gel network. For some applications, requiring slow, controlled release, this would be a
disadvantage. However, for nasal delivery, rapid diffusion out of the gel is desirable once the gel
has been applied, as residence times in the nose might be expected to be on the timescale of
minutes (not hours). The amount of benzaldehyde that was unbound was also slightly reduced, to

around 30%.

6.5 Release of L-DOPA from Glutamine Amide Hydrogels

Following the characterisation of the properties of the glutamine amide hydrogels, both with and
without L-DOPA, the ability of the gel to release L-DOPA, both in vitro and in vivo, was

investigated. Studies were also carried out to assess the cytotoxicity of the hydrogels.

6.5.1 In vitro Release

Initially, the release of L-DOPA in vitro was quantified. These studies were carried out by Dr Ana
Campo-Rodrigo using the method for L-DOPA release previously developed by me. Glutamine
amide hydrogels were prepared as previously, in sample vials, with a total volume of 1 ml, and a
depth of around 0.5 cm. These were then exposed to pH 7 buffer solution (6 ml). Control
samples, containing no L-DOPA, were also prepared and monitored. At each timepoint, aliquots
(2 ml) were removed from the supernatant, and the concentration of L-DOPA determined by

UV-vis spectroscopy (Figure 158). The aliquots were then returned to the sample.
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Figure 158. Release of L-DOPA (0.8 mM) from glutamine amide hydrogels (1 ml, 0.35% wt/vol)
with benzaldehyde (1 equivalent), into pH 7 buffer (6 ml).
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Release of L-DOPA from these bulk hydrogels was rapid, with the majority occurring within the
first 2 hours. This is consistent with evidence from the *H NMR studies that indicated that the
majority of the L-DOPA is free to move within the “liquid-like” part of the gel, and hence can
rapidly diffuse out. Release of L-DOPA plateaued at around 60% of the total incorporated,
although with replacement of the supernatant, greater release may have been achieved.
However, for rapid nasal delivery, 60% release of the drug is sufficient. We also note that in this
study, the release is from a bulk gel, somewhat different to the thin films expected on nasal
delivery, that would be expected to have even faster drug release kinetics with the bulk of the gel

being much closer in physical terms to the nasal epithelium.

6.5.2 In vitro Cytotoxicity Studies

As this system was being developed with nasal delivery in mind, the hydrogels, both with and
without L-DOPA, were then tested for cytotoxicity. These studies were carried out by Dr Julie T.

Wang at King’s College London.

To determine the cytotoxicity of the hydrogels, they were exposed to nasal epithelial cells in vitro.
A glutamine amide hydrogel without L-DOPA, at a gelator loading of 0.35% wt/vol, and a second
gel containing L-DOPA (4.8 mM) were prepared. Human nasal septum tumour RPMI 2650 cells
were incubated with culture medium, that contained gels at concentrations of up to 10%, for both
24 and 48 hours. Additionally, cells were monitored with a mixture of ungelled glutamine amide

(1780 uM) and L-DOPA (480 uM), as well as L-DOPA solution (480 uM) in water.

For both the gel alone, and the gels containing L-DOPA, some concentration-dependent
cytotoxicity was observed (Figure 159). This was not the case for L-DOPA solution only, with cell
viability only decreasing at the highest concentrations. This indicates that toxicity can be mainly
attributed to the gel. It is possible this is a result of the gelator disassembling in the cell culture
medium —the gelator is formed in a reversible process. The glutamine amide component can then

act as an amphiphile, disrupting the cells.
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Figure 159. Cytotoxicity of the glutamine amide hydrogel alone, and with L-DOPA, in human nasal
septum tumour RPMI 2650 cells. Cells were incubated with culture media, containing up to 10%
gel alone, gel with L-DOPA, or L-DOPA solution for 24 and 48 h.

The results for glutamine amide in solution were therefore compared with two other surfactant
amphiphiles (Figure 160), Tween® 80, a widely used surfactant considered safe,?*® and
cetyltrimethylammonium bromide (CTAB), used commonly as a surface coating agent, but highly

toxic.2*®
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Figure 160. Viability of cells with varying concentrations of the glutamine amide hydrogel,
Tween® 80 and CTAB for 24 and 48 h.

This comparison indicated that, at low concentrations, around 200 uM, the glutamine amide has
comparable toxicity to Tween® 80. Cell viability in the presence of glutamine amide does decrease
significantly at increased concentrations, but is not comparable to CTAB until concentrations of
almost 1000 uM. In the case of CTAB, severe toxicity is apparent at even very low concentrations

—this is not the case for glutamine amide.

This therefore indicates that the hydrogel has reasonable biocompatibility, particularly at low

concentrations. It should also be noted that, in the application of nasal delivery, the gel will not be
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immersed in solution such as cell media. There should be less disassembly of the gel, and
therefore there is likely to be less glutamine amide in solution. This should further improve the

biocompatibility.

6.5.3 In vivo Release and Biodistribution Studies

There has been increasing interest in drug delivery via the nasal route.3 This route offers the
opportunity for rapid systematic uptake, by absorption into the bloodstream through the nasal
epithelia.3®* However, the key attraction is to achieve uptake into the brain, via the olfactory or
trigeminal nerves.?®? This is considered especially important for neurological diseases such as

Parkinson’s or Alzheimer’s, in which delivery to the brain is vital.3® Active agents that have been

304 305 306 307

investigated for delivery in this way include insulin,*®* morphine,*® rivastigmine,>® and leptin.

Often polymers are used as mucoadhesive agents, to increase the residence time of the drug

308 including polymer hydrogels.?® The use of a gel can also help to prevent

within the nasal cavity,
mucosal clearance of the drug — this is a significant barrier in delivery of drugs to the brain.3!° To
determine if this system had potential for use in intranasal drug delivery, in vivo studies were
carried out, to determine the uptake and biodistribution of L-DOPA following application of the

hydrogel. These studies were carried out by Dr Julie T. Wang at King’s College London.

To allow the distribution of L-DOPA to be followed, radiolabelled [3H] L-DOPA was used. This was
administered intranasally to anaesthetised naive Balb/c mice, either in the hydrogel formulation,
or in solution for comparison (L-DOPA 0.95 mg/kg, 1.5 uCi per mouse). At set timepoints (10
minutes, 20 minutes, 1 hour), blood samples were taken, followed by terminal anaesthesia and
transcardiac perfusion. The brain tissue, other major organs, and the nasal cavity were then
removed. The amount of L-DOPA in each organ, at each timepoint, was calculated by liquid
scintillation counting. Of particular interest were the brain, nasal cavity, blood and liver (Figure

161).
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Figure 161. Uptake of [°H] L-DOPA from hydrogel or solution in (a) the brain, (b) the nasal cavity,
(c) the blood and (d) the liver, at 10 minutes, 20 minutes and 1 hour after administration. Results
are %ID per tissue, with data expressed as the mean + SD. Statistical significance is compared
between each timepoint. *p<0.05, **0.01<p<0.05, ***p<0.01 (one-way ANOVA).

Delivery of L-DOPA via the hydrogel gave more L-DOPA both within the nasal cavity, and in the
brain, when compared to L-DOPA in solution. This was particularly significant for the nasal cavity,
with 27.55+3.73% of L-DOPA in the nasal cavity ten minutes after delivery in the hydrogel,
compared to 14.60+3.17% when delivered in solution. This translates to a greater proportion of
L-DOPA in the brain after ten minutes for hydrogel delivery, 0.49+0.32%, than for injection in
solution, at 0.16+0.08%. This does suggest that the presence of the gel helps to keep the L-DOPA
in the nasal cavity, hence giving more time for effective uptake of the drug. The level of L-DOPA in
the blood after ten minutes was also much higher for the hydrogel delivery — this further supports
that, with greater time in the nasal cavity, there is greater opportunity for effective uptake of
L-DOPA. Although the dose per mouse is a relatively low 0.95 mg kg, another study, with L-DOPA
administered nasally to rats, found that a dose of 0.35 mg kg was actually sufficient to show an
improvement in motor symptoms — although this study did not quantify the amount of L-DOPA in
the brain.3!! This suggests that the dose used here could be effective in relieving symptoms in a
disease model. It is also important to note that there is scope to increase the loading of L-DOPA in

the hydrogel, giving an increased therapeutic dose.
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Although nasal delivery can, to an extent, bypass the liver and gastrointestinal (Gl) tract, and
therefore avoid first pass metabolism, this route cannot be avoided completely. Some of the
administered drug may be swallowed, or otherwise transported to the Gl tract.3!? From here,
there will be transport to, and accumulation in, the liver. Interestingly, in these studies, there was
a noticeable decrease in L-DOPA in the liver when the hydrogel application was used. It is possible
that, when L-DOPA was administered in solution, it is more likely to enter the Gl tract, and then
the liver. This is in agreement with there being less L-DOPA in the nasal cavity when the solution is
delivered —the hydrogel helps to keep the L-DOPA within the nasal cavity, which both increases

delivery to the brain and blood, and reduces loss to the Gl tract by swallowing or other routes.

The delivery of L-DOPA in an intranasal gel formulation was also compared to intravenous
injection of L-DOPA — this method of delivery is sometimes required for late stage PD patients.
Pleasingly, nasal delivery of the gel formulation again showed higher levels of L-DOPA both within

the brain, and in the blood, while uptake in the liver was reduced (Figure 162).
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Figure 162. Distribution of L-DOPA in selected organs, following delivery by either intranasal
hydrogel formulation, intranasal solution, or intravenous solution. Results are %ID per tissue, with
data expressed as the mean + SD. Statistical significance is compared between each timepoint.
*p<0.05, **0.01<p<0.05, ***p<0.01 (one-way ANOVA).

As well as investigating the distribution of L-DOPA in different organs, the distribution in the brain
was also studied more closely, following intranasal administration of the hydrogel formulation.
Currently, the exact route of delivery from the nose to the brain is not fully understood. However,
there are a number of possible pathways, and it is generally believed that which of these is taken
depends on the nature of the drug and the delivery system. The inside of the nasal cavity has a

relatively high level of blood flow, and this can result in the drug being absorbed into systematic
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circulation. While this does not result in direct delivery to the brain, first pass metabolism by the

liver is avoided.33

Of greater interest are routes that allow for bypassing the blood brain barrier. There are thought
to be two key routes for this. The first is via the olfactory nerves — these are the nerves that
connect the olfactory region of the nasal cavity to the brain.?®® The olfactory bulb is the only part

t,1* and the route

of the central nervous system (CNS) that is in contact with the environmen
taken by active agents along this route has been followed by monitoring the progress of a
fluorescent dye along the nerves.3!® The second route is via the trigeminal nerves. These are
present in the respiratory region of the nasal cavity. As with the olfactory nerves, the progress of
active agents along the trigeminal nerves has been monitored by use of a dye.3'® Transport via the
nerves is believed to be both perineuronal and intraneuronal.3!” Perineuronal transport occurs in
the perineural spaces. Nerves have bundles of axons, which originate from the brainstem or spinal
cord. There are multiple types of axon bundles — some more closely associated with cells, and
others more closely associated with the CNS. The space that is sometimes present between these
two types of axon is the perineural space.?®® It is through these spaces that drug transport can
occur.3®® Intraneuronal transport occurs within the axons themselves, along microtubules within
the axon.3?° This system exists as axons cannot produce proteins, and therefore rely on this

transport around the structure.’*

The area of the brain to which the drug will be delivered depends on which of these nerves are
followed — the olfactory nerves lead to areas including the hypothalamus and the amygdala, while
the trigeminal nerves enter the brain in the rostral and caudal regions. Therefore, we aimed to
gain a greater understanding of what areas of the brain the L-DOPA would be delivered to. Levels
of radioactivity were determined in different segments of the brain — the olfactory bulbs (OB), the
cerebrum (CB), the trigeminal nerves (TN), the brain stem (BS), the cerebellum (CE) and the spinal

cord (SC) (Figure 163).
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Figure 163. Distribution of [PH] L-DOPA in the brain, 10 minutes from intranasal delivery of the
hydrogel formulation. (a) View of a mouse brain, with different sections indicated. (b) [H] L-DOPA
uptake in different brain sections.

Following liquid scintillation analysis, the highest level of 3[H] L-DOPA was observed in the
trigeminal nerves, with more than a third of the detected radioactivity. L-DOPA was, however,
distributed across the entire brain. These results indicated that there is good delivery of L-DOPA
to the brain upon intranasal application of the hydrogel formulation, with good distribution of

L-DOPA throughout the brain achieved.

6.6 Conclusions

This chapter aimed to develop a delivery system with the potential to give improved delivery of

L-DOPA, either via a slow release formulation, or by exploiting an alternative route of delivery.

Initially, the sorbitol derivatives DBS-CONHNH; and MBS-CO,Me were tested, and although both
were capable of encapsulating L-DOPA, neither gave a release profile that was suitable for the
applications in mind. Both gave rapid drug release, meaning slow, controlled release of L-DOPA
was not likely to be achieved. Despite rapid release being useful for some modes of delivery,
these two hydrogels do not have the required material properties for such applications. Future
work may focus on the incorporation of large amounts of solid L-DOPA, that would not be

dissolved. The extra step of dissolution before the drug can be taken up may give slower release.

An alternative gel system, recently developed with the research group by Dr Kirsten Hawkins, was
therefore investigated for drug encapsulation and release. This system, based on a modified
amino acid and benzaldehyde, showed promising material properties, particularly the ability to
self-heal following breakdown of the gel network. This ability is believed to be due to the

reversible nature of the gelator formation.
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Testing of the material properties indicated that this hydrogel could have potential for nasal
delivery, with the gel being broken down on administration, and reforming within the nasal cavity.
This allows for bypassing of the blood brain barrier, as well as first pass metabolism — these are

key factors in the low bioavailability of L-DOPA in the brain.

Following this, in vitro release studies showed the gel rapidly release L-DOPA on addition of buffer
—this is desirable for nasal delivery. This was followed by toxicity studies, which indicated the
hydrogel system had toxicity comparable to surfactants that are considered safe, at appropriate

concentrations.

Preliminary in vivo studies were carried out, to assess the distribution of L-DOPA following
intranasal application. These indicated that delivery of L-DOPA in the hydrogel formulation did
increase the amount of L-DOPA in the brain, compared to delivery intranasally in solution, and
intravenous injection. Additionally, the gel formulation gave increased L-DOPA in the blood, and
reduced levels in the liver. The results for the liver in particular indicate that this form of nasal

delivery does indeed help to avoid first pass metabolism.

In addition to the distribution of L-DOPA in multiple organs, particular attention was given to the
distribution of L-DOPA within the brain. These studies indicated that there was good distribution
of L-DOPA throughout the whole brain, with the highest levels observed in the trigeminal nerves,

which may suggest an uptake mechanism dominated by the trigeminal nerve pathway.

Overall, this system shows some potential for nasal delivery of L-DOPA, with improved delivery to
the brain and blood observed. The ability of the hydrogel to reform within the nasal cavity
following application allows for longer contact time, and therefore more time for L-DOPA to be
transported to the brain, or absorbed into the bloodstream. This is very clearly observed in the in
vivo studies. Combined with other work that indicates nasal delivery of L-DOPA to be a promising

route,3?? these initial studies are very promising.

Further work would focus on optimisation of the system, to allow use with a nasal spray device.
Some minor changes to the gelation system may also be tested, to minimise the amount of free
benzaldehyde — for example, using only 0.7 equivalents in the formation of the hydrogel to
minimise the presence of any excess aldehyde in the drug delivery formulation. Further preclinical
trials would also be carried out, with a disease model, to determine the efficacy of the delivery
system in treating the symptoms of PD as well as the ability of the system to deliver L-DOPA to
the brain. It would also be worthwhile to investigate a formulation with a higher loading of

L-DOPA (which would be in a powder form within the gel). This could allow for more L-DOPA to be
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delivered, further increasing the concentration within the brain. An increased loading might also
give increased application for slow release, as the requirement for solubilisation would provide
some increased control over release rate. In this case, interactions with DBS-CONHNH; might also

influence the release.

Given the promising nature of these results, it would be interesting to investigate other drugs
used for the treatment of neurodegenerative disorders, such as rivastigmine for the treatment of
Alzheimer’s disease. Many of these therapies present similar challenges to the use of L-DOPA for

Parkinson’s disease.
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7. Conclusions and Future Work

This project aimed to explore the modification of hydrogels, from the design of the gelator, to the
components in the final material, to tune the properties with specific applications in mind.

Applications for drug delivery were of particular interest over the course of the project.

In Chapter 2, a novel MBS derivative, MBS-CO,Me, was synthesised, and investigated as a
hydrogelator. This was capable of forming hydrogels. While these had good mechanical strength,
they did not have good chemical stability, breaking down rapidly in the presence of any
supernatant. This led to the very rapid release of any drug additive. While this can be useful for
selected applications, other qualities of the gel, such as the very limited self-healing properties,

mean that use in these areas would still be limited.

This relatively rigid and stiff hydrogel was therefore combined with the known gelator
DBS-CONHNH;, capable of interactions with additives, and crucially, which is stable in the
presence of supernatant across a wide range of pH values. It was hoped that this combination
would lead to a hybrid hydrogel, combining the most desirable properties of the two individual

gelators.

On combining the two gelators, a novel hybrid hydrogel was formed. This could be formed even
with both gelators below their individual MGCs. NMR studies indicated that the assembly of the
two gelators was sequential as a result of their different thermal properties. The tuneability of the
material was then investigated by varying the proportions of the two gelators making up the gel.
When more of the stiffer MBS-CO,Me was included, the hybrid gel was stiffer. When more of the
more thermally-stable DBS-CONHNH; was included, the Tg was higher. This tuning of
macroscopic properties could be achieved even with the total concentration of gelator remained

constant.

Following investigations into the tuning of the material, the ability of the
MBS-CO,Me/DBS-CONHNH; hybrid hydrogel to encapsulate APIs was investigated. Initially,
naproxen was incorporated within the hydrogel, and release at different pH values investigated.
In agreement with previous results obtained for hydrogels with DBS-CONHNH,, lower release of
naproxen was observed at the acidic pH, with higher release at neutral pH. This is desirable for
oral release, with release minimised in acidic environments such as the stomach, and maximised
in the intestine. Release of atorvastatin was also tested. In this case, release continued over the
course of several days, although the relatively low solubility of atorvastatin was an important

factor in this slow release.
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Further work in this area would focus on the impact of changing the material properties on the
release of active additives. This would include tuning the material for specific applications — with
other drugs also investigated for encapsulation. The hydrogels would also be tested for other

biomedical applications, such as tissue engineering or wound healing.

In Chapter 3, three-component beads, made up of the two LMWGs, DBS-CONHNH; and
DBS-CO;H, and the polymer gelator calcium alginate, were investigated as vehicles for statin
release. In these multicomponent gels, the alginate provides a robust network which allows the
shaping into beads on exposure to calcium ions. The two LMWGs provided responsiveness, with
sensitivity to pH in particular. These could also be combined to give DBS-CONHNH,/alginate

beads, DBS-CO,H/alginate beads, and alginate beads, along with the three-component beads.

Following the formation of the beads, they were loaded with rosuvastatin. Release of this drug
molecule from beads of varying compositions was investigated. It was found that both the
composition of the beads and pH of the receiving solution were important in determining the rate
of release. This is a result of both interactions between the gel network and the drug additive, and
the solubility of the drug in the receiving solution. These preliminary studies showed that the

hybrid gel beads have potential for controlling the delivery of drugs.

Further work in this area will focus on fabricating nanosized beads, based on work previously
carried out within the group. These will have greater potential applications, as they can be

injected, and may therefore be highly useful for biomedical applications.

In Chapter 4, the synthesis of MBS and DBS derivatives was investigated. Following the synthesis
of MBS-CO,Me, other MBS derivatives were synthesised. The same general method was used,
with the aldehyde being varied. While in some cases the MBS derivative could not be formed and

isolated, in a number of cases the desired MBS derivative could be obtained.

These were then tested for gelation ability, with one, MBS-SMe, being able to form hydrogels.
This formed very weak hydrogels, with characterisation indicating that a mix of gel nanofibres and
microcrystals were present. Other successfully synthesised MBS derivatives were not capable of
forming gels in any of the solvents tested. This was in agreement with work published by

Amabilino and co-workers soon after the completion of our own work.?*?

The synthesis of non-symmetric DBS derivatives was also investigated — aiming to combine the
properties of different DBS-based gelators. While there was some evidence that these could be
synthesised, low yields and poor solubility made purification highly challenging, and none were

successfully isolated. Control of the selectivity of the reactions was also very difficult. Use of DBS
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derivatives in industry would require these to have a reliable synthesis, along with relatively
simple purification. The difficulty of forming these systems led us to question some of the
non-symmetric DBS derivatives that are reported with little comment or characterisation in the

patent literature.

In Chapter 5, the impact of chirality on the properties and applications of DBS-CONHNH; was
investigated. Initially the two enantiomers of DBS-CONHNH,; were investigated separately,
showing identical gelation behaviour and properties, with the exception of the CD spectra being
equal and opposite. Mixtures of the two enantiomers were then investigated, and while hydrogels
were still formed, these were considerably weaker than those formed by the individual
enantiomers. This suggested the interactions between the two enantiomers were disruptive.
Chirality on the nanoscale was also lost with only a small proportion of the second enantiomer

present, further indicating disruptive interactions.

The two gels were also investigated following the encapsulation of two enantiomers of NPX. Both
gelators could form hydrogels in the presence of either enantiomer of NPX. Some small impacts
on the rheological and thermal properties of the gels were observed on addition of the
enantiomers which suggested that those gelator: drug materials having a diastereomeric
relationship had somewhat different properties. However, when release of each enantiomer of
NPX from each of the gels was observed, no significant difference in overall drug release was

observed, suggesting that the differences did not directly impact on drug delivery.

Cell studies were also carried out, with these indicating that changing the gelator enantiomer did
not impact cell viability or proliferation. However, during these tests, a difference in the reduction
of Alamar Blue, used for cell quantification, was observed. Alamar Blue itself is not chiral, and it
was therefore reasoned that some interaction between the hydrogel and a chiral component of

the cell culture media was impacting the reduction of Alamar Blue.

Future work in this area would focus on investigating whether the two enantiomers have any
impact on the differentiation of stem cells, following indication that changing the enantiomer
does not significantly impact cell proliferation. Further investigations would also be carried out to
determine what component of cell culture media caused the change in interaction with Alamar
Blue — a greater understanding of the interactions between the gel nanofibres and chiral additives
might also inform future applications of this class of gelator in different areas where chirality plays

an important role, such as catalysis.

223



In Chapter 6, hydrogels were investigated as release vehicles for L-DOPA, used in treatment of
Parkinson’s disease. Initially, the hydrogels DBS-CONHNH; and MBS-CO,Me were investigated,
and although both were able to encapsulate and release L-DOPA, neither had properties suitable

for the desired mode of delivery, by nasal application.

A previously reported hydrogel, based on glutamine amide, was therefore investigated for this
application. Rheological studies confirmed that this hydrogel had self-healing properties, both
with and without L-DOPA incorporated. This would mean that the hydrogel could potentially
reform within the nasal cavity following administration, improving the delivery of L-DOPA to the

brain by enhancing residence times in the nose.

As part of a collaboration with Professor Khuloud Al Jamal, in vivo studies investigating the ability
of this hydrogel to delivery L-DOPA to the brain were carried out. These studies indicated that the
use of the hydrogel formulation did improve uptake of L-DOPA into the brain, in comparison to an
intranasal solution or intravenous administration, as well as achieving good distribution of L-DOPA
throughout the brain. This indicates that this method of delivery could be useful for improved

delivery of L-DOPA to the brain.

Future work in this area would focus on optimising the glutamine amide based hydrogels for
delivery of L-DOPA. In particular this would involve use of the gels in a disease model, to
determine if intranasal delivery using this gel formulation could reduce Parkinson’s symptoms.
Some further optimisation of the gel system could also be carried out, perhaps reducing the
amount of aldehyde used in forming the gel (to try and further lower any toxicity of the delivery
gel), or increasing the drug loading (and therefore the potential dose to the brain). Additionally,
other drugs for the treatment of neurological diseases could be incorporated within the

hydrogels, and delivery to the brain investigated.
8. Experimental

8.1 General Experimental Methods

All compounds required for synthesis and analysis were purchased from standard chemical
suppliers and used without further purification. *H and *C NMR were recorded on a Jeol 400
spectrometer (*H 400 MHz, 13C 100 MHz), with the exception of the variable temperature NMR, or
if stated otherwise, were recorded on a Bruker 500 (*H 500 MHz). Coupling constants (J) are
recorded in Hz. Mass spectrometry was performed by the University of York Mass Spectrometry

Service. IR were recorded on a ThermoNicolet Avatar 370 FT-IR spectrometer. Melting points
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were recorded using a Stuart SMP3 apparatus. All rheological measurements were carried out
using a Malvern Instruments Kinexus Pro+ rheometer, at 25 °C unless otherwise stated. Tge values
were recorded using a high precision thermoregulated oil bath. Circular dichroism (CD)
measurements were carried out using a Jasco J810 CD Spectrophotometer. UV-vis absorbance
was measured on a Shimadzu UV-2401 PC spectrophotometer. TEM images were taken on a FEl
Technai 12 G2. SEM images were taken on either a JEOL JSM-7600f field emission SEM, or a JEOL
JSM-6490LV. [a]p values recorded on a Bellingham and Stanley Single Wavelength Polarimeter

ADP450.

8.2 Synthetic Procedures

8.2.1 Synthesis of DBS-CO;Me

15

p-Sorbitol (5.1 g, 27.0 mmol) was added to a three-necked round bottomed flask fitted with Dean-
Stark apparatus. Methanol (30 ml) and cyclohexane (50 ml) were added and the mixture was
stirred, under N, at 50°C for 20 minutes. 4-methylcarboxybenzaldehyde (7.1 g, 43.0 mmol) and
p-TsOH (1.00 g, 5.59 mmol) were dissolved in methanol (20 ml) and stirred for 20 minutes at room
temperature. This solution was then added dropwise to the p-sorbitol suspension. This was then
heated to 70°C. After 1 hour, further methanol (15 ml) and cyclohexane (35 ml) were added. The
mixture was heated for a further hour, until most of the solvent was removed. The resulting white
paste was filtered and left to air dry overnight. The powder was washed with boiling DCM (3x50
ml) and boiling water (3x50 ml). The powder was then dried under high vacuum to a constant
mass. Yield: 4.26 g (8.98 mmol, 43%); M.p: 226-229 °C; *H NMR (500 MHz, DMSO-ds): & 8.00-7.97
(m, 4H, Ha), 7.63-7.59 (m, 4H, Hs), 5.76 (s, 2H, H7) 4.91 (d, J=5.9 Hz, 1H, Hua), 4.46 (dd, app. t, J=5.7,
5.7 Hz, 1H, His), 4.26-4.18 (m, 3H, Hs, He), 4.01-4.00 (app. d, J=1.6 Hz, 1H, H1o), 3.90 (dd, J= 9.3,

1.6 Hz, H11), 3.86 (s, 6H, H1), 3.79 (dddd, J=9.3, 5.9, 5.7, 2.3 Hz, 1H, H1,), 3.62 (ddd, J/=11.6, 5.6,

2.3 Hz, 1H, Hi3), 3.47 (ddd, ap. quin., J=11.6, 5.7, 5.7 Hz, 1H, H13); **C NMR (125 MHz, DMSO-ds),
166.00 (C,), 165.98, (C,), 143.32 (Cs), 143.06 (C¢), 129.77 (Cs), 129.72 (Cs), 129.02 (Cs), 128.93 (Ca),
126.49 (Cs), 98.53 (C;), 98.45 (C;), 77.59 (C11), 70.17 (Cyo), 69.31 (Cs), 68.52 (Cq), 67.59 (C12), 62.55
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(C13), 52.19 (C4); [a]p® (deg cm® gt dm™) 46.3 + 0.2 (c=1, DMSO); ESI-MS (m/z) calc. for [M+Nal,
Ca4H27010Na*, 497.1424; found 497.1412 (100% [M+Na]*); vmax (cm™) (solid): 3245w, 2955w,
2865w, 1723s, 1614w, 1578w, 1435w, 1414w, 1398m, 1368w, 1341w, 1376s, 1219w, 1198w,
1166w, 1093s, 1065m, 1050m, 1018s, 981m, 963m, 906w, 882w, 855m, 835m, 815w, 763m, 750s,
708m, 656w, 603w, 588m, 551m, 525w.

8.2.2 Synthesis of DBS-CONHNH;

\NH21

DBS-CO;Me (1.10 g, 2.32 mmol) was dissolved in THF (50 ml). Hydrazine monohydrate (6 ml,
123.7 mmol) was added, and the mixture heated to reflux. The reaction was monitored by TLC.
The white paste obtained was washed with water (6 x 50 ml). The resulting white paste was dried
first under high vacuum, and then to a constant mass in a vacuum oven. Yield: 1.00 g (2.11 mmol,
91%). M.p: 292-294 °C, 'H NMR (400 MHz, DMSO-de): 6 9.8 (s, 2H, H,) 7.84-7.81 (m, 4H, Hs), 7.54-
7.49 (m, 4H, Hg), 5.71 (s, 2H, Hs), 4.93 (d, J=6 Hz, 1H, His), 4.52 (br. s, 4H, H1), 4.45 (m, 1H, Hyg),
4.20-4.18 (m, 3H, Ho, H1o), 3.98 (br. s, 1H, H11), 3.88-3.86 (m, 1H, H12), 3.80-3.75 (m, 1H, Hi3), 3.63-
3.59 (m, 1H, H1a4), 3.47-3.42 (m ,1H, H1a); *C NMR (100 MHz, DMSO-dg): 165.63 (C3), 141.28 (Ca),
133.56 (Cy), 126.71 (Cs), 126.08 (Cs), 98.79 (Cs), 98.72 (Cs), 77.60 (C12), 70.15 (Ci1), 69.35 (Co),
68.50 (C10), 67.69 (Ci3), 62.64 (C1a); [a]D?® (deg cm® gt dm™?) 55.5 + 0.16 (c=1, DMSO); ESI-MS (m/z)
calc for [M+Na]*, C22H26N4OsNa*, 497.1649; found 497.1629 (100% [M+Na]*); Vmax (cm™) (solid):
3290m, 2934w, 2865w, 1655m, 1632m, 1594m, 1568m, 1541m, 1505m, 1448w, 1399m, 1369m,
1338m, 1309m, 1264m, 1221m, 1164m, 1091s, 1039m, 1020m, 1006m, 977m, 950m, 904w,
887w, 847m, 829m, 797w, 753m, 683m, 644m, 619m, 585m, 546m, 522m.
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8.2.3 Synthesis of MBS-CO;Me

p-Sorbitol (15.9 g, 87 mmol) was added to a three-necked round bottomed flask fitted with Dean-
Stark apparatus. Methanol (20 ml) and cyclohexane (40 ml) were added, and the mixture was
stirred, under N, at 50°C for 20 minutes. 4-methylcarboxybenzaldehyde (3.5 g, 21.3 mmol) and
p-TsOH (0.55 g, 2.89 mmol) were dissolved in methanol (20 ml) and stirred for 20 minutes at room
temperature. This solution was then added dropwise to the D-sorbitol mixture. This was then
heated to 70°C. After two to three hours, most of the solvent was removed, giving a white paste.
The paste was washed with methanol, and cold water. The white solid was dissolved in boiling
water, and filtered while hot. The filtrate was left to cool, to give a white solid. If necessary, this
was then washed with further cold water. Yield: 2.11 g (6.4 mmol, 30%), M.p: 198-201 °C; *H NMR
(400 MHz, DMSO-dg): 6 7.98-7.96 (m, 2H, Ha), 7.64-7.62 (m, 2H, Hs), 5.64 (s, 1H, H;), 4.74-4.70 (m,
2H, C-OH), 4.48-4.44 (m, 2H, C-OH), 3.85-3.82 (m, 4H, H1, H10/12), 3.71-3.69 (M, 3H, Hg, Hio/12, H11),
3.60-3.55 (m, 3H, Hg/13), 3.43-3.42 (m, 1H, Hg:3); **C NMR (100 MHz, DMSO-d): 6 166.11 (Cy),
143.53 (Cs), 129.75 (Ca4), 128.94 (Cs), 126.89 (Cs), 99.27 (Cy), 81.09 (Ci0/12), 79.46 (Ci0/12), 69.11
(Cos11), 62.72 (Cs/13), 61.62 (Co/11), 61.01 (Cg/13), 52.27 (C4); [a]p® (deg cm® gt dm™) 16.5+ 0.17
(c=1, DMSO); ESI-MS (m/z) calc. for [M+Na]*, C1sH200sNa* 351.1056; found 351.1049 (100%
[M+Na]*); Vmax (cm™) (solid): 3293s, 2949w, 2877w, 1722s, 1616w, 1402m, 1340w, 1278s, 1218w,
1198w, 1151m, 1091s, 1077m, 1061m, 1031s, 1017s, 977m, 881m, 847m, 835m, 794m, 761s,
712s, 657m, 593m, 507m, 456w.

8.2.4 Synthesis of MBS-Van
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p-Sorbitol (6.8 g, 37.3 mmol) was added to a three necked flask, fitted with a Dean-Stark
apparatus, and suspended in cyclohexane/methanol (80 ml/50 ml). This was stirred, under N,, for
20 minutes at 50 °C. Vanillin (1.8 g, 11.8 mmol) was dissolved in methanol (25 ml) with p-TsOH

(1 g, 5.26 mmol). This solution was then added dropwise to the sorbitol suspension, and the
resulting suspension heated to 70 °C. The reaction was allowed to proceed for 2 hours, after
which time a white solid had been formed. This white solid was washed first with methanol (150
ml), then water (150 ml), to remove excess starting materials. A recrystallisation, using water, was
then carried out. Yield: 1.75 g (5.54 mmol, 47%); M.p: 162.5-164.4 °C; *H NMR (400 MHz, DMSO-
ds): 6 9.01 (s, 1H, H,), 7.05 (d, J=1.5 Hz, 1H, H-), 8.86 (dd, J=1.5 Hz, 8.4, 1H, He), 6.72 (d, J=8.4 Hz,
1H, Hs), 5.41 (s, 1H, Hs), 4.69 (d, J=6.1 Hz, 1H, CHOH), 4.66 (dd, app. t, J=5.3, 5.3 Hz, 1H, CH,0H),
4.41 (dd, app. t, J=6.1, 6.1 Hz, 1H, CH,OH), 4.35 (d, J=8.4 Hz, 1H, CHOH), 3.76-3.74 (m, 4H, H,
H1/14), 3.71-3.64 (m, 2H, H11/13), 3.61-3.48 (m, 4H, H1z/14, H1o/15), 3.41-3.39 (M, 1H, Hio/15) ; *°C NMR
(100 MHz, DMSO-ds) 6 147.07 (C5/Ca), 146.78 (C5/Ca), 130.07 (Cs), 119.38 (Cs), 114.62 (Cs), 110.81
(C7), 100.58 (Cs), 80.96 (C12/C14), 79.46 (C12/Ci4), 69.12 (C11/C13), 62.75 (C10/C1s), 61.58 (C11/Ci3),
60.97 (C10/Cs), 55.70 (C1); [a]D?® (deg cm3 gt dm™) 7.5 + 0.3 (c=1, DMSO); ESI-MS (m/z) calc. for
[M+Na]*, C14H200sNa* 339.1059; found 339.1051 (100% [M+Na]*); Vmax (cm™) (solid): 3252m,
2930w, 1605w, 1516m, 1458w, 1430m, 1390w, 1335m, 1269m, 1212m, 1165m, 1145m, 1093s,
1055m, 1044m, 1014s, 959w, 943m, 888m, 861m, 845m, 822m, 803m, 769m, 672m, 625m, 582m,
565m, 487m, 464m.

8.2.5 Synthesis of MBS-Cin

p-Sorbitol (7.6 g, 41.7 mmol) added to a three-necked flask, fitted with Dean-Stark apparatus, and
suspended in cyclohexane/methanol (90 ml/50 ml). This was stirred under N, at 50 °C for 20
minutes. Cinnamaldehyde (1.57 ml, 12.5 mmol) was dissolved in methanol with p-TsOH (1 g, 5.26
mmol). This was added dropwise to the sorbitol suspension, and the resulting suspension heated
to 70 °C. The reaction was allowed to proceed for 1.5 hours, at which point a mix of white and
purple solids had been formed. This solid was washed with methanol (150 ml) and water (150 ml),

to yield a white solid. Yield: 1.17 g (3.94 mmol, 32%); 130.8-131.9 °C; 'H NMR (400 MHz, DMSO-
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de): 6 7.48-7.46 (m, 2H, H4, Hs), 7.37-7.33 (m, 2H, Hy, Ha), 7.30-7.26 (m, 1H, Hs), 6.72 (d, J=16 Hz,
1H, H;), 6.22 (dd, J=16 Hz, 4.6 Hz, 1H, Hs), 5.17 (d, J= 4.6 Hz, 1H, Hs), 4.96 (d, J=6.1 Hz, 1H, CHOH),
4.66 (dd, app. t, J=5.7, 5.7 Hz, 1H, CH,0H), 4.43 (dd, app. t, J=5.3, 5.3 Hz, 1H, CH,0H), 4.37 (d,
J=7.6Hz, 1H, CHOH), 3.71-3.64 (m, 3H, Hi1, Hi2/14, H13), 3.59-3.48 (m, 4H, H1o/15, H12/14), 3.43-3.37
(m, 1H, Hio/15); *C NMR (100 MHz, DMSO-de): 6 135.73 (Cs), 132.49 (C;), 128.71 (Cy, C4), 128.18
(Cs), 126.60 (Cy, Cs), 126.30 (Cs), 99.76 (Cs), 80.48 (C12/14), 78.91 (C12/14), 69.14 (C11/13), 62.62
(C10/15), 61.48 (C11/13), 60.88 (Cio/15); [a]D? (deg cm? gt dm™) 7.2 + 0.5 (c=1, DMSO); ESI-MS (m/z)
calc. for [M+Na]*, C1sH200¢Na* 319.1158; found 319.1152 (100% [M+Na]*); Vmax (cm?) (solid):
3291m, 2863w, 1449w, 1395m, 1312m, 1168m, 1124w, 1098m, 1061m, 1004s, 983 m, 967s,
887m, 828m, 797w, 747m, 691m, 596m, 537m, 500m.

8.2.6 Synthesis of MBS-SMe

p-Sorbitol (9.37 g, 51 mmol) was added to a three necked flask, fitted with Dean-Stark apparatus,
and suspended in a cyclohexane/methanol mix (90/50 ml), and stirred at 50 °C, under N,, for 20
minutes. 4-methylthiobenzaldehyde (2.7 ml, 20.3 mmol) was dissolved in methanol (50 ml), with
p-TsOH (1.1 g, 5.78 mmol). This solution was then added dropwise to the sorbitol suspension, and
the resulting suspension heated to 70 °C. This was then heated for 2 hours, with additional
cyclohexane added as necessary. The resulting white paste was washed with methanol (2 x 100
ml) and water (2 x 100 ml). The white solid was then washed with further methanol (400 ml), to
give a white powder. Yield: 3.3 g (20.3 mmol, 52%), M.p. 174.8-179.0 °C; *H NMR (400 MHz,
DMSO-de): 6 7.42-7.40 (m, 2H, Ha, He), 7.25-7.22 (m, 2H, Hs, Hs), 5.51 (s, 1H, Hs), 4.70 (d, J=5.3 Hz,
1H, CHOH), 4.67 (t, J=5.3 Hz, 1H, CH,OH) 4.42 (t, J=5.3 Hz, 2H, CH,OH) 4.39, (d, J=7.6 Hz, 1H,
CHOH), 3.80-3.77 (m, 1H, H11/13), 3.68-3.65 (M, 3H, Hio, H11/13, H12), 3.58-3.52 (m, 3H, Ho/14), 3.41-
3.39 (m, 1H, Hs/14), 2.47 (s, 3H, H1); 3C NMR (100 MHz, DMSO-ds): & 138.55 (C,), 135.52(C5),
127.16 (C4, Cs), 125.31 (C3, Cs), 99.85 (Cs), 80.95 (Ci1/13), 79.41 (C11/13), 69.16 (Cio/12), 62.74 (Co/ra),
61.60 (Ci0/12), 61.01 (Co/14), 14.75 (C1); [a]0® (deg cm® gt dm™) 18.3 + 0.9 (c=1, DMSO); ESI-MS
(m/z) calc. for [M-NH], C14H1506S 315.0903; found 315.0902 (100% [M-H]); Vmax (cm™) (solid):
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3273s, 2945w, 2868w, 1604w, 1502w, 1414m, 1397m, 1304m, 1224m, 1180w, 1149m, 1134w,
1089s, 1057s, 1020s, 1004s, 972m, 883m, 827m, 802m, 661m, 642m, 594m, 557m, 510m, 464w.

8.2.7 Synthesis of MBS-Fur

Water (2.29 ml) and H,SO4 (conc., 0.21 ml) were added to a flask, which was then purged with N,.
Sorbitol (7.1 g, 39.0 mmol) was dissolved in the minimum amount of water, and added slowly to
the water in the flask. Furfural (2.7 ml, 32.6 mmol) was then added slowly, and the reaction
stirred for 19 hours. 2-propanol was added, and the solvent removed in vacuo to give a dark
brown solid. This was washed first with water, followed by acetone, to leave a mix of brown and
black solid. Yield: 41.8 mg (0.16 mmol, 0.5%); 134.4-135.9 °C; *H NMR (400 MHz, DMSO-ds): 6 7.63
(dd, app. t, J=1.3 Hz, 1H, Hi), 6.45-6.43 (m, 2H, H,, H3), 5.62 (s, 1H, Hs), 4.725 (d, J=5.5 Hz, 1H, OH),
4.68 (dd, J=5.7, 5.7, Hz, 1H, OH). 4.44-4.41 (m, 2H, OH), 3.80-3.77 (m, 1H, H;), 3.68-3.65 (m, 3H,
Hs, Hs, Hio), 3.56 (m, 4H, Hg, H11); *C NMR (100 MHz, DMSO-de): § 151.57 (Ca), 143.00 (C1), 110.75
(C2/C3), 108.19 (C,/C3), 95.23 (Cs), 81.39 (Cy), 79.76 (Cs/Cs/Ca0), 69.61 (Cs/Cq/Ci0), 63.05 (Cs/C11),
62.06 (Cs/Cs/Ci0), 61.34 (Ce/C11); ESI-MS (m/z) calc for [M+Na]*, C11H160,Na*, 283.0788; found
283.0779 (100% [M+Na]*); Vmax (cm™) (solid): 3264m, 2943w, 2884w, 1424m, 1361w, 1333w,
1294w, 1266w, 1216m, 1158m, 1149m, 1104s, 1067s, 1030s, 1008s, 973m, 956m, 935m, 885m,
874m, 815w, 800w, 786m, 761m, 743m, 682m, 646m, 597m, 542w, 498s, 458w.

8.2.8 Synthesis of MBS-CONHNH;

MBS-COMe (0.7 g, 2.13 mmol) was suspended in THF (50 ml), and N2H4.H>0 (3 ml, 61.8 mmol).

The suspension was heated to reflux, and the reaction allowed to proceed overnight. On cooling,
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a white solid was obtained- this was isolated by filtration and washed with methanol (50 ml).
Yield: 0.125 g (0.383 mmol, 18%); M.p: 184.9-187.8 °C; *H NMR (400 MHz, DMSO-ds): 6 9.79 (s,
1H, Hy), 7.82-7.80 (m, 2H, Hs, H¢), 7.56-7.54 (m, 2H, H7, Hg), 5.59 (s, 1H, H1o), 4.73 (dd, J=8, 8 Hz,
1H, CH,0H), 4.50 (br. s, 2H, H,), 4.46-4.42 (m, 2H, OH), 3.83-3.80 (m, 1H, H13/H1s), 3.67-3.65 (m,
3H, Hiz, Hi3/H1s, H14), 3.58-3.55 (m, 3H, H11/H1e) 3.44-3.41 (m, 1H, H11/H16) ; 3C NMR (100 MHz,
DMSO-ds): 6 165.74 (Cs), 141.40 (C4), 133.48 (Cs), 126.72 (Cs, Cs), 126.47 (C7, Cs), 99.51 (C10), 80.98
(C13/C1s), 79.35 (C13/C1s), 69.06 (C12/C1a), 62.74 (C11/C1s), 61.57 (C12/C1a), 61.03 (C11/Cae); []D?
(deg cm® g?dm™) 13.0 + 0.6 (c=1, DMSO); ESI-MS (m/z) calc for [M+Na]*, C14H20N,07Na*,
351.1169; found 351.1158 (100% [M+Na]*); vmax (cm™) (solid): 3559w, 3260m, 2961w, 1621s,
1569m, 1548m, 1505w, 1398m, 1340m, 1264m, 1215m, 1126w, 1153w, 1126m, 1093s, 1084s,
1063s, 1034s, 1003s, 982s, 959m, 903w, 843s, 767m, 699m, 659s, 565m, 496m, 456m.

8.2.9 Synthesis of MBS-CO;H

MBS-CO;Me (248 mg, 0.755 mmol) was suspended in methanol, and an excess of NaOH (1 M,

30 ml) added. The was heated to reflux, and left overnight. On cooling, a colourless solution was
present. The solvent was removed in vacuo to leave a colourless oil. This was redissolved in water,
and acidified with NaHSO,. The solvent was then removed again, and the resulting white solid was
washed with a small amount of cold water. This left a white solid. Yield: 103.34 mg (0.329 mmol,
44%); M.p: 181.8-183.2 °C; *H NMR (400 MHz, DMSO-de): § 7.94-7.92 (m, 2H, Hs, He), 7.61-7.59
(m, 2H, Hs, Ha), 5.62 (s, 1H, Hs), 4.75-4.72 (m, 2H, OH), 4.49-4.46 (m, 2H OH), 3.85-3.82 (m, 1H,
Hi1/His), 3.72-3.67 (m, 3H, Hio, H11/H13, H12), 3.62-3.53 (m, 3H, Ho/H14), 3.43-3.40 (m, 1H, Ho/H14);
13C NMR (100 MHz, DMSO-ds): 6 167.66 (C1), 143.58 (C), 131.37 (C,), 129.53 (Cs, C4), 127.18 (Cs,
Ce), 99.04 (Cs), 81.58 (C11/C13), 79.95 (C11/C13), 69.54 (C10/C12), 63.19 (Co/Cia), 62.13 (C10/C12), 61.46
(Co/Cua); [a]0?® (deg cm® gt dm™) 12.5 + 0.6 (c=1, DMSO); ESI-MS (m/z) calc for [M+Na]*,
C14H130sNa*, 337.0894; found 337.0895 (100% [M+Na]*); vmax (cm™) (solid): 3321m, 2946w, 1694s,
1616w, 1580w, 1515w, 1401m, 1343m, 1317m, 1301m, 1218m, 1139m, 1094s, 1077s, 1015s,
938m, 893m, 869m, 839m, 826m, 761s, 704m, 655m, 586m, 512m, 480m.
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8.2.10 Synthesis of DBS-CO,H/CO2Me

O

~o

OH

4-methylcarboxybenzaldehyde (0.107 g, 0.65 mmol) was dissolved in methanol (30 ml).
MBS-CO;H (0.199 g, 0.61 mmol) was suspended in water, and added to the solution. Further
methanol (20 ml) was added, and the mixture cooled to 0 °C. HCI (conc., 1 ml) was added slowly.
The reaction was allowed to warm slowly to room temperature. The reaction was monitored by
TLC, and when no reaction occurred at room temperature, the reaction was heated to reflux.
After 3 hours, TLC indicated that a reaction had occurred. The reaction was cooled, and a white
precipitate formed, which was isolated by filtration. This was a mix of products, and could not be

purified further.

8.2.11 Synthesis of DBS-CO.Me/SMe

O

o

MBS-CO;Me (0.1 g, 0.305 mmol) was added to a three-necked flask and suspended in
cyclohexane/methanol (20/5 ml). The suspension was stirred, at 50 °C, under Ny, under Dean-
Stark conditions for 20 minutes. 4-methylthiobenzaldehyde (0.05 ml, 0.376 mmol) was dissolved
in methanol (25 ml) along with p-TsOH (0.1 g). This solution was then added dropwise to the
MBS-CO;Me suspension, and the temperature of the reaction increased to 70 °C. The reaction left
to proceed for 1.5 hours, with more cyclohexane added as needed. After this time, a green oil had
been formed. This was removed by filtration, and the solid washed sequentially with methanol,

hot water, DCM and ethyl acetate. This left a white solid that could not be further purified.
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8.2.12 Synthesis of L-DBS-CO;Me

OH
15

L-sorbitol (1.49 g, 2.69 mmol) was added to a three-necked flask, fitted with Dean-Stark
equipment. Cyclohexane (30 ml) and methanol (20 ml) were added, and the suspension stirred, at
50 °C and under N, for 20 minutes. 4-methylcarboxybenzaldehyde (0.90 g, 5.48 mmol) was
dissolved in methanol (20 ml) along with p-TsOH (0.8 g, 4.21 mmol), and this solution added
dropwise to the L-sorbitol suspension. The temperature was then increased to 70 °C. The reaction
was allowed to continue for two hours, with additional cyclohexane added as required. The
resulting white powder was removed by filtration, then washed with cold methanol (150 ml). The
white solid was then washed with hot water (3x50 ml) followed by hot DCM (3x50 ml). The white
powder was then dried under a high vacuum. Yield: 725 mg (1.528 mmol, 57%); M.p: 186.6-

87.9 °C; 'H NMR (400 MHz, DMSO-ds): & 8.00-7.97 (m, 4H, Ha), 7.63-7.58 (m, 4H, Hs), 5.76 (s, 2H,
H-), 4.93 (d, J=8 Hz, 1H, H1a), 4.47 (dd, app. t, J=6, 6 Hz, 1H, His), 4.26-4.17 (m, 3H, Hg, He), 4.01
(ap. s, 1H, Hio), 3.91-3.88 (m, 1H, H11), 3.85 (s, 6H, H1), 3.81-3.75 (m, 1H, H12), 3.64-3.59 (m, 1H,
His), 3.49-3.43 (m, 1H, Hi3); *C NMR (100 MHz, DMSO-ds), 166.00 (C;), 165.98, (C,), 143.32 (Ce),
143.06 (Ce), 129.77 (Cs), 129.72 (C3), 129.02 (C4), 128.93 (C4), 126.49 (Cs), 98.53 (C;), 98.45 (Cy),
77.59 (C11), 70.17 (Ci0), 69.31 (Cs), 68.52 (Cs), 67.59 (Ci2), 62.55 (Ci3), 52.19 (C1); [a]p? (deg cm® g
dm?)-31.8 £ 0.16 (c=1, DMSO); ESI-MS (m/z) calc. for [M+Na]*, C24H27010Na*, 497.1424; found
497.1431 (100% [M+Nal*); Vmax (cm™?) (solid): 3246w, 2955w, 1723s, 1615w, 1579w, 1435w,
1414w, 1399m, 1368w, 1342w, 1277s, 1220w, 1193w, 1167w, 1090s, 1065m, 1051m, 1018s,
982m, 964m, 906w, 883w, 856m, 836m, 816w, 764m, 750s, 708s, 657m, 603w, 588m, 551m,
525w.
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8.2.13 Synthesis of L-DBS-CONHNH;

“NH,

L-DBS-CONHNH; (498 mg, 1.05 mmol) was suspended in THF (50 ml), and N;H3.H>0 (5 ml,

103 mmol) added slowly. This was heated to reflux and left overnight. On cooling, a white
precipitate was formed. This was removed by filtration, and washed with water (3x50 ml). The
resulting white paste was dried first under high vacuum, then to a constant mass in a vacuum
oven. Yield: 449.5 mg (0.947 mmol, 90%); 294.9-296.6 °C; 'H NMR (400 MHz, DMSO-ds): & 9.81 (s,
2H, H,) 7.84-7.81 (m, 4H, Hs), 7.54-7.49 (m, 4H, He), 5.71 (s, 2H, Hs), 4.93 (d, J=6, 1H, H1s), 4.50-
4.46 (M, 5H, Hy, Hig), 4.24-4.15 (m, 3H, He, H1o), 3.98 (br. s, 1H, H11), 3.88-3.86 (m, 1H, H12), 3.80-
3.74 (m, 1H, H13), 3.63-3.58 (m, 1H, H1a), 3.48-3.45 (m ,1H, H14); 3C NMR (100 MHz, DMSO-ds):
165.71 (C3), 141.33 (C4), 141.06 (Cs) 133.58 (C7), 133.50 (Cy), 126.84 (Cs), 126.76 (Cs), 126.15 (Cs),
126.13 (Ce) 98.83 (Cs), 98.76 (Cs), 77.62 (C12), 70.18 (C11), 69.39 (Co), 68.53 (C1o), 67.72 (Ci3), 62.66
(C14); [a]D% (deg cm® gt dm™?) -55.5 + 0.4 (c=1, DMSO); ESI-MS (m/z) calc for [M+Nal*,
C22H26N4OgNa*, 497.1649; found 497.1643 (100% [M+Na]*); Vmax (cm™) (solid): 3290m, 1631m,
1594m, 1568m, 1541m, 1506w, 1399m, 1369w, 1338m, 1164w, 1091s, 1039m, 1006m, 977m,
904w, 847m, 829m, 753w, 683m, 644m, 622m, 545m.

8.2.14 Synthesis of L-Boc glutamine dodecylamine

9
H,N__O
8

6 7
H11 23

Boc-GIn-OH (491 mg, 1.99 mmol) was dissolved in DCM, and stirred for 5 minutes at 0 °C.
Following this, DMAP (243 mg, 1.99 mmol), EDC (654 mg, 3.41 mmol) and dodecylamine (380 mg,
2.05 mmol) were added, and the solution stirred at room temperature overnight. The reaction

mixture was then washed with HCI (2 M, 20 ml), water, NaOH (1 M, 20 ml) and brine (20 ml).
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solvent was then removed from the organic layer in vacuo to give a white solid. Yield: 709 mg
(1.71 mmol, 86%); M.p: 101.3-103.6 °C; *H NMR (400 MHz, DMSO-ds): 6 7.73 (t, J=5.5 Hz, 1H, H11),
7.27 (br. s, 1H, Hi), 6.81-6.76 (m, 2H, Hg), 3.84-3.78 (m, 1H, Hs), 3.06-2.98 (m, 2H, H1,), 2.09-2.03
(m, 2H, H7), 1.81-1.74 (m, 1H, He), 1.70-1.62 (m, 1H, He), 1.37 (br. s, 9H, H1), 1.23 (br. s, 20H,
Hi3-H22), 0.85 (t, J=6 Hz, 3H, Ha3); 3C NMR (100 MHz, DMSO-ds): 173.81 (C10), 171.62 (Cs), 155.25
(Cs), 77.97 (Cs), 54.21 (Cs), 38.42 (C7), 31.63 (Cg), 31.36 (C12), 29.13 (C1), 29.08 (C13-C21), 28.84
(C13-Ca1), 28.79 (C13-Ca1), 28.19 (C13-Ca1), 27.89 (C13-Ca1), 26.32 (Ce), 22.16 (C22), 13.99 (C23); [a]D?®
(deg cm® gt dm™) 2.47 + 0.12 (c=1, chloroform); ESI-MS (m/z) calc for [M+Na]*, C22HasN3OsNa*,
436.3146; found 436.3142 (100% [M+Na]*); Vmax (cm™?) (solid): 3381w, 3322w, 3201w, 3077w,
2921m, 2852m, 1689m, 1651s, 1548m, 15165, 1454m, 1415w, 1392m, 1364m, 1319w, 1273m,
1245m, 1168s, 1090w, 1061m, 1027m, 999w, 863w, 785m, 720m, 637m, 594m, 553m.

8.2.15 Synthesis of L-glutamine dodecylamine

H,oN (0]
5
3 48
H 10 12 14 16 18 20

HoN™ 2
1 9 11 13 15 17 19
)

To deprotect, L-Boc glutamine dodecylamine (mass, moles) was added to a HCl in dioxane (4 M,

6 ml), and this stirred for 2 hours. The solvent was then removed in vacuo to give a white solid.
The solid is then redissolved in NaOH (1 M, 50 ml) to deprotonate, and extracted with DCM. The
solvent was then removed in vacuo to give a white solid. Yield: 372.6 mg (1.19 mmol, 59%);
103.4-104.6 °C; *H NMR (400 MHz, DMSO-de): 6 7.79 (t, J=5.5 Hz, 1H, Hg) 7.25 (br. s, 1H, He), 6.70
(br.'s, 1H, He), 3.07-3.00 (m, 2H, Ha, Hs), 2.10-2.05 (m, 2H, Ha4), 1.78-1.69 (m, 1H, Hs), 1.57-1.48 (m,
1H, Hs), 1.41-1.34 (m, 2H, H1o), 1.23 (s, 18H, H11-H1s), 0.85 (t, J=6.7 Hz, 3H, Ha0); 3C NMR (100 MHz,
DMSO-de): 174.78 (Cs), 174.31 (Cy), 54.47 (Cs), 38.29 (Ca), 31.76 (C,), 31.34 (Cs), 31.18 (C10-C1o),
29.21 (C10-C1g), 29.11 (C10-C1o), 28.81 (C10-Ci9), 28.77 (C10-C19), 26.43 (C10-C1g), 22.14 (Cx), 14.00
(C19); [a]D?® (deg cm® gt dm™?) 1059 + 17 (c=1, DMSO); ESI-MS (m/z) calc for [M+H]*, C17H36N30,,
314.2802; found 314.2799 (40% [M+H]), (m/z) calc for [M+Na]*, C17H3sN30,Na*, 336.2621; found
336.2621 (100% [M+Na]*); Vmax (cm™) (solid): 3401m, 3358w, 3317m, 3192m, 2956w, 2918s,
2851m, 1702w, 1642s, 1518m, 1471m, 1422m, 1344w, 1267w, 1237w, 1189w, 1152w, 1103w,
876w, 823w, 748m, 719m, 666m, 618m, 593m, 494w, 467w.
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8.3 Standard Procedures for Preparing Hydrogels in Sample Vials

Generally, hydrogels were prepared the day before testing, to ensure that gelation was complete.

8.3.1 DBS-CONHNH; Hydrogels

A known mass of DBS-CONHNH, was added to a 7 ml sample vial, and H,O (1 ml) added. This was
then sonicated for 15 minutes, to give a suspension. The solid was then dissolved by heating with
a heat gun, with dissolution being observed visually. The solution was cooled on the bench
overnight,and a translucent gel was formed. The same method was used for both

D-DBS-CONHNH; and L-DBS-CONHNH,.

For DBS-CONHNH; hydrogels with additives, a known mass of the additive ((R)-naproxen,
(5)-naproxen or L-DOPA), was added as a solid along with the gelator. The same procedure as for
without additives was then followed. For (R)-(-)-2-phenylbutyric acid or (S)-(+)-2-phenylbutyric
acid, a stock solution of known concentration was prepared, and this added to the gelator in place

of water. The standard procedure for dissolution and cooling was then followed.

8.3.2 MBS-CO;Me Hydrogels

A known mass of MBS-CO,Me was added to a 7 ml sample vial, and H,O (1 ml) added. This was
then sonicated for 5 minutes, to give a suspension. The solid was then dissolved by heating with a
heat gun, with dissolution observed visually. The solution was cooled on the bench overnight, and

a transparent gel was formed.

For MBS-CO;Me hydrogels with additives, a known mass of the additive (naproxen or L-DOPA),
was added as a solid along with the gelator. The same procedure as for without additives was

then followed.

8.3.3 DBS-CONHNH; and MBS-CO;Me Hybrid Hydrogels

Known masses of both DBS-CONHNH; and MBS-CO;Me were added to a 7 ml sample vial, and H,O
(1 ml) added. This was then sonicated for 10 minutes to give a suspension. The solids were then
dissolved by heating with a heat gun, with dissolution observed visually. The solution was cooled

on the bench overnight, and a translucent gel was formed.

For DBS-CONHNH; and MBS-CO;Me hybrid hydrogels with additives, a known mass of the additive
(naproxen or atorvastatin), was added as a solid along with the gelator. The same procedure as

for without additives was then followed.
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8.3.4 p-DBS-CONHNH; and L.-DBS-CONHNH: Hydrogels

Known masses of both b-DBS-CONHNH; and L-DBS-CONHNH; were added to a 7 ml sample vial,
and H,0 (1 ml) added. This was sonicated for 15 minutes to give a suspension. The solids were
dissolved by heating with a heat gun, with dissolution observed visually. The solution was cooled

overnight on the bench, and a translucent gel was formed.

8.3.5 MBS-SMe Hydrogels

A known mass of MBS-SMe was added to a 7 ml sample vial, and H,0 (1 ml) added. The
suspension was heated with a heat gun until the solvent was beginning to boil. This was cooled on

the bench overnight and white gel was formed.

8.3.6 Glutamine Amide Hydrogels

A known mass of L-glutamine dodecylamine was added to a 7 ml sample vial, along with
benzaldehyde (1 equivalent), and H,O (1 ml) added. The solid was dissolved by heating with a
heat gun, with dissolution observed visually. The solution was cooled on the bench, and a white

gel was formed.

For glutamine amide hydrogels with L-DOPA, a known mass of the L-DOPA was added as a solid

along with the gelator. The same procedure as for without additives was then followed.

8.4 Procedure for Determination of Tg Values

To determine Tge values, hydrogels were first prepared as described in section 8.3, with the only
difference being that the volume of water used was reduced to 0.5 ml. Once the gels had been
formed, they were placed into a thermoregulated oil bath, and the temperature increased at a
rate of 1 °C min’™. The vials were removed every minute, gelation tested by the tube inversion

test, and the vial replaced. This was continued until a gel-sol transition occurred.

8.5 Procedures for Rheology

For the preparation of samples for rheology, specially prepared vials, with the bottom removed,
were used. These vials can be attached to a flat glass surface, using sealant, and the gel formed
within this vial. The vial can then be removed, leaving a gel disc that can be transferred to the

rheometer.
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To prepare samples for rheology, hydrogels (all 1 ml) were prepared as described in section 8.3,
with the following differences. In each case, following the heating of the suspension, the resulting
solution was transferred to a warmed bottomless vial (described above). Once transferred, these

were cooled overnight on the bench, and gels formed within the bottomless vial.

All rheology was carried out at 25 °C. For each amplitude sweep, frequency was kept constant at
1 Hz, and for each frequency sweep, shear strain was kept constant at a value determined by the
amplitude sweep for that hydrogel. All rheology experiments were carried out in triplicate, with

results presented as the mean of the values obtained. Error bars indicate standard error.

8.6 Procedures for Preparing Hydrogel Samples for NMR

To prepare samples for NMR studies, hydrogels (0.7 ml) both with and without additives, were
prepared as described in section 8.3, with the following differences. In place of H,0, D,O was
added as the solvent. At the same stage a DMSO internal standard (2 ul) was also added. This was
then sonicated, for the appropriate time for each type of hydrogel. Once the suspension had been
heated, this was quickly transferred to a warmed NMR tube while still hot. This was then cooled

overnight on the bench, resulting in the formation of a hydrogel within the NMR tube.

8.7 Variable Temperature NMR Experiments

DBS-CONHNH; and MBS-CO;Me hybrid hydrogels were prepared as described in section8.3.3.

Starting at 40 °C, spectra were recorded at intervals of 5 °C, up to 90 °C.

8.8 Procedures for Preparing Gels for CD

To prepare samples for circular dichroism, hydrogels (all 0.5 ml) were prepared as described in
section 8.3, with the following differences. In each case, following the heating of the suspension,
the resulting solution was transferred to a warmed quartz cuvette (pathlength=1 mm) while still
hot. Once transferred, these were cooled overnight on the bench, and gels formed within the

cuvette.

8.9 CD Experiments

CD experiments were carried out using the following settings: Data Pitch = 0.5 nm, Scanning Mode
= continuous, Scan Speed = 100 nm min, Response = 1 s, Bandwidth = 2 nm, Accumulation = 5.
Quartz cuvettes (pathlength 1 mm) were used. For variable temperature experiments,

measurements were carried out at 5 °C intervals, from 20-90 °C.
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8.10 UV-vis Drug Release Experiments

For UV-vis experiments, gels were prepared in 7 ml vials as in section 8.3, to a volume of 1 ml.
Each experiment was carried out in duplicate or triplicate, with a control gel with no additive also
monitored. The reported values are the mean and error bars represent standard error. To each
sample, buffer (6 ml) was added. This amount of buffer was used to maximise the volume of
media into which the drug could be released. Although sink conditions were not always achieved,
these quantities provided a balance between limiting the impact of drug solubility on release, and
having the drug present at concentrations suitable for analysis. At regular intervals, a portion of
the buffer (2 ml) was removed from the sample, and the absorbance at Amax measured. This
portion of buffer was then returned to the gel. For all drug release experiments, samples were

maintained in an incubator at 37 °C throughout the experiment.

8.11 HPLC Drug Release Experiments

For the quantification of atorvastatin release from DBS-CONHNH,; and MBS-CO,Me hybrid gels,
HPLC was used. This used a C18 column, dimensions 150 x 4.6 mm. The HPLC method was

developed by Dr Scott Hicks.

Conditions for separation were determined, with each of the two gelators and atorvastatin run,
along with a mixed sample. To prepare the samples, 1 mg of the relevant solid was added to a
sample vial, and methanol (1 ml) added. Any undissolved solid was removed by filtration, before
the samples were run on the column. The solvent system developed for separation of these
components was acetonitrile (45%) and pH 4 buffer (55%) (0.01 M, 1 L, ammonium hydroxide
solution (33%, 0.75 ml), adjust to desired pH using formic acid (98%)). The run time was 30

minutes, oven temperature 30 °C, the flow rate 1 ml min’, and the detection UV at 247 nm.

A calibration curve was prepared. For each point, a known mass of atorvastatin was dissolved in
methanol (1 ml). These samples were run using the previously described method, and the

resulting peak areas plotted to give a calibration curve, shown in Figure 164.
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Figure 164. Calibration curve for the quantification of atorvastatin.

The quantification of release from the hybrid hydrogels (each 1 ml) was carried out in triplicate,
with an additional control sample containing no atorvastatin also monitored. The reported values
are the mean and error bars represent standard error. Initially, pH 7 buffer (6 ml) was added to
each hydrogel. At each time point (every hour for the first eight hours, at 24 hours and at 24 hour
intervals thereafter), a portion (1 ml) of buffer was removed from the sample, and replaced with
fresh buffer (1 ml). The solvent was removed in vacuo, and methanol (1 ml) added to the
remaining solid. The sample was then filtered to remove any undissolved solid, and analysed by
HPLC. The amount of atorvastatin in each sample was then calculated by comparison to the

calibration curve. Samples were maintained in an incubator at 37 °C throughout the experiment.

8.12 TEM Sample Preparation

All TEM imaging was carried out using the following method: A small portion of gel was
transferred, by drop-casting, to a heat-treated copper support. Excess material was removed
using a filter paper, and the samples air-dried for 20 minutes. Sample preparation and imaging
was carried out by Meg Stark or Karen Hodgkinson at the at the Biology Technology Facility,

Department of Biology, University of York.

8.13 SEM Sample Preparation

All SEM images were obtained using the following method: A small portion of gel was transferred
to a copper support, then freeze-dried by plunging into liquid nitrogen. The samples were then
lyophilised for 12 hours, and any excess material removed. The dried sample was then sputter

coated with a thin layer of gold/palladium, to prevent sample charging, and imaging carried out.
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Sample preparation and imaging was carried out by Meg Stark or Karen Hodgkinson at the at the

Biology Technology Facility, Department of Biology, University of York.
8.14 Preparation of Buffers
8.14.1 Tris Buffer

For 100 ml of pH 7.4 buffer, Tris solution (1 ml) and NaCl (0.876 g) were dissolved in deionised

water (99 ml).

8.14.2 HEPES Buffer

For 100 ml of buffer, HEPES prepared solution (1 M) was diluted with deionised water to the

required concentration.

8.14.3 Phosphate Buffered Saline

For 1 L of buffer, one packet of premade PBS powder (Sigma Aldrich) was dissolved in deionised

water (1 L).

8.14.4 pH 7.5 Phosphate Buffer

For 100 ml of buffer (0.1 M), NazHPO4 (1.19 g) and NaH,PO, (0.22 g) were dissolved in 100 ml

deionised water.

8.14.5 pH 7 Phosphate Buffer

For 100 ml of buffer (0.1 M), Na;HPO, (1.55 g) and NaH,PO4 (0.58 g) were dissolved in 100 ml

deionised water.

8.14.6 pH 6.5 Phosphate Citrate Buffer

For 100 ml of buffer (0.1 M), NazHPO, (35.5 ml, 0.2 M) and citric acid (14.5 ml, 0.1 M) were

combined, and the solution diluted with deionised water (50 ml).

8.14.7 pH 5.5 Phosphate Citrate Buffer

For 100 ml buffer (0.1 M), Na;HPO4 (28.4 ml, 0.2 M) and citric acid (21.6 ml, 0.1 M) were

combined, and the solution diluted with deionised water (50 ml).
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8.14.8 Sodium Acetate Buffer

For 100 ml of buffer (0.1 M, pH 4), sodium acetate (0.18 g) and acetic acid (0.46 g) were dissolved

in deionised water (100 ml).

8.14.9 Sodium Citrate Buffer

For 100 ml of buffer (0.1 M, pH 4), sodium citrate dihydrate (0.99 g) and citric acid (1.27 g) were

dissolved in deionised water (100 ml).

9. Abbreviations

Ala Alanine

Anthra 9-anthraldehyde

ap.d Apparent doublet (NMR)

ap. Quin. Apparent quintet (NMR)

API Active pharmaceutical ingredient
Arg Arginine

Asp Aspartic acid

BAP Bacterial alkaline phosphatase
Boc Tert-butyloxycarbonyl

br Broad (NMR)

BS Brain stem

Bzl Benzoyl

CB Cerebrum

CD Circular dichroism

CE Cerebellum

Cin Cinnamaldehyde

CIP Ciprofloxacin

CNS Central Nervous System

Cosy Homonuclear correlation spectroscopy sequence
COX Cyclooxygenase

CTAB Cetyltrimethylammonium bromide
d Doublet (NMR)

DBS 1,3:2,4-dibenzylidene-p-sorbitol
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DBS-COH
DBS-CO;Me
DBS-CONHNH,
DCM

dd

ddd

dddd
DMAP
DMEM
DMSO
DMSO-ds
DOX

DSC

EDC

ESI

FBS
Fmoc
FT-IR

Fur

G'

G"

GdL

Gl

Gln

Gly
HEPES
Hexcin
HGF
HPLC
HSQC

HT

IgG

lle

1,3:2,4-dibenzylidene-b-sorbitol-p,p'-dicarboxylic acid
1,3:2,4-dibenzylidene-b-sorbitol-p,p'-dimethyl ester
1,3:2,4-dibenzylidene-b-sorbitol-p,p'-diacylhydrazide
Dichloromethane

Double doublet (NMR)

Double double doublet (NMR)

Double double double doublet (NMR)
dimethylaminopyridine

Dulbecco's Modified Eagle Medium

Dimethyl sulfoxide

Deuterated dimethyl sulfoxide

Doxorubicin

Differential Scanning Calorimetry
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
Electrospray ionisation

Fetal bovine serum

Fluorenylmethyloxycarbonyl

Fourier transform infrared

Furfural

Storage modulus

Loss modulus

Glucono-&-lactone

Gastrointestinal

Glutamine

Glycine
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Hexylcinnamaldehyde

Hepatocyte growth factor

High-performance liquid chromatography
Heteronuclear single quantum coherence

High tension

Injected dose

Immunoglobulin G

Isoleucine
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M.p.
MBA
MBS
MBS-CO,Me
Met
MGC
MS
MSC
NMR
NPX
NSAID
(0]:]

P/S
PBS

PD

PEG
PEGDM
PEI

PG

Phe
PLP
p-TsOH
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Intranasal

Intravenous

Liquid chromatography-mass spectrometry
Liquid chromatography

Leucine

Low molecular weight gelator

Linear viscoelastic region

Lysine

Multiplet (NMR)

Medium (IR)

Melting point

Methylbenzylamine
2,4-monobenzylidene-p-sorbitol
2,4-monobenzylidene-p-sorbitol-p-methyl ester
Methionine

Minimum gelation concentration

Mass spectrometry

Mesenchymal stem cell

Nuclear magnetic resonance

Naproxen

Non-steriodal anti-inflammatory drug
Olfactory bulbs

Penicillin/streptomycin

Phosphate buffered saline

Parkinson's disease
Poly(ethyleneglycol)
Poly(ethyleneglycol dimethylacrylate)
Percutaneous ethanol injection therapy
Polymer gelator

Phenylalanine

Pyridoxal 5'-phsophate

para-Toluene sulfonic acid (monohydrate)
Singlet (NMR)

Strong (IR)



SC
SEM
SMe

TEM
Teel
THF
TLC
TN
TNF
Tris
Trp
Try
uv
UV-vis
Val

Van

B-gal
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Tyrosine

Ultraviolet

Ultraviolet-visible

Valine

Vanillin
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B-galactosidase
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