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ABSTRACT

Low molecular weight gelators (LMWGs) based on pseudo-peptides are here studied for the
preparation of supramolecular materials. These compounds can self-assemble through non-
covalent interactions such as hydrogen bonds and n-m stacking, forming fibres and gels.
A wide variety of materials can be prepared starting from these building blocks, which can be
tuned and functionalised depending on the application.

In this work, derivatives of the three aromatic amino acids L-Phenylalanine, L-Tyrosine and L-
DOPA (3,4-dihydroxiphenylalanine) were synthesised and tested as gelators for water or
organic solvents. First, the optimal gelating conditions were studied for each compound,
varying concentration, solvent and trigger. Then the materials were characterised in terms of
mechanical properties and morphology. Water remediation from dye pollution was the first
focus of this work. Organogels were studied as absorbent of dyes from contaminated water.
Hydrogels functionalised with TiO. nanoparticles and graphene platelets were proposed as
efficient materials for the photo-degradation of dyes. An efficient method for the incorporation
of graphene inside hydrogels using the gelator itself as dispersant was proposed. In these
materials a high storage modulus coexists with good self-healing and biocompatibility.
The incorporation of a mineral phase inside the gel matrix was then investigated, leading to the
preparation of composite organic/inorganic materials. In a first study, the growth of calcium
carbonate crystals was achieved inside the hydrogel, which preserved its structure after crystal
formation. Then the self-assembled fibres made of LMWGs were used for the first time instead
of the polymeric ones as reinforcement inside calcium phosphate cements (CPCs) for bone
regeneration. Gel-to-crystal transitions occurring with time in a metastable gel were also
examined. The formation of organic crystals in gels can be achieved in multicomponent
systems, in which a second gelator constitutes the independent gel network. Finally, some

compounds unable to gelate were tested as underwater adhesives.
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Chapter 1

1. Introduction

1.1 Low molecular weight gelators

Low molecular weight gelators (LMWGS) are a fascinating class of compounds able to self-
assemble into supramolecular structures, such as fibres and gels. They received great attention
in the last two decades because of the possibility to tailor their structures, obtaining intriguing
supramolecular architectures and materials suitable for several applications, including
environmental remediation,! medicine,? biomineralization® and electronics.*

LMWGs are organic compounds with molecular weights lower than 1000 Daltons, able to self-
assemble through non-covalent interactions such as hydrogen bonding, n-r stacking (Figure
1.1), metal coordination, dipolar and van der Waals interactions, solvophobic forces
(hydrophobic forces for hydrogels).>® The dynamic nature of non-covalent interactions paves
the way to the preparation of reversible materials, which distinguish these supramolecular gels
from polymeric gels. This is an important property for several applications, mainly in the

biomedical field.

Molecules Fibre Fibrous network Gel >
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)

Figure 1.1 Schematic representation of some of the interactions leading to the self-assembly of
LMWGs.

\—’E/

H-bonding, n-n stacking



Despite the limited range of non-covalent stabilising interactions, LMWGs molecules have
access to a diverse and elaborate range of supramolecular structures which give rise to variable
morphologies, presumably due to the large degrees of freedom available in three-dimensional
packing motifs and subtle differences in the energies of intermolecular interactions.’
Although these interactions are individually weak, their sum drives to the assembly, leading to
the formation of materials that are permanent on analytical time scale and are considered “solid-
like” in their rheological behaviour, even when more than 99% by weight of the material is

liquid (the solvent).®

The formation of LMW gels (Figure 1.2) relies on a delicate balance between solubility and
insolubility of the gelator in the solvent chosen. The gelation process usually starts when a
trigger is added to the gelator solution and drives the gelator from a soluble to a partial-soluble
state. The trigger may be a physical or chemical input such as temperature variation,® ultrasound
sonication,? solvent switch,!! salt addition? or a pH change.®® The addition of the trigger
causes the slow self-assembly of the gelator molecules in long structures, most commonly fibers
(Self-Assembled Fibrillary Network, SAFiN), which entangle together at a certain

concentration, forming a network able to trap the solvent.

MOLECULE FIBRE NETWORK
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Figure 1.2 Schematic assembly process of a gel across length scale. Reproduced from ref.14

The strength of the network prevents the flow of the solvent under gravity from the gel, even if
the vial containing the gel is turned upside down, which is a usual and simple test to check
whether a gel formed or not. Depending on the medium where the LMWG is dissolved, gels
can be divided into hydrogels, if the solvent is water, or organogels, if an organic solvent is
used.

The final properties of a gel are critically affected by the structure of the gelator molecule, as



well as the process by which gelation occurs. Every method implies a certain time and involves
a specific kinetic for the formation of the fibres, of the entanglements and finally of the network
(Figure 1.3). Even using the same trigger, gelation rates can vary, leading to materials with
different bulk properties.’® For this reason, it is very important to carefully control all the
parameters of the process in order to prepare gels with reproducible properties, that is an

essential feature when using gels in applications.
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Figure 1.3 Formulation parameters that may influence gel formation. Reproduced from ref.*4

It is extremely difficult to predict whether a certain molecule will form a gel or not and
understanding the rules behind the gelation process is still challenging. The formation of gels
has been described as an empirical science, and the vast majority of gelator structures were
discovered serendipitously.'® Molecules with very similar structures can exhibit extremely
different propensity to form gels.'’~?° In these last years, researchers devoted a significant effort
to identifying potential gelator molecules only by screening large numbers of compounds and
testing a wide range of solvents. Nevertheless, the tireless research in this field led to a
remarkable improvement in the understanding of the general principles behind LMW gels

formation and properties.



1.2 Peptides and pseudo-peptides as LMWGs

Peptides and peptide derivatives are particularly attractive building blocks for the construction
of supramolecular materials. Nature itself is largely devoted to the expression of 20 amino acids.
The expressed polypeptides and proteins undertake an impressive array of structural and
functional roles, including molecular recognition, catalysis and energy storage. While many of
these biological structures are too complex to provide scalable technological solutions,
simplified versions of these systems may provide useful tools with properties and functions
normally not associated with synthetic materials.?

Peptidomimetics are small protein-like molecules designed to mimic natural peptides. It is
possible to design these molecules in order to obtain the same biological effects as their peptide
role models with enhanced properties, such as higher proteolytic stability, increased
bioavailability and , in some cases, improved selectivity or potency.??

Both peptides and peptidomimetics tend to form secondary structures, such as helices or sheets,
which are stabilized by intramolecular or intermolecular N-H---O=C hydrogen bonds (Figure
1.4). Helices are stabilized by intramolecular hydrogen bonds, while sheets are usually
stabilized by intermolecular hydrogen bonds, depending on the molecular structure and chain
length. Self-organized oligomers that tend to form helices are usually bad candidates as
LMWSGs, in contrast, oligomers that have B-sheets as preferred secondary structure are good

candidates to form fibres, and behave as gelators.?

(b)

<t

Figure 1.4 (a) An a-helix with the hydrogen-bonding pattern parallel to the helix axis; (b) p-strand with

illustrative hydrogen bonds orthogonal to the direction of the chain; (c) o -helices forming higher order



structures; (d) pB-sheet assembly is stabilized by the formation of intermolecular hydrogen bonds.
Adapted from ref.?

Peptide-based scaffolds are interesting candidates for hydrogelation and organogelation
because they can self-assemble using various noncovalent interactions. Moreover, they can be
manufactured easily and in large quantities, and modified both chemically and biologically.
Some structural features have been identified as responsible for the formation of a good gelator:
(i) it should contain a hydrophilic head, as a peptide bond; (ii) it should contain some
hydrophobic moieties, usually aromatic rings or occasionally long aliphatic chains; (iii) it
should be a chiral compound. In the following paragraphs these general features will be

analysed in more details.

1.2.1 Aromatic groups in LMWGs

During the last two decades, a wide variety of dipeptide and tripeptide conjugates has been
synthesised and tested as LMWGs. Efficient gelators appear to require the presence of an
aromatic protecting group such as fluorenylmethoxycarbonyl (Fmoc),'”?* naphthalene,!82
pyrene?® or spiropyran?’ on the N-terminus of the dipeptide. For example, it was reported that
Fmoc—Tyr—OH (Tyr=tyrosine) is an efficient hydrogelator, whereas Cbz—Tyr—OH (where Chz
is carboxybenzyl protecting group) and Boc-Tyr—OH (where Boc is a tert-butyloxycarbonyl
protecting group) do not form fibrillar structures in water.?® As a further example, a totally
deprotected diphenylalanine, H-Phe-Phe-OH (Phe=Phenylalanine), can form vesicles
or nanotubes in aqueous solution,?® while Fmoc—Phe—Phe-OH can form extended fibrillar
structures that associate to give hydrogels.®® Reported studies of peptide gels suggest that the
Fmoc groups assemble with m—r stacking distances of <4 A,3-%2 supporting the idea that the
presence of m—n stacking is important to hydrogel formation.

Adams et al.®® have carried out a comprehensive study on the gelation properties of a library of
Fmoc protected dipeptides. In general, the ability of a dipeptide to form strong gels was found
to be correlated to its hydrophobicity. Dipeptides with calculated hydrophobicities below
logP =2.8 (P=partition coefficient) formed weak and unstable gels, whereas when logP was

above 5.5 the dipeptides appeared to be too hydrophobic to form homogeneous gels.
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At intermediate values of logP (3.4-5.5), all the dipeptides assembled to give gels of similar
strengths.

Another important study reported how the presence of aromatic amino acids in several dipeptide
gelators can positively affect the gelation abilities of the compound.®* The analysis was
performed on 34 dipeptides and proved that those containing a phenylalanine as one of the
constituent amino acids were much more likely to lead to a gelator compared to those having
non-aromatic amino acids only. In the study, when neither amino acid in the dipeptide was a
phenylalanine, there was a 55% chance that the molecule would form a gel. However, when
either of the amino acids is phenylalanine, there is a 91% chance that the molecule will form a
gel. The only dipeptides containing Phe which failed to form gels were those functionalised
with an anthracene ring, which probably lacked flexibility for optimal packing for gelation.
If those structures are not taken into account, then 100% of the molecules formed gels when
either of the amino acids was phenylalanine. This is one of the reasons why the gelators studied
in this Thesis are based on aromatic amino acids: phenylalanine, tyrosine and DOPA (3,4-

dihydroxyphenylalanine).

In general, many studies in the last two decades have focused on phenylalanine containing
dipeptides, functionalised with a range of protecting groups and leading to a variety of different
materials. 3> Fewer examples have examined tyrosine based gelators,*** but these are still a
huge amount compared to studies focusing on DOPA gelators. The self-assembling of some
DOPA-containing short peptides has been recently reported.*+46-4°

L-DOPA is a chiral amino acid generated via biosynthesis from the amino acid L-tyrosine
available from plants and mammals, including humans. L-DOPA is a psychoactive drug used
in the clinical treatment of Parkinson's disease, because it can cross the blood-brain barrier and
act as precursor to the neurotransmitters dopamine, norepinephrine (noradrenaline), and
epinephrine (adrenaline).*® DOPA is particularly interesting due to the multifunctional nature
of the catechol moiety, which is capable of acting as an antioxidant, a radical trap, a metal
chelator and an oxidizable reducing agent.>®>! A deeper understanding of the self-assembly
process of DOPA based compounds could lead to the preparation of a novel class of
biocompatible materials with a wide range of useful properties. This is one of the reasons why

derivatives and materials based on this amino acid are the major focus of this Thesis.
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1.2.2 Peptide amphiphiles and bolaamphiphilic gelators

Another class of gelators that has been widely explored are peptide amphiphiles (PAS),
consisting of a hydrophobic nonpeptidic tail covalently conjugated to a peptide sequence.
These molecules consist of three segments (Figure 1.5): a hydrophobic sequence, commonly
an alkyl tail, that drives aggregation through hydrophobic collapse; a B-sheet-forming peptide
that promotes nanofibers formation; a peptide segment that contains ionizable side chains and

often an amino acid sequence of interest for biological signalling.

T
A

alkyl tail R-sheet forming charged
segment headgroup

Figure 1.5 Molecular structure of a peptide amphiphile.

A particular kind of amphiphilic peptides are bolaamphiphiles (two-headed amphiphiles),
composed by a long hydrophobic alkyl chain acting as a spacer between two polar headgroups
attached to its ends (Figure 1.6). They are named after the “bola”, which is a South American
weapon made of two balls connected by a string. As with conventional amphiphiles, the
chemical functionality of the headgroups and linking group can be varied to change the
aggregation properties. Some groups have reported the design and synthesis of hydrogelators

and/or organogelators having this skeleton for several applications.36:52-%

Ho T‘“Hr

Figure 1.6 Example structure of a bolaamphiphilic gelator.



1.2.3 Oxazolidin-2-one containing gelators

Tomasini et al. reported that 4-methyl-5-carboxy-oxazolidin-2-one moiety (denoted as Oxd
from now on) could be successfully utilized in the formation of supramolecular materials.
This molecule, that mimics a proline group, may form oligomers having stable secondary
structures in solution, due to its ability to lock the peptide bond in the trans conformation.>¢->8
This outcome does not take place in prolyl bonds which also adopt the cis conformation.>®-
The imide bond of N-acyl oxazolidin-2-ones adopt rigid trans conformers due to the
combination of Coulomb repulsion between carbonyl oxygen in the cis isomer and n—n*
interactions in the trans isomer.® This property induces a local constraint in the pseudopeptide
chain that may cause the formation of supramolecular materials, when it is combined with other
factors, such as n-stacking interactions and intermolecular N-H---O=C bonds. For example, the
L-Phe-D-Oxd (L-Phe = L-phenylalanine) moiety (Figure 1.7) displays all these effects and may
be considered a privileged scaffold for the formation of supramolecular materials.>*

nt stacking

Figure 1.7 Chemical structure of the L-Phe-D-Oxd moiety, a privileged structure for the formation of

supramolecular materials. Adapted from ref.5



1.3 Triggers

As mentioned before, there are several types of triggers to start the gelation process, leading to
gels with different final properties that can be suitable or not for a specific application.
For example, a gel obtained with the solvent change method (which implies organic solvents)
or with the pH change method (usually achieving a final pH around 3-4), cannot be used for
cell culturing.

The gels presented in this work were obtained using four types of trigger: 1. pH change, 2.

solvent switch, 3. sonication, 4. salt addition and 5. amino acid addition.

1. In addition to hydrophobic interactions, hydrogen bonding appears to be essential to the

self-assembly process. Several publications®*%4®° confirmed that dipeptides form gels
when the carboxylic acid group is protonated.
Gelation may be initiated by changes in pH that cause protonation or deprotonation of
gelator molecules. When molecules containing carboxylic acids are used, the gelator is
dissolved in alkaline environment leading to a pH above its pKa, so that the formation of a
carboxylate occurs. Then, when the trigger (an acid) is added to the solution and the pH
drops below the pKa of the compound, the carboxylate is protonated again, decreasing the
solubility of the LMWG and inducing the self-assembly process.®

At low pH, fibrils may form rapidly in a few seconds or even less, making the achievement
of a homogeneous pH before the start of the gelation process a real challenge. For this
reason, the acid used to lower the pH has a pivotal effect on the kinetics of formation of
the network and thus on the final properties of the material.

A mineral acid, such as HCI, can be added to a high pH solution of gelator, causing a fast
decrease in the pH. The quick drop in pH usually induces the formation of the gel at the
surface, with a consequent gradual diffusion of the acid through the gel into the rest of the
solution. This process may lead to irreproducible and even visibly inhomogeneous gels
(Figure 1.8). A way to overcome this problem is to use lactones or anhydrides, which
slowly hydrolyse in water forming an acid. Glucono-é-lactone (GdL) is one of the most
widespread precursor for such a pH change method of LMWGs, because it is readily
dissolved in water and hydrolysed slowly to gluconic acid, providing a uniform distribution
in the solution (Figure 1.9).%* The hydrolysis process of the lactone is so slow (about 8

hours) that the solution can be mixed, to provide a homogenously dispersed solution before
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the pH change. The lactone hydrolysis generates the acid and allows a uniform and slow
decrease in pH, which usually leads to the formation of homogenous and reproducible gels.

Figure 1.8 Comparison between a gel prepared with Fmoc-leucine-glycine. (a) pH changed with
HCI, (b) pH changed with GdL.
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Figure 1.9 Representation of the mechanism of gelation when GdL is used. The gelator represented will
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be discussed in Chapter 5.

2. The solvent change method relies on dissolution of the gelator in an organic solvent and
subsequent addition of a miscible anti-solvent, which reduces the solubility of the
compound and induces the gelation process. It is a useful tool for those LMWGs that do

not dissolve in water, because they can be added to an organic solvent and water can be

10



added later as anti-solvent. The formation of the gel network is very fast with this method,
usually taking place in a few minutes. The properties of the final material are mainly
affected by the ratio between the two solvents.®:67

The first example of the influence of ultrasound sonication on organogelation was reported
by Naota and co-workers for peptide-based palladium complexes.%® Soon after,
Reepmister’s group reported the formation of organogels upon sonication of dipeptides.®°
In these works, the mechanism suggested involved conformational changes of the gelator
induced by sonication, leading to the formation of self-assembled structures.
They proposed that ultrasound waves were responsible for the cleavage of the intra-
molecular interactions of the complexes (n-stacking and hydrogen bonds) enabling rapid
and spontaneous aggregation through inter-molecular interactions in a “self-lock/interlock”
switching. In this process, the formation of the gel and its final properties and morphology

are highly affected by sonication time, temperature and solvent.

Another useful trigger is represented by metal-ions. The addition of divalent ions such as
calcium, magnesium and zinc enhances the ionic strength of the interaction between fibres
inducing cross-linking.”® This process can occur when gelator molecules possess particular
groups such as carboxylates, that can be bonded together by the metal-ions (Figure 1.10).
It was reported that these interactions take place at high pH when the gelator molecules
may organise in worm-like micelles, with buried hydrophobic cores and exposed

carboxylate heads.*?

& =Ca
Y =Cco0o-

Figure 1.10 Schematic representation of gelation triggered by Ca?* ions.
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The three-dimensional network is presumably formed through the presence of salt bridges
between the divalent cations and two negatively charged carboxylic groups belonging to
neighbouring worm-like micelles. This process may be similar to what happens to
biopolymers such as pectin and alginate in presence of calcium.”* The use of metal ions for
gelation trigger can have a pivotal role in trapping undesired cations pollutants and in
biomedical applications, because gels can be formed over a wide range of pH including
neutral conditions.*

Recently, Tomasini and co-workers reported an effective and inexpensive method to
promote gelation in water using amino acids and bolaamphiphilic gelators.”> Amino acids
trigger the hydrogel formation by making non-covalent salt-bridge cross links between
gelator molecules. The formation of strong networks was observed in particular with basic
amino acids, such as Histidine (His) and Arginine (Arg). Figure 1.11 shows the cross
linking which is hypothesised to occur between gelator molecules and Arg. The basicity of
Arg allows a better dissolution of the gelator. The electrostatic interactions between Arg
and the gelator molecule helps to form a supramolecular chain, that mimics a polymer.
This method allows the formation of hydrogels that can be used for biological application

at a neutral or slightly basic final pH.

Figure 1.11 Hypothetical interactions formed by a bolaamphiphilic gelator and Arg.
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1.4  Gel characterisation: rheology

An essential tool for the characterisation of the mechanical properties of gels is rheology.
Quite often the first diagnostic test for gelation is the so-called “tabletop” rheology.
In one of these tests, the tube inversion, the vial or test-tube containing the sample is inverted
upside-down and if the sample does not flow under its own weight it is considered a gel.
However, this test is not sufficient to demonstrate the formation of gels, because some viscous
liquids can be stable to inversion for a short time.”

The second tabletop rheological technique, the falling sphere or dropping ball test, consists in
placing a small glass sphere on top of a sample which is heated in a test-tube. The melting
temperature, Tgel, is detected when the sphere drops on the bottom of the gel, meaning that the
network is broken. These two tests are very simple but may lead to inaccuracies, because they
rely on visual observations. To deeper investigate the mechanical properties of gels, it is
necessary to use a rheometer, which provides quantitative information on the gel network.
However, it should be noted that rheological properties of different gels can only be compared
if the gels have been prepared in the same ways and measured using the same measuring system.
This sometimes makes interpreting the literature quite difficult.

Modern rheometers can be used to perform a complete analysis of the viscoelastic behaviour of
gels. The two-plates model is used to define the rheological parameters needed for a scientific
description of the flow behaviour of the material. Shear is applied to a sample sandwiched
between the two plates. The lower stationary plate is mounted on a very rigid support, and the
upper plate can be moved parallel to the lower plate (Figure 1.12).

Figure 1.12 Left: a generic rheometer. Right: representation of what happens when the shaft (a) moves

down on the sample (b) and rotates, while the lower plate (c) is stationary.
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1.4.1 Amplitude sweep

The two plates model is used to define the shear strain (y) using the parameters deflection path
(s) of the upper, movable plate, and distance (h) between the plates. Shear strain y is defined as
deflection path s divided by shear gap width h (Figure 1.13). The unit for shear deformation is

thus dimensionless, usually stated as a percentage.

-

Figure 1.13 Two-plates model used to define the shear strain (left). Shear strain formula (right).

The first test usually performed with a rheometer on a gel is the Amplitude sweep, a strain
sweep experiment where the deflection of the measuring system is increased stepwise from one
measuring point to the next while keeping the angular frequency (®) at a constant value (Figure
1.14).

Figure 1.14 Pre-set of an amplitude sweep experiment, with controlled strain (y) and five-steps

increasing amplitude. Frequency is kept constant.
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The outcome is generally presented as a diagram with shear stress or strain on the x axis and
G’ and G” on the y axis, with both axes on a logarithmic scale. Whereas G’ (storage modulus)
represents the elastic behaviour of a material and how solid-like it is, G” (loss modulus)
represents the viscous portion and how liquid-like it is. Some important outcomes of this test
are the values of G” and G and the determination of the linear viscoelastic (LVE) region of the
gel. In Figure 1.15 the LVE is represented by the linear range on the left before y., which is
the linearity limit. LVE regions indicate the range in which the test can be carried out without
breaking the network of the sample hence the strain needed to break it, thus providing
indications on the strength of the gel.

In the LVE region, G” and G” are constant, showing a plateau value. After the linearity limit,

G’ starts decreasing, until the crossover point (or yield value ) is reached, where G” is larger

than G’, meaning that the structure is destroyed and the material can flow (Figure 1.15).”
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Figure 1.15 Left: representation of an amplitude sweep test on a gel sample, with G’>G” before the
crossover point. Right: after the yield point has been exceeded, the superstructure breaks down and the

material may start to flow.

A true gel shows an LVE region where G’ is about one order of magnitude higher than G” and
the value of the loss factor G”/G’ (tand) is lower than 0.1.1°

Amplitude sweep experiments are usually the first rheological characterisation, since all the
other oscillatory tests require that the measure is performed at a strain or stress within the LVE

region.
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1.4.2 Frequency sweep

Frequency sweep experiments are generally the second important analysis performed on gels,
describing the time-dependent behaviour of the material in a non-destructive deformation
range. The angular frequency (o) is increased stepwise from one measuring point to the next
while keeping the deflection of the measuring system (shear strain) at a constant value
(Figure 1.16). Hence, the only precondition is that the selected shear-strain amplitude is within

the LVE region, determined through the Amplitude sweep test.

4 ! 1 1 1

‘Y 1 [ 1 1

Figure 1.16 Pre-set of a frequency sweep with controlled shear strain and a five-step variation in

frequency. The strain amplitude ya is kept constant.

High frequencies are used to simulate fast motion on short timescales, whereas low frequencies
simulate slow motion on long timescales or at rest. In practice, with a frequency sweep test it
is possible to gather information on the behaviour and inner structure of the material, and to
determine how stiff the gel is. The larger G” and G” are the stiffer the gel, as it has a more solid
like properties. The results of frequency sweeps are usually presented in a diagram with the
(angular) frequency plotted on the x-axis and storage modulus G' and loss modulus G" plotted

on the y-axis, with both axes on a logarithmic scale (Figure 1.17).

A typical gel-like behaviour in these tests is observed when both G’ and G” values are
independent from frequency, since the relaxation time of the material is shorter than the

frequency change.”
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Figure 1.17 Schematic representation of a frequency sweep test on a gel sample, with G’>G”, both
independent from frequency changes.

1.4.3 Thixotropy (step-strain) test

Thixotropy or step-strain experiments can provide essential information on the thixotropic
behaviour, which defines the material propensity to structural regeneration. The test is usually
divided in intervals where different values of strain y are applied.

The first interval, at a pre-set low shear rate (within the LVE region), simulates the material
behaviour at rest (G’>G”). In the second interval the sample is subjected to deformation
characterised by an applied strain y above the LVE region, which usually causes an inversion
between G’ and G” (G’<G”), this meaning that the network has been broken. The third interval
is the recovery step; the applied strain is again within the LVE region and should allow the

reconstruction of the material network (Figure 1.18).

A

> t

Figure 1.18 Typical result of a thixotropy test with three intervals for a gel sample, depicted as a time-

dependent G function. G’ modulus is the red line and G” the blue line. (1) at the beginning, the sample
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is atrest (G’>G"), (2) structural breakdown is induced by high shear (G”’>G”); (3) gel structural recovery

at rest (G’ exceeding G” again). The example shows a material with complete regeneration.

If a material can completely recover over time the mechanical properties of the initial state after
the deformation step, it can be considered thixotropic. Interval 2 and 3 can be repeated several

times to test the material ability to reconstruct the network after multiple breaks.

1.4.4 Time sweep test

Time sweep tests can be a useful tool to determine gelation kinetics. These tests are generally
performed under constant shear conditions either at a constant shear rate or at a constant shear
stress and storage modulus and loss modulus are monitored over time. The measuring
temperature is kept constant, thus providing for isothermal conditions. A small stress/strain is
usually applied at small frequencies to minimise the disturbing effect of the experimental
conditions towards the gelation process.’

In a typical gelation curve, the viscous behaviour dominates the initial part of the experiment
(G">@"), the elastic behaviour dominates the final part (G’>G”)"’ and the intersection point

represents the starting of the gelation process (Figure 1.19).

GI

’—------- G"

t Time

Figure 1.19 Representation of a time sweep experiment of a gel. The intersection point where G’

becomes higher than G” is marked as t.
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1.5 Aim of the thesis

The overall aim of this Thesis is the preparation of supramolecular materials based on LMWGs.
The first purpose is the synthesis of the gelators, performed through multistep procedures in
solution and standard reactions of coupling, protection and deprotection. The gelators
synthesised are based on pseudo-peptides and amino acids, sometimes coupled to long chain
fatty acids. The attention is focused on derivatives of three aromatic amino acids, L-
phenylalanine, L-tyrosine and L-DOPA, because the presence of aromatic groups introduces
interactions favourable for the formation of supramolecular architectures.

After the purification and characterisation of the compounds, the conditions for the formation
of supramolecular materials were investigated, varying the combination of gelator
concentration, solvent and trigger. The formation of gels was first checked using the test tube
inversion method. Then a full rheological characterisation was carried out, in order to determine
the viscoelastic properties of each sample. The morphological analyses were performed to have
a better understanding on the fibre network arrangement and dimensions. Starting from this first
characterisation and from knowledge of the intrinsic features of the gel (functional groups on
the molecule, final pH, solvent nature), the selected materials were functionalised for different
applications.

Chapter 2 will describe organogels and hydrogels for water remediation (dye absorption and
photodegradation). Chapter 3 will present a library of gels functionalised with graphene to
improve the mechanical properties. In Chapter 4, composite materials will be prepared. The
focus will be on the interactions between the organic phase (gels) and the inorganic mineral
phase (crystals). Chapter 5 also describes gels which evolve from the gel to the crystal phase
over time. These metastable materials undergo gel-to-crystal transitions with Kinetics
depending on trigger concentration. These gels will be also studied in combination with a
gelator forming stable gels, for the preparation of multicomponent systems.

Finally, in Chapter 6, some molecules based on L-DOPA, which are unable to form gels, will

be studied as underwater adhesives.
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Chapter 2

2. LMW gels for water decontamination

2.1 Dye absorption into self-assembled gels

Water pollution is one of the most important unsolved contemporary problems affecting
society. Massive industrialisation and world population growth have seriously affected water
quality because of the release into the environment of several types of pollutants, such as
pesticides, fertilizers, pharmaceuticals, dyes and heavy metals.”® Dye pollution deriving from
several types of industry (textile, paint, food, printing, plastics, rubbers, paper, cosmetics) is a
concerning problem for aquatic environment. Most dyes are non-biodegradable and even at low
concentrations have potential toxic effects, affecting aquatic life and the food chain.
Many chemicals responsible for water contamination are organic pollutants, especially benzene
derivatives and polycyclic aromatic hydrocarbons, as reported in the Contaminant Candidate
List.

The adsorption of dissolved organic/inorganic pollutants from water onto solid materials has
been widely investigated, due to simplicity, low-cost and ease of operation of this methodology.
However, the limitations of this approach, such as lack of selectivity, generation of large
amounts of toxic sludge and regeneration costs, underline the need to find more efficient
materials and strategies.”®%

Supramolecular self-assembled gels based on LMWGs are colloidal soft matter systems,
usually consisting of a nanostructured (or microstructured) solid-like network within a liquid-
like medium. Being highly solvated yet having the rheological properties of solid-phase
materials on analytical timescales, they can be potentially manipulated as solids, at the same
time bringing their structures into intimate contact with environmental liquid phases in which
the dye is dissolved. These materials possess high surface area and porosity and rapid internal
diffusion kinetics, which potentially contribute to interactions with the solvated dye molecules.
Moreover, these materials, relying on non-covalent interactions, are often reversible, an

essential feature for recycling, reuse and eventually dye recovery. All these characteristics made
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LMW gels a deeply investigated class of materials for the purification of water contaminated
with dyes, but also with oil and solvent spills, heavy metals and toxic anions (Figure 2.1).8!

Aa 4V B Solid-Like But Solvent Compatible

POLLUTANTS Controllable Nanostructures
Oil Spills, Dyes Programmable Interactions
Heavy Metals, Anions Responsive Materials
Chemical Weapons High Surface Area

Figure 2.1 Self-assembled gel for environmental remediation. Adapted from ref 8

A number of possible mechanisms has been proposed to be responsible for the absorption of
dyes inside these supramolecular systems, such as intercalations into the self-assembled fibres
or acid-base interactions,®28 hydrophobic®® or ionic interactions, between cationic dyes and
negatively charged gelators or viceversa.®®

LMW gels have high potential in dye absorption and extraction, because their gelator structure
may be readily tailored by insertion of particular functional groups to increase interactions and
affinity with dye molecules and solvent to facilitate remediation of polluted water.
Hydrogels, organogels and xerogels all have been reported for water remediation purposes.
Hydrogels and xerogels are considered the most suitable for this application, because they
prevent the introduction of potentially hazardous solvents 8

An optimised gel for water remediation should have (i) almost stoichiometric dye uptake, this
meaning that almost every gelator molecule should participate in the interactions with the
pollutant; (ii) fast absorption kinetics (in the scale of minutes); (iii) the possibility to be recycled
and regenerated in a way that ideally grants not only its re-use but also the recovery of the dye
in a form that allows a more appropriate disposal.!

Taking into account all these features, it is easy to understand the complexity of these materials

and the further work that can be done to improve the performances of such systems.
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2.1.1 Hydrogels with graphene oxide for dye absorption

In a previous work, Tomasini et al. showed that supramolecular hydrogels prepared from the
dipeptide Fmoc-L-Phe-D-pGlu-OH (pGlu = pyroglutamic acid) and graphene oxide (GO) were
able to trap dyes from water solutions with very high efficiency (Figure 2.2).8” The absorption
of aromatic dyes is favoured by several possible interactions between the pollutant and both
GO and the gelator molecules, especially n-n interactions between the aromatic rings, hydrogen
bonds and electrostatic interactions with the hydrophilic groups. Even cation-anion interactions
play a pivotal role in the absorption of dyes, since cationic methylene blue uptake was proven
to be higher than the absorption of anionic eosin Y.

P -

\\‘“

Figure 2.2. Left. Chemical structure of Fmoc-L-Phe-D-pGlu-OH. Right. Example of methylene blue
solution in water flowing through a disposable plastic syringes loaded with GO-hydrogel: the recovered

water is colourless. Adapted from ref.®’

This gelator belongs to a group of foldamers containing the p-glutamic acid unit or the Oxd
unit.28° These two groups have been deeply investigated and largely used by Tomasini et al.
and demonstrated to cause a local constraint in the pseudopeptide chain®-°? favouring the
formation of higher order structures such as fibres®*%3% and gels.>®>"%% Taking into account the
interesting results obtained with Fmoc-L-Phe-D-pGlu-OH hydrogels, it was decided to

investigate the absorption of dyes inside organogelators.

2.1.2 Lau-L-Dopa(Bn)2-D-Oxd-OBn organogels

One of the main advantages of organogels obtained through ultrasound sonication is the fast

formation of the network, within few minutes, in contrast to hydrogels prepared with the pH
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change method which usually take several hours to gel.

During the last decades, Tomasini et al. synthesised a large family of LMWGs, especially
dipeptides, focusing their attention on the role of the D-Oxd moiety compared to p-Glu or D-
Pro (D-proline) moiety, on both the gelation process and the final properties of the
materials.>>93%

The first unit of these dipeptides is usually an aromatic amino acid, such as phenylalanine,
tyrosine or Dopa usually protected on the N-terminus with a Fmoc group or long chain fatty
acids (such as azelaic acid (Az)).3364597.%8

After a deep investigation on phenylalanine derivatives, we decided to focus our attention on
L-Dopa for forming materials, because the catechol aromatic ring allows functionalisation
possibilities. Tomasini et al. started the synthesis and a first gelation study using this moiety in
2017,* comparing the properties of Fmoc-L-Dopa-D-Oxd-OH hydrogels with the
corresponding L-Tyr and L-Phe derivatives (Figure 2.3).

Figure 2.3 Chemical structures of Fmoc-L-Phe-D-Oxd-OH, Fmoc-L-Tyr-D-Oxd-OH and Fmoc-L-
Dopa-D-Oxd-OH (from left to right).

In this preliminary study, L-Dopa was used with the free catechol group to facilitate dissolution
of the gelator in water for comparison with the other two moieties, but the resulting gels showed
the poorest mechanical properties among all samples in terms of storage modulus G’.

We decided to synthesise a new gelator based on fully protected L-Dopa and D-Oxd moieties:
the introduction of benzyl (Bn) protecting groups can provide additional n-m stacking
interactions between different gelator molecules. The Fmoc group on the N-terminus of the
Dopa was replaced with lauric acid (Lau), a long chain fatty acid, which in general are suitable
to form micelles, fibres and gels.®®*%! The final structure of the gelator for tests of organogels
formation is Lau-L-Dopa(Bn)2-D-Oxd-OBn (Figure 2.4).
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H3C(H2C)16 NH }/O
: N\>‘

OBn

OBn

Figure 2.4 Chemical structure of Lau-L-Dopa(Bn).-D-Oxd-OBn.

Gelator Lau-L-Dopa(Bn)2-D-Oxd-OBn (1) was prepared by modification of the already
reported procedure for the preparation of Fmoc-L-Dopa(Bn).-D-Oxd-OBn,% starting from
commercially available L-Dopa that was transformed into Boc-L-Dopa(Bn),-OH%1% in four
steps in a multigram scale with excellent yields. After coupling with the D-Oxd moiety, the Boc

group was replaced with the lauric acid (Scheme 2.1).

NH, NHBoc NHBoc
< O < o < O
i, i i, iv, v
OH —/—— o, — OH
98% N 99%
OH OH OBn
OH OH OBn
L-DOPA Boc-L-DOPA-OMe Boc-L-DOPA(Bn),-OH
0
0 o)
BocHN B} ~ O NH Yo
T N - < N\)’
Vi o /\ vii, viii g /-
85% 07 "OBn g6y 0% 0Bn
OBn OBn
OBn OBn

Boc-L-DOPA(BN),-D-Oxd-OBn Lau-L-DOPA(Bn),-D-Oxd-OBn 1

Scheme 2.1 Reagents and conditions for the synthesis of 1: (i) SOCI, (excess), MeOH, 0 °C, 24 h; (ii)
Boc.O (2 equiv.), NaHCOs (2 equiv.), THF/H20, r.t., 18 h; (iii) BnBr (2.2 equiv.), K.COs (2.2 equiv.),
TBAB (0.2 equiv.), Nal (0.2 equiv.), acetone, reflux, 4 h; (iv) 1M NaOH, MeOH/THF, r.t., 18 h; (v) 1M
HCI; (vi) D-Oxd-OBn (1 equiv.), HBTU (1.1 equiv.), DIEA (2 equiv.), ACN, r.t., 4 h; (vii) TFA (18
equiv.), CH.Cly, r.t., 4 h; (viii) lauric acid (1 eq.), HBTU (1.1 eq.), DIEA (2.2 eq.), ACN, r.t. 3 h.
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Gelator 1 was obtained pure as a white solid in 67% overall yield from L-Dopa.

The ability of 1 to form organogels was tested in several organic solvents and different
conditions and then compared with Fmoc-L-Dopa(Bn)2-D-Oxd-OBn. Interestingly, the Fmoc
analogue never formed organogels, in any solvent or condition. This comparison confirms the
importance of lauric acid in the formation of supramolecular structures, probably due to the
tendency of saturated long chain to stick together, producing micelles and fibres, 104106
The final general procedure for the preparation of gels of 1 consisted in the dissolution of the
gelator into an organic solvent (1.0% or 2.0% w/w concentration) followed by the sonication
of the mixture for a time ranging between 15 and 30 minutes, to find out the best conditions to
form the gels. With 1.0% w/w gelator concentration no gel was formed. After several attempts,
the best operating condition includes 20 mg of gelator placed in a test tube with 1 mL of organic
solvent (2.0% w/w concentration) and dissolved through sonication for 20 minutes. After this
time the gels, already formed, are left to stand quiescently for 16 h. The formation of hydrogels
with gelator 1 failed even after 30 minutes of sonication, because the molecule is not soluble in

water. In Figure 2.5 it is possible to see the gels obtained from different organic solvents. %’

Figure 2.5 Photographs of the organogels obtained using a 2% w/w concentration of gelator 1 in the

following solvents (from left to right): toluene, ethyl acetate, acetonitrile, ethanol, methanol.

The formation of self-assembled LMW gels is the result of a well-balanced combination
between gelator-solvent and gelator-gelator interactions. It is not easy to understand why a
specific gelator can form gels only with a solvent among several, and why the properties of the
same gelator in two similar solvents can be totally different. As reported in Chapter 1, the
interactions involved in the formation of a self-assembled gel may be significant and have
effects on the properties of final materials. It is well known that a polar gelator can only gel low
polarity liquids because it will dissolve in polar liquids. Conversely, a non-polar gelator can

only gel polar liquids. Therefore, when the number of carbon atoms of the gelator is increased,
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as in this case with the introduction of the long alkyl chain of lauric acid, the gelator becomes
hydrophobic and less polar, so it can gel more polar liquids.!® However, the polarity by itself
is not enough to explain the reason why a gel forms or not into a particular solvent.
The solubility of the molecule in each solvent, which may not be strictly correlated to polarity,
is probably another essential parameter influencing the formation and properties of these
gels.109.110

To select the best gelator concentration, we performed a rheological analysis on three gels, each
containing the gelator in 1.5%, 2.0% and 3.0% w/w concentrations, because with 1.0% w/w no
gels were formed. The frequency sweep of ethanol organogels are reported as example of this
study (Figure 2.6). From the comparison, the G’ modulus deeply increases moving from 1.5%
to the 2.0% w/w concentration; in contrast, no change in the frequency dependent behaviour is
detected if the organogel concentration is further increased to 3.0% w/w. This is the reason why

the 2.0% w/w gelator concentration was selected for further characterisations.
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Figure 2.6 Comparison of the Frequency Sweep experiments (y = 0.04%, o = 1 s?) of Ethanol

organogels: 1.5% concentration w/w (a), 2% concentration w/w (b) and 3% concentration w/w (c).

The properties of the gels obtained are listed in Table 2.1 as a function of increasing polarity,
from nonpolar toluene to polar methanol, using a scale where water is 100.1'! All measurements

were repeated at least three times.
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Usually the first test performed on a gel is the dropping ball test, to determine the melting
temperature of the gel network (Tge) and have an idea of the stiffness of the material.
Interestingly, for these organogels the Tge was not strictly correlated to solvent boiling
temperatures, meaning that the network type also has an influence. The melting points obtained
with toluene, ethyl acetate and acetonitrile range between 40 and 50 °C. In contrast, a thermally
stronger gel was obtained with the polar ethanol, while methanol produces a very weak

organogel, probably due to a limited solubility of gelator 1 in the solvent.

Table 2.1 Summary of the main characteristics of the organogels obtained using gelators 1 at 2%
concentration in different solvents: gel melting point (m.p.) in comparison to solvent boiling point (b.p.),
G’ and G’ from the frequency sweep tests (o = 1 s-1 and y = 0.04%). *Water is 100.

Solvent Solvent polarity !  Solvent b.p. (°C) Gelm.p.(°C) G’ (KPa) G’ (KPa)

Toluene 9.9 110.6 40-41 10 15
Ethyl acetate 23 77 40-43 19 2.9
Acetonitrile 46 81.6 42-45 56 12.2

Ethanol 65.4 78.5 60-65 82 19

Methanol 76.2 64.6 25-28 2.3 0.3

After these preliminary tests, a wider rheological analysis was performed (amplitude sweep,
frequency sweep and step-strain experiments), in order to characterise the viscoelastic
behaviour of the five organogels. From the amplitude sweep analyses (Figure 2.7), y = 0.04%
(within the LVE range for all these organogels) was chosen for the following frequency sweep
tests. All analyses were performed at 23 °C.

Good rheological properties are usually associated with high Tge.® For these samples the
stiffness nicely correlates with the melting points temperatures (Table 2.1), confirming that
ethanol provides the gel with the strongest network (G’ = 82 KPa).

All the organogels tested are characterized by a “solid-like” behaviour, i.e. the storage modulus

G’ is approximately an order of magnitude higher than the loss component G”.
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The complete rheological characterisation is reported in the following graphs: amplitude sweep
(Figure 2.7), frequency sweep (Figure 2.8), step-strain experiments (Figure 2.9).

The mechanical and rheological properties of the organogels demonstrated solvent-dependent

propertles.
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Figure 2.7 Amplitude Sweep experiments of the organogels made with the 2% w/w concentration of
gelator 1 in the solvents listed by increasing polarity: (a) toluene (black); (b) ethyl acetate (blue); (c)

acetonitrile (green); (d) ethanol (red); (e) methanol (orange). The analyses were performed on the gels
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about 20 hours after the gelation begun. (Storage modulus (solid circles) and loss modulus (empty

circles)).
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Figure 2.8 Frequency sweep experiments performed on the organogels of 1. The legend is the same of
Amplitude Sweep experiments. The measures have been all repeated at least three times (the mean

measurements and the standard deviation bars are shown in the graphs).

As reported in Chapter 1 (1.4 Gel characterisation), thixotropy!*?1°is a gel property related

to the sol/gel equilibrium and describes the system ability to recover the gel status after a strong
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stress that induces transformation into a solution. Moreover, self-healing property 2116119 may
be defined as the ability to autonomously reconstruct the bonding interactions after damage.
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Figure 2.9 Values of storage moduli G’ (solid circles) and loss moduli G” (empty circles) recorded
during step strain experiments performed on organogels in the solvent listed by increasing polarity: (a)

toluene; (b) ethyl acetate; (c) acetonitrile; (d) ethanol; (e) methanol.

Three cycles of two steps were applied to the gels. During the first step, the sample was
subjected to a strain value within the LVE region and was characterized by G’ values greater

than G”’ (gel-like behaviour). When the applied strain was increased above the crossover point
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(second step), the sample behaviour switched from gel-like to sol-like, with G*” values greater
than G’. When the cycle is repeated (third interval of the graphs) the sample was left at fixed
strain within the LVE range to check the recovery of the gel-like behaviour. Unfortunately, the
ethanol organogel, which is the stiffer between all sample, has the poorest thixotropic
properties, as its G’ modulus is highly reduced when it recovers after the strain above the
crossover point. The same inconvenient does not occur for the other organogels that promptly

recover their properties, demonstrating thixotropic properties.

To have a preliminary test of the organogels ability to absorb pollutants,*?°'?! we used
Rhodamine B (RhB) as model molecule. RhB (Figure 2.10) is a model refractory organic dye
pollutant containing four N-ethyl groups at either side of the xanthene ring, was chosen as the
target pollutant, being an important representative of xanthene dye, widely used as a colorant

in textiles and food stuffs, and also a well-known water tracer fluorescent.?2

Figure 2.10 Chemical structure of Rhodamine B.

Samples of the ethanol organogel were treated with 1 mL of an aqueous solution of RhB (2
UM) for 24 hours (ratio gelator/RhB = 12,9*10%). The water solution did not mix with the gel
and slowly lost its pink colour that moved to the gel (Figure 2.11). To quantify the amount of
RhB absorbed inside the gel, the agueous RhB solution on the top of the gel was transferred
after 24 h treatment in disposable cuvettes with optical path length of 1.0 cm. Fluorescence
spectra were collected with a Fluoromax-4 spectrofluorometer Horiba Jobin Yvon (emission
spectra: Aexc = 550 nm; Aem: 560-700 nm). The emission spectrum of the water solution was
measured after the treatment with the ethanol organogels and compared with a fresh sample of
the aqueous solution of RhB. Under these experimental conditions, fluorescence intensity is

proportional to the fluorophore concentration. 23124

31



A -
AN N AN
v AT

Figure 2.11 Left. Graphical representation of RhB absorption process inside the ethanol organogel.
Right. Photograph of a fresh sample of the aqueous solution of RhB, of the same aqueous sample after
treatment with the ethanol organogel, and of the organogel after 24 hours (from left to right).

After 24 hours of absorption, the spectrum intensity (and so RhB concentration in water) is
reduced to the 23% of the original sample, thus confirming that the molecule is trapped into the

organogels (Figure 2.12).
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Figure 2.12 Emission spectra of an aqueous solution of RhB (2.0 uM) (pink) and of the same solution

after the treatment with the ethanol organogel for 24 hours (blue).

The analysis was also repeated after 48 hours and after 72 hours to check the absorption process
over time, but no variation of the spectrum intensity of the sample was detected, meaning that

the absorption ability reaches a plateau.
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A drawback of organogels for environmental purposes is represented by the possible transfer
of the organic solvent constituting the gel inside the water to remediate. Even though ethanol is
not a hazardous solvent, the possible transfer of ethanol from the organogels to the aqueous
solution was checked and quantified. After 24 h of contact between the agueous RhB solution
and the gel, the mols of water and ethanol were calculated using *H NMR (Nuclear Magnetic
Resonance) as a function of the corresponding peak intensities. Water/ethanol ratio was found
to be 9.5:0.5, this meaning that a very small mixing of the two solvents occurs.®” No variations
were detected after 48 h and 72 h.

The decrease of the RhB amount from the aqueous solution was then confirmed to be only due
to the absorption inside the gel and not to a hypothetical adsorption on the walls of the test tube
during the 24 hours. The starting aqueous solution of RhB (2 uM) was placed inside one of the
test tubes used for preparing the gels; after 24 h, the solution was transferred inside one of the
fluorimeter disposable cuvette and the two spectra (starting solution and transferred solution)
were compared (Figure 2.13). From the spectra it is possible to see that RhB is not lost during

the experiment (transfer from test tube to cuvette, adsorption on the walls of the test tube).
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Figure 2.13 Emission Spectra of the starting solution of RhB in water (pink) and of the solution

transferred in the cuvette after 24 h inside the test tube (wine).

In conclusion, the new pseudopeptide Lau-L-Dopa(Bn).-D-Oxd-OBn is able to form
organogels in 2% w/w concentration. It can gel solvents of increasing polarity, as toluene, ethyl
acetate, acetonitrile, ethanol and methanol. In contrast with Fmoc-L-Dopa(Bn)2-D-Oxd-OBn

never formed organogel under any condition. This result suggests that the saturated long chain
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of the lauric acid is crucial for the formation of the three-dimensional network.
As the ethanol organogel proved to have the best rheological properties among all samples, it
was treated with an aqueous solution of Rhodamine B, to have a preliminary test of its ability
to adsorb pollutants from water. After 24 hours, the emission spectrum intensity of the
Rhodamine B solution is reduced to the 23% of the original sample, thus confirming that the
molecule is trapped into the organogel.

2.1.3 Materials and Methods

Conditions for the Gel Formation - All organogels were prepared in a concentration of 2%
w/w under the following conditions. 20 mg of gelator (Lau-L-Dopa(Bn)2-D-Oxd-OBn) were
placed in a test tube (8 mm of diameter) with 1 mL of organic solvent. The solution was stirred
for 5 minutes and sonicated for 20 minutes in order to allow the complete dissolution of the
sample and the formation of the organogel. All samples were allowed to stand quiescently for

16 hours before further characterization.

Conditions for Tge Determination - Tgel Was determined by placing a small glass ball (diameter:
5 mm, weight: 165 mg) inside the test tube (8 mm of diameter) containing the gel. When the gel
is correctly formed, the ball is suspended on the top of it. The test tube is then gradually heated
(2° C/min): Tgelis the temperature in which the ball penetrates inside the gel, because the network
is dissolved. Some gel samples melt, producing a clear solution (and this was the behaviour of
our organogels), while in other cases the gelator shrinks and the solvent is ejected, as syneresis

occurs.

Rheology - Rheology experiments were carried out on an Anton Paar Rheometer MCR 102 using
a parallel plate configuration (25 mm diameter). Experiments were performed at constant
temperature of 23 °C controlled by the integrated Peltier system. All the analysis (amplitude
sweep, frequency sweep and thixotropy) were performed with fixed gap value of 0.5 mm.
The samples were prepared the day before the analysis and left overnight at controlled
temperature of 20 °C to complete the gelation process. Oscillatory amplitude sweep experiments
(y: 0.01-100%) were carried out at fixed frequency of 10 rad-s™, in order to determine the LVE
range and the crossover point of the gels (G”> G’). Once established the LVE of each organogel,

frequency sweep tests were performed (o: 0.1-100 rad-s™) at constant strain within the LVE
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region of each sample (y = 0.04%). To verify the thixotropic properties of the samples, strain
values within the crossover point region (for 400 s) and over the crossover point region (for 300
s) were consecutively applied to the organogels, for three cycles. The values of the applied strain
were selected on the basis of the crossover point value obtained from amplitude sweep experiment

(within the crossover point: y = 0.04%, ® =10 s™; over the crossover point: y =100%, o =10 s™).

2.2 Light penetrating hydrogels for dyes photo-degradation

An important achievement in the realisation of novel materials for water remediation is the
possibility of trapping a pollutant inside the matrix, to remove it from the environment and
degrade it into benign species.

In the last years, researchers have been focused on the design of novel photo-catalysts (PC) able
to exploit solar light to convert pollutants into non-toxic derivatives. The use of photo-catalyst
for the degradation of water pollutants is an eco-friendly approach, typically based on the use
of a nanostructured PC, which is activated by solar light and uses the absorbed energy to

produce reactive species starting from water and oxygen (Scheme 2.2).1%°

Scheme 2.2 Reactive oxygen species generated in the photocatalytic reduction and oxidation steps of
oxygen and water. Absorption of light (1) causes the transition of electrons to the conduction band and
the formation of holes in the valence band. Part of the produced charges undergo recombination (2),
whereas others migrate to the surface where trapped electrons (3) participate in the reductive steps (blue

arrows) and trapped holes (4) in the oxidative processes.!?
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Most effective PCs are metal oxide semiconductors (such as ZnO, FeOs, WO3).1?" In particular,
titanium dioxide nanoparticles (TiO2-NPs), in their anatase form, have been widely used for a

127 surfaces sterilization,'?® air'?® and water3°

range of applications, including self-cleaning,
purification. Some of the main advantages of the use of TiO2-NPs are the excellent stability in
water, large scale availability and low cost of production. TiO>-NPs also show low
toxicity, 31132 nevertheless recent concerns about the still partially unpredictable risks related
to the impact of nanomaterials to the environment and human health suggested, as a defensive
approach, to minimize their dispersion in the environment.***'3* Hence, the fundamental
challenge consists in the incorporation of TiO2-NPs in highly biocompatible and macroscopic
matrixes that preserve the photocatalytic activity of the semiconductor NPs. These matrixes
should present some fundamental features such as: a high-water content, since water plays an
essential role in the photocatalytic process (see Scheme 2.2), a good permeability to small
molecules (pollutants) and a good transparency to solar light.

We already spoke about the first two features in LMW hydrogels: they can be made up to 99.5%
of water and we reported some examples of gels with high performances in dye absorption.®’
Regarding the transparency, Tomasini et al. recently reported the preparation of a highly
transparent hydrogel (Figure 2.14) made with 0.5% w/w of Fmoc-L-Tyr-D-Oxd-OH (2) using
the pH change method.1® The transparency was quantified measuring the transmittance of the
samples, that will be better discussed in the next section (2.2.2 Photodegradation

experiments).

L, .
HO 041\

Figure 2.14 Structure of gelator 2 and picture of the hydrogels prepared with different concentration
(% wiw) of 2 in water (from left to right: 0.5, 1.0, 1.5 and 2.0).

In that work, the properties of this gel were compared with hydrogels formed with other
dipeptide gelators (among them Fmoc-Phe-Phe)**¢13" and it resulted the most transparent

among all. For this reason, we selected hydrogels of 2, at 0.5% w/w concentration made through
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the pH change method, as scaffold for the incorporation of the PC. As PC, we decided to
compare TiO2-NPs with a preparation of TiO2-NPs in combination with graphene platelets,
using once again as model pollutant compound Rhodamine B.

Upon UV irradiation. TiO2-NPs absorb in the UV part of the solar spectrum (A < 380nm)**®
which is the band gap between the conduction band (CB) and the valence band (VB),'*? with
AE = 3.25 eV (Scheme 2.2). The integration of graphene in the photocatalytic TiO> platform

139

was investigated, because carbon nanomaterials,’*® such as nanotubes,**® carbon dots,**

142 reduced graphene oxide,'*® have been reported to increase the photocatalytic

graphene oxide,
performances of TiO2-NPs.

In contrast to other systems, in which TiO,-NPs*4%° can be activated by exposure of the
surface to sunlight (e.g. TiO, photocatalyst embedded in cementitious materials)*?”146-148 jn our
photocatalytic hydrogels light must penetrate into the matrix.

To achieve this outcome, a new real-time fluorescence-based method was developed, and used
to investigate the photocatalytic activity inside the hydrogels. An original feature of this
approach is that the photocatalyst irradiation and the target degradation detection can be

performed simultaneously in a standard fluorimeter, as shown in Figure 2.15.

Figure 2.15 Schematic representation of the TiO,-NPs incorporated in the hydrogel fibers formed by
precursor 2 and of the photocatalytic process. UV photons (340 nm) are used for exciting both the
photocatalysts NPs (1) and the target molecules RhB (2). Photogenerated reactive oxygen species (ROS)
diffuse in the water solution (3) containing RhB causing its degradation which can be detected by

fluorescence (4).
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2.2.1 Hydrogels preparation and characterisation

Compound 2 was synthesised using an already reported procedure (Scheme 2.3).1%

0 HN 0 o HN, © O

og ’ %@—:jj}osn i Q:ﬁ fOH

Scheme 2.3 Reagents and conditions for the synthesis of gelator 2: (i) HATU (1.1 equiv.), DIEA (2.5
equiv.), dry CHsCN, r.t., 2h; (ii) TFA (18 equiv.), dry DCM, r.t., 4h; (iii) H, (1atm), Pd/C (10%w/w),
MeOH, r.t., 4h; (iv) HBTU (1.1 equiv.), DBU (2.2 equiv.), dry CHsCN, r.t., 2h.

After the purification and characterisation of compound 2, three different samples of hydrogels
(H) were prepared using the pH-change method: i) hydrogel 2H contains only the gelator Fmoc-
L-Tyr-D-Oxd-OH in 0.5% (w/w) concentration and GdL, the trigger; ii) hydrogel 2H-T
contains the gelator in 0.5% concentration, TiO2-NPs (0.2 mg/mL) and GdL; iii) 2H-TG is
prepared following the same procedure used for 2H-T, but replacing TiO2-NPs with TiO»-
NPs/graphene.®” Considering that the solutions containing TiO, have a pH = 1, we adopted the
following procedure, to avoid the formation of non-homogeneous hydrogels: the gelator (0.5
%w/w) was placed in a test tube, then Milli-Q® water (1 mL) and aqueous 1 M NaOH (12 pL)
were added and the mixture stirred and sonicated in turn for about 10 minutes, until sample
dissolution; 2.4 mg of GdL were added to all the samples under stirring; when the solution
reached pH ~ 6, we added the solution containing TiO> (for samples 2H-T) and TiO2-graphene
(for samples 2HT-G) under stirring, followed by a rapid transfer into: cuvette (500 uL) for
photodegradation tests, vials (500 pL) for the SEM (Scanning Electron Microscope) analysis
or plate (700 pL) for rheology analysis.

Before testing the photocatalytic activity of these matrices, the effect of TiO2-NPs or TiO»-
NPs/graphene on the mechanical and morphological properties of the hydrogels was
investigated. Rheological analyses have been performed to evaluate the viscoelastic properties
of hydrogels 2H, 2H-T and 2H-TG in terms of storage and loss moduli (G’ and G”
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respectively). Although the hydrogels are characterized by a “solid-like” behaviour, i.e. the

storage modulus is approximately an order of magnitude higher than the loss component

(Figure 2.16), these hydrogels do not show very high G’ values, due to the very low

concentration of the gelator, required for obtaining good transparency. The results also pointed
out that although the introduction of TiO2-NPs or TiO2-NPs/graphene does not inhibit the
formation of the gels, it partially affects the mechanical properties of both hydrogels, for which

in both cases G’ decreased. This effect is more evident for hydrogel 2H-TG. Nevertheless,

frequency sweep analysis (Figure 2.17) pointed out that for all the obtained hydrogels both G’

and G"” were almost independent from the frequency in the range from 0.1 to 100 rad-s—1

(always with G’ > G") confirming the “solid-like” rheological behaviour for the hydrogels and

hence the stability of the hydrogel structure required for the photocatalytic application.
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Figure 2.16 Strain dependence of storage modulus (black square) and loss modulus (red circles) for:
(A) hydrogel 2H, (B) hydrogel 2H-T and (C) hydrogel 2H-TG. The analyses were performed on the

gel about 20 hours after the gelation begun.
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Figure 2.17 Frequency dependence of storage modulus (square) and loss modulus (circles) for: (A)
hydrogel 2H, (B) hydrogel 2H-T and (C) hydrogel 2H-TG. The analyses were performed on the gel

about 20 hours after the gelation begun.

Table 2.2 Storage moduli (G”) and loss moduli (G”) of hydrogels 2H, 2H-T and 2H-TG from frequency
sweep (o = 0.5 1/s).

Hydrogel G’ (Pa) G”’ (Pa)
2H 1370 90
2H-T 1055 63
2H-TG 556 46

Step strain experiments were performed to check the thixotropic behaviour of 2H, 2H-T and

2H-TG at the molecular level. Strain values within and above the LVE region were
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consecutively applied to hydrogels (Figure 2.18), that lose their “solid-like” behaviour (G’ <
G”) when the strain is applied above their LVE region and go back to a “solid-like” state (G’ >
G”) if the strain is applied within the LVE region of hydrogels. The three hydrogels show a
thixotropic behaviour, even though hydrogel 2H shows a lower G* modulus every time the
network is broken (strain above the LVE), this means that it is able to reconstruct the network
but it is less stiff than the starting gel. Also with this analysis, we confirmed that graphene-

doped hydrogels 2H-TG show the lowest values of G” and G*’.
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Figure 2.18 Values of storage moduli G’ (black) and loss moduli G” (red) recorded during a step strain
experiment performed on (A) hydrogel 2H, (B) hydrogel 2H-T and (C) hydrogel 2H-TG.

To have more information about the morphology of samples 2H, 2H-T and 2H-TG we
performed the SEM analysis on the freeze-dried samples. These aerogels show different

morphologies, but they are all characterized by complex patterns with a rough orientation
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(Figure 2.19). Moreover, in aerogel 2H-TG we can notice the presence of some small
aggregates (some of them even about 10 pm), responsible for the formation of a less
homogeneous hydrogel, which can be one of the reason why the mechanical properties of the

sample were the lowest from the rheological experiments.
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Figure 2.19 (A) SEM image of a sample of aerogel obtained by freeze drying a sample of hydrogel 2H.
(B) SEM image of a sample of aerogel obtained by freeze drying a sample of hydrogel 2H-T. (C) SEM
image of a sample of aerogel obtained by freeze drying a sample of hydrogel 2H-TG prepared with
Fmoc-L-Tyr-D-Oxd-OH 0.5% concentration. In the inset: a magnification view of aerogel 2H-TG

fragment.

2.2.2 Photodegradation experiments

The experimental approach for the investigation of the photodegradation of a model pollutant
such as RhB inside the gel is based on fluorescence detection. As a main difference with respect
to other methods based on fluorescence, here the same excitation beam and the same excitation
wavelength are used for both photoactivating the photo-catalyst (TiO2) and exciting the target
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fluorophore RhB (Figure 2.15). As a main advantage this approach allows the continuous and
real-time detection of the target dye concentration during the process using a conventional
fluorimeter equipped with a 150 W Xenon lamp as an excitation source.

The absorption spectra of hydrogel 2H, of TiO2-NPs (0.2 mg/ml) and RhB (1.0 uM) were
analysed in a cuvette with 0.5 cm optical path to select a suitable irradiation wavelength (Figure
2.20). The spectra demonstrate that it is possible to excite simultaneously the TiO>-NPs and
RhB upon irradiation in the UV spectral region when they are incorporated in the hydrogel (as
sketched in Figure 2.15).

In fact, as foreseen, the hydrogel presents an edge of absorption around 310 nm, due to the
characteristic absorption spectra of the Fmoc chromophore!®® that is present in the gelator
structure®149.150 a5 protecting group of the Tyrosine N-terminus. The hydrogel transmittance
is T > 60% for wavelength A > 320 nm, hence the photocatalyst TiO2-NPs incorporated in the
hydrogel can be efficiently excited at 340+£10 nm using the fluorimeter excitation beam as an

irradiation source (spectral profile shown in Figure 2.20).
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Figure 2.20 Absorption spectrum of the hydrogel 2H (black line) of the TiO, NPs (0.2 mg/ml, red line)
and of RhB (x20, 1 uM, green line). Fluorescence spectrum of RhB (filled yellow) and spectrum of the
irradiation source (filled cyan). Inset: photographs of samples of hydrogels 2H, 2H-T, 2H-TG (from
left to right respectively) prepared with gelator Fmoc-L-Tyr-D-Oxd-OH in 0.5% concentration.

Additionally, under the excitation conditions, RhB absorbs a minor fraction of the excitation
light and the photo-degradation of this dye can be followed by its diagnostic fluorescence signal
during the photocatalytic experiments. To investigate the TiO. photo-catalytic activity in the

hydrogel, we prepared three samples similar to those previously described (2H, 2H-T and 2H-
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TG), all containing a small concentration (1.0 uM) of RhB. For clarity, these sample will be
referred to as 2HR, 2HR-T and 2HR-TG. Hydrogel rheological properties were not affected
by the presence of small concentrations of RhB (1.0 uM).

A conventional fluorometer with a L configuration was used to perform the simultaneous
excitation and perpendicular detection of the fluorescence emission. Fluorescence signal of
RhB was detected in real-time (5 sec integration) at Aem = 585 nm in the hydrogels containing
the dye 2HR, 2HR-T and 2HR-TG upon continuous irradiation at single wavelength light
Lexc=340£10 nm, and it was plotted as a function of irradiation time.

RhB undergoes a strong decrease in emission during the first hour of irradiation in case of
hydrogel 2HR-T and 2HR-TG. In contrast, in the reference hydrogel 2HR, which does not
contain any photo-catalyst, the fluorescence signal decreases only by about 20% during the first
10 minutes (600 seconds), then it reaches a plateau.t®>? Hence, as the fluorescence intensity
is proportional to the fluorophore concentration in these experimental conditions, 212 we can
gather that, after 60 minutes of irradiation, RhB concentration in the reference sample 2HR is
still 80% of the initial one, whereas the dye is completely degraded in sample 2HR-T containing
TiO2 and a residual 25% survived in 2HR-TG (Figure 2.21).
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Figure 2.21 Left. Fluorescence intensity at 585 nm of RhB as a function of irradiation time (Aexc = 340
nm) in sample 2HR, 2HR-T and 2HR-TG. Right. Fluorescence photograph of the sample 2HR-T after

30 min irradiation.

These results clearly demonstrate that: i) TiO2-NPs efficiently photo-decompose RhB, but i)
the introduction of graphene in hydrogel 2HR-TG leads to a photoactivity decrease of TiO»-

NPs, in contrast to observations in other matrixes.'*?
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In conclusion, TiO2-NPs (also in combination with graphene platelets) can be incorporated into
biocompatible hydrogels, with high water content and good transparency to solar light. The
degradation of a model pollutant molecule can occur inside the matrix with good efficiency
upon irradiation.

Light penetrates inside the hydrogel. Photodegradation occurs in the bulk of the material. This
important result was achieved by optimizing the composition and the production methodology
of the hydrogel, especially avoiding sedimentation and segregation of the TiO2-NPs.
Interestingly, the pollutant molecules are not absorbed either on the hydrogel fibres or on the
TiO2-NPs, but rather solubilized in the hydrogel water channels. This result is very important
in view of the development of photocatalytic water-permeable materials for continuous

decontamination of water in fluxing systems.

2.2.3 Materials and Methods

Synthesis of TiO2-NPs — TiO2 nanoparticles were synthesized in water solution by means of

Pluronic® F127 (Plur) non-ionic surfactants following an industrial patented protocol.*>

Synthesis of TiO2-NPs/graphene — A 15 mL aqueous dispersion was prepared with 9.4 mL of
Plur-TiO2 15 mg/mL with 15 mg of natural graphite flakes was sonicated in an ultrasound bath
for 6 hours, stirring for almost 1 minute each 30 minutes. Then, the dispersion was divided in
two aliquots of 7,5 mL and it was centrifuged for 5 minutes at 9500 RPM. Then, the 65% of
the supernatant was collected for the analysis. A 0.1% Graphene doping was expected to be
obtained following the procedure reported in Ref.?>®

Hydrogel Preparation - A portion of Fmoc-L-Tyr-D-Oxd-OH (5 mg) was placed in a test tube
(diameter: 8 mm), then Milli-Q® water (0.97 mL) and a 1M aqueous NaOH (1.3 equiv.) were
added and the mixture was stirred until sample dissolution. Finally, we added 1.4 eq. of

glucono-d-lactone, and the mixture was left to sit for 16 hours at room temperature.

Aerogel Preparation - Hydrogels were freeze dried using a BENCHTOP Freeze Dry System
LABCONCO 7740030 with the following procedure: the hydrogel was prepared into an
Eppendorf test tube at room temperature. After 16 hours, the samples were placed in liquid
nitrogen for 10 minutes, then freeze-dried for 24 hours in vacuo (0.2 mBar) at -50 °C.
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Morphological Analysis - Scanning electron micrographs of the samples were recorded using
a Zeiss EP EVO 50 field emission gun scanning electron microscope. Conditions: EHT=20

KeV - Variable Pressure (VP): 100 Pa - Images in secondary electrons (SE).

UV- Vis absorption spectra - UV-Vis absorption spectra (range 200-800 nm) were collected
by using an optical path of 0.5 cm cuvette at 25 with a Cary300 UV-Vis double beam
spectrophotometer, having an empty cuvette as a reference.

Rheology - Rheology experiments were carried out on an Anton Paar Rheometer MCR 102
using a parallel plate configuration (25 mm diameter). Experiments were performed at constant
temperature of 23 °C controlled by the integrated Peltier system and a Julabo AWC100 cooling
system. To keep the sample hydrated, a solvent trap was used (H-PTD200). Amplitude and
frequency sweep analysis were performed with a fixed gap value of 0.5 mm on hydrogel
samples prepared directly on the upper plate of the rheometer once the gelation reaction was
completed. The samples were prepared the day before the analysis and left overnight at
controlled temperature of 20 °C to complete the gelation process. Oscillatory amplitude sweep
experiments (y: 0.01-100%) were carried out to determine the LVE range at fixed frequency
of 1 rad-s*. Once established the LVE of each hydrogel, frequency sweep tests were performed
(w: 0.1-100 rad/s) at constant strain within the LVE region of each sample. Thixotropic
experiments were conducted on hydrogels 2H, 2H-T and 2H-TG by applying consecutive
deformation and recovery steps. The deformation step was performed by applying to the gels a
constant strain above the LVE region of each sample for a period of 7 minutes. The recovery
step was performed by keeping the sample at constant strain within the LVE region for 7
minutes. The cycles were performed multiple times at fixed frequency of 1 rad/s.

Emission and excitation - Spectra were collected with an Edinburgh FLS920 fluorimeter
equipped with a photomultiplier Hamamatsu R928P, and the samples were analysed in
disposable cuvettes with optical path length of 0.5 cm. Emission: dexc = 530 nm; Aem: 540-700
nm. Excitation: Aexc = 330-600 nm, Aem = 620 Nm.
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Chapter 3

3. Graphene doped LMW gels for 3D cell growth

Hydrogels have been extensively explored as promising biomaterials for tissue engineering and
drug delivery.’®®-1%9 With tuneable mechanical and bioactive properties, hydrogels offer
potential for biocompatibility and environmental responsiveness to mimic natural extracellular
matrices. 160163

Low molecular weight supramolecular hydrogels (LMWSHs)*%41%¢ have some special
properties that differentiate them from the traditional polymeric hydrogels offering advantages
for certain applications, such as thixotropy, self-healing propensity and thermoreversibility.
Peptide-based hydrogels®®>3%40.167.168 are appealing for biomedical applications, because they
have high biocompatibility and good biodegradability. To overcome drawbacks of many
peptide-based supramolecular hydrogels, such as low mechanical stability and high erosion
rates in vivo'® the class of pseudopeptide gelators described in this work provides potential for
intrinsic proteolytic stability.

A recent strategy for improving the functionality of supramolecular hydrogels is the
incorporation of nanofillers.)’®1> The specific properties of the fillers may modify the
performance of the hydrogel or add functionality (i.e. hydrogel reinforcement, self-
healing).*?6176-178 Nanocarbons are ideal nanofillers due to their peculiar chemical-physical
properties, that have demonstrated great potential in nanomedicine and nanotechnology."%?
Electrical conductivity, mechanical strength, and high surface area, all make graphene an
interesting filler for tissue engineering and regenerative medicine.'®% The generally poor
mechanical stability of hydrogels limits their use as functional materials for many biomedical
applications. On the contrary, graphene is the strongest material known (more than 200 times
stronger than steel). The presence of graphene even at very low loadings inside a hydrogel can

provide significant reinforcement to the final material.

In Chapter 2, inorganic filler in the form of titanium nanoparticles, in the presence or absence

of graphene platelets, was added to a hydrogel matrix for the photodegradation of a model
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pollutant. However, the addition of these fillers, especially the mix of titanium and graphene,
caused a decrease of the mechanical properties of the final material, due to the formation of
aggregates.

Recently, the incorporation of graphene-based nanofillers in hydrogels has been reported to
tailor the properties of these versatile materials.’¥"-1%2 A crucial step for the inclusion of
graphene in supramolecular hydrogels is the achievement of a stable dispersion before the
addition of the trigger. Various polymers, surfactants and biomolecules have been used to

facilitate the dispersion of carbon nanomaterials®*-1%

in solution. For example, Pluronic® F127
was added to the gelator to stabilise the NPs solution.'?® However, these dispersants usually
alter the gelation process or hamper the molecular self-assembly.

A promising strategy uses the supramolecular gel medium to disperse the graphene. The
aromatic moieties contained in the gelator molecules can interact with the graphene delocalized
n surface by m-n stacking interactions to disperse the graphene in the supramolecular matrix
and incorporate graphene sheets into the gel system, thus generating a hybrid system. The
supramolecular gel, in turn, provides fibrillar network structures that may accommodate the

dispersed graphene sheets.*%’

Supramolecular hydrogels were prepared using the pseudopeptide to act as both gelator and
graphene dispersant. For this study, the already reported*>’2 bolaamphiphilic pseudopeptide
H2C[(CH2)3CO-L-Phe-D-Oxd-OH]2 (3) was chosen.

This robust gelator possesses two L-Phe-D-Oxd dipeptide units linked by an azelaic acid unit.
The aromatic moieties of the L-Phe residue can interact with graphene favouring dispersion.
(Figure 3.1).%

0] 0] OH
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z

Figure 3.1 Chemical structure of gelator 3, H.C[(CH2);CO-L-Phe-D-Oxd-OH]..

A small library of graphene doped supramolecular hydrogels was prepared using two different

triggers (pH variation and arginine addition) and the hydrogel mechanical properties were tested
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and compared. Cell viability was studied to examine the safety and biocompatibility of
graphene filler.1%®

3.1 Mechanical properties of graphene doped LMWSHSs

A set of 16 hydrogels was prepared using solutions of gelator 3 and increasing amounts of
graphene in Milli-Q® water (see Table 3.1 for details) by adding either 2.2 equivalents of GdL
(samples denoted as 3G) or 1 equivalent of arginine (samples denoted as 3A) to promote
hydrogel formation. Samples prepared with GdL and 1% gelator concentration were named
3G1-3G4 and with 2% wi/w concentration 3G5-3G8; the same for Arg, 3A1-3A4 (1% w/w)
and 3A5-3A8 (2% wiw).

Table 3.1 Hydrogels properties as a function of gelator concentration (w/w), graphene concentration

(mg/mL) and trigger.
Entry Trigger Gelator 3 Graphene pH Toer @ Photo
(mg/mL) %
3G1 GdL 1% 0 4 70-77
i
3G2 GdL 1% 0.5 4 79-81
3G3 GdL 1% 1 4 77-79
3G4 GdL 1% 5 4 80-89
3G5 GdL 2% 0 4 98-100
3G6 GdL 2% 0.5 4 94-99
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2 Hydrogels are thermoreversible.

The use of GdL has been extensively reported to promote gel formation.8#1%2%0 The choice of

arginine as trigger was inspired by a previous work of Tomasini and co-workers,’? as discussed

in Chapter 1. Several amino acids had been tested as triggers for the gelation process of

LMWGs, and arginine proved the best, giving strong, self-healing and thermoreversible

hydrogels.
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Figure 3.2 The self-healing ability of gelator 3 reported in a previous work of Tomasini et al. when
arginine is used as a trigger for the gelation process. Two gels were prepared (one marked with
Rhodamine B) and cut into three blocks. When different gel blocks were placed in direct contact along

the cut surface without any external stimuli, they recombined within 20 minutes.”

The 16 mixtures were stirred for 5-10 minutes, then left stand in the test tube overnight until
gel formation. All samples are self-supporting and thermoreversible on heating, with Tgel
increasing for hydrogels doped with increasing amounts of graphene (Table 3.1).
Hydrogels 3G1-3G8 have a pH ranging between 3.5 and 4, due to the use of GdL as trigger,
while hydrogels 3A1-3A8 reach a pH ranging between 7 and 8, due to the addition of arginine.
The viscoelastic behaviour of the samples was analysed through rheological analyses.
All hydrogels are characterized by a solid-like behaviour, with storage modulus approximately
an order of magnitude higher than the loss component. G’ always increases as the graphene

concentration increases (Figure 3.3).

The reinforcement effect of graphene is impressive especially for arginine containing hydrogels
at 2% concentration (3A5-3A8). Comparing the properties of hydrogels obtained at 1% and 2%
w/w concentration, it can be gathered that hydrogels strength increases with the graphene
concentration, in agreement with the results obtained from the Tge analysis.

Taking into consideration the mechanical properties and the final pH of the 16 samples, the
most promising hydrogels for applications as biocompatible materials are hydrogels 3A5-3A8
that couple an exceptional mechanical strength with a final pH ranging between 7 and 8, that is

compatible with cellular environment.
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Figure 3.3 Diagram of the G’ values obtained from the frequency sweep analyses of hydrogels 3G1-
3G8 and 3A1-3A8, as a function of trigger, gelator concentration and graphene concentration. Each

point represents one sample with graphene doping indicated on the x ais.

All the hydrogels were further analysed, but a particular attention was paid to the properties of
hydrogels 3A5-3A8. These four samples are characterized by a great capability to recover the
gel-like behaviour as they all recover the “solid-like” state when the strain level goes back
within the LVE region (Figure 3.4 and Figure 3.5). Thus, they confirm at the molecular level

their thixotropic properties, although a slight decrease in the storage modulus was observed.
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Figure 3.4 Values of storage moduli (solid circles) and loss moduli (empty circles) during a step strain

experiment performed on hydrogels 3A5-3A6.
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Figure 3.5 Values of storage moduli (solid circles) and loss moduli (empty circles) during a step strain

experiment performed on hydrogels 3A7-3A8.

Hydrogels made with GdL (3G1-3G8) also show the capability to recover the gel-like

behaviour after the application of a strain above their LVE region.!%®

The morphological analysis of the corresponding aerogels, obtained by freeze-drying of the

samples, was performed with SEM (Figure 3.6). In any case, the comparison of the morphology

between aerogels containing graphene and the corresponding aerogels without graphene do not

suggest significant differences due to graphene.
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Figure 3.6 SEM images of aerogels obtained by freeze drying hydrogels samples 3G1-3G8 and 3A1-
3A8. Scale bar (in white) represents 25 pm.

Aerogels 3G1-3G8 and 3A5-3A8 show a morphology characterized by the formation of locally
oriented long strips that cross on the large scale forming a network, while aerogels 3A1-3A4
are characterized by dense fibrous networks. The differences in morphology are likely related
to the gelator concentration and the trigger nature.

This outcome is further confirmed by the analysis of the aerogels ATR-IR (Attenuated total
reflection - Infrared) spectra, which provide information on the supramolecular interactions
involved in the formation of the hydrogels. The spectra were compared of hydrogels prepared
with different graphene concentrations and the same concentrations of gelator and trigger. In
all of the spectra similar bands were observed, indicating that graphene did not alter

significantly the supramolecular interactions in the network.

Aerogels 3G1-3G8 (trigger = GdL) exhibited reproducible IR spectra (Figure 3.7).
All contained a band at 3330 cm™! characteristic of hydrogen bonded NH bonds (N-H---O=C
hydrogen bonds), together with another strong stretching band at 1710-1720 cm™ , typical of
hydrogen bonded CO bonds, and a weaker band between 1550 and 1600 cm™ that may be
attributed to the amide band II. Aerogels 3A1-3A8 (trigger = arginine) show a different pattern
(Figure 3.8), in which a strong band I prevails at about 1630-1650 cm™! but no band Il is visible,
and the typical band of hydrogen bonded NH bonds is quite weak, due to the presence of

arginine, and centred at 3300-3330 cm’!.
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Figure 3.7 Selected regions of ATR-IR spectra for aerogels 3G1-3G8.
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Figure 3.8 Selected regions of ATR-IR spectra for aerogels 3A1-3A8.

NIH-3T3 (mouse embryonic fibroblast) cells were used to evaluate the cell response to the
presence of hydrogels 3A5-3A8. The four hydrogels were prepared using cellular medium
instead of Milli-Q® water, to assess the hydrogels biocompatibility. The use of cellular medium
slowed down the gelation time from 16 hours to 2 days. Figure 3.9 illustrates cell proliferation
on hydrogel 3A5-3A8 in cellular medium after a culture period of 24h and 48h.

Cell adhesion is strongly influenced by graphene doping. Hydrogel 3A6 (graphene content =
0.5%) shows a good biocompatibility, while at higher graphene concentrations (hydrogels 3A7
and 3A8) a significant toxic effect on fibroblasts is observed. However, after 48 hours, cells
continue to proliferate both in hydrogel 3A5 (without graphene) and in hydrogel 3A6-3A8,



insensitive to the graphene doping concentration, this meaning that the scaffold supports cell

growth.

140
] ; 24h

120 4 48h
100
80

60

cell viability (%)

40

20
0
3A5 3A6 3A7 3A8
Hydrogels

Figure 3.9 Cell viability of NIH-3T3 on hydrogels 3A5-3A8 in cellular medium. Data represent the

mean + standard deviation.

Supramolecular hydrogels doped with graphene may represent a promising building block for
the development of smart materials for biomolecules and tissue engineering purposes. The
degradation of the gel does not modify the toxicity of graphene. Cell viability was measured
even after the destruction of the matrix and the results, Figure 3.10, showed that cell viability

is similar to that obtained by the graphene embedded in the gel.
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Figure 3.10 Cell viability of NIH-3T3 in cellular medium solutions. From left to right: 3A5sol (cellular
medium added with 2% gelator), 3A6sol (cellular medium added with graphene (0.5 mg)), 3A7sol
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(cellular medium added with graphene (1 mg)), 3A8sol (cellular medium added with graphene (5 mg)).

Data represent the mean + standard deviation.

In conclusion, strong supramolecular hydrogels were prepared using two triggers (GdL and
Arg) and introducing increasing amounts of graphene in the gelling mixture. The G’ modulus
of these materials increases with the graphene amount; they are stable, thermoreversible and
elastic. The concentration of gelator, the degree of graphene doping and the nature of the trigger
are crucial to get hydrogels with the desired properties, such a high storage modulus and good
self-healing properties. The hydrogels prepared are able to recover their modulus during
thixotropy experiments. The biocompatibility of the most promising hydrogels 3A5-3A8 was
tested by assessment of the bioavailability of mouse embryonic fibroblast (NIH-3T3) cells in
the hydrogels in which pure water was replaced with complete serum medium. Cell adhesion
on the hydrogel is strongly influenced by graphene doping. The hydrogel scaffold support cell
growth at all the concentration of graphene doping.

The rheological properties and the biocompatibility of these graphene-hybrid hydrogels may be
easily tuned selecting i) the degree of the graphene doping and ii) the nature of the gelator in
the gelling mixture.

3.2 Materials and Methods

Preparation of the Graphene Dispersions — Three dispersion of Milli-Q® water (20 mL each)
containing edge-functionalized graphene, MG24, (10 mg, 20 mg and 100 mg respectively) were
prepared and vigorously stirred for about 20 minutes with a magnetic stirrer. Graphene sample
MG 24, produced by 24 hours ball milling in the presence of CO2 according to ref.?%!, was
kindly provided by the University of Fribourg. Characterization of the graphene sheets

(elemental analysis, surface area and size of the sheets) are reported in ref.?%

Hydrogel Preparation using the pH Variation Method - A portion of gelator 3 (5 mg for
hydrogels 3G1-3G4; 10 mg for hydrogels 3G5-3G8) was placed in a test tube (diameter: 8
mm), then Milli-Q® water (0.5 mL) or a graphene solution (see Table 3.1 for details) was
added, followed by a 1M aqueous NaOH (2.1 equiv.) and the mixture was stirred until sample

dissolution. Finally, we added 2.2 eq. of glucono-3-lactone. After a rapid mixing to allow the
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GdL complete dissolution, the sample stood quiescently until complete gel formation which
usually occurred after 16 hours.

Hydrogel Preparation by Addition of Arginine - A portion of gelator 3 (5 mg for hydrogels
3A1-3A4; 10 mg for hydrogels 3A5-3A8) was placed in a test tube (diameter: 8 mm), then
arginine (1 equiv.) was added. 0.5 mL of Milli-Q® water or a graphene solution (see Table 3.1
for details) was added to the test tube under stirring. After 1 minute, the magnetic stirrer was
removed and the tube stood quiescently until complete gel formation which usually occurred

after 16 hours.

Conditions for Tgel Determination - Tger was determined by heating some test tubes (diameter:
8 mm) containing a glass ball (diameter: 5 mm, weight: 165 mg) on the top of the gel. After the
gel is formed, the ball was suspended atop. The Tge is the temperatures in which the ball starts
to penetrate inside the gel. Some hydrogel samples melt, producing a clear solution, while in

other cases the gelator shrinks and water is ejected, as syneresis occurs.

Aerogels Preparation - Samples of the hydrogels were freeze dried using a BENCHTOP
Freeze Dry System LABCONCO 7740030 with the following procedure: the hydrogel was
prepared in an Eppendorf test tube at room temperature. After 16 hours, the samples were
placed in liquid nitrogen for 10 minutes, then freeze-dried for 24 hours in vacuo (0.2 mBar) at
-50 °C.

AEROGELS CHARACTERIZATION

Morphological Analysis - Scanning electron micrographs of the samples were recorded using
a Hitachi 6400 field emission gun scanning electron microscope operating at 15 kV.

Rheology - Rheology experiments were carried out on an Anton Paar Rheometer MCR 102
using a parallel plate configuration (25 mm diameter). Experiments were performed at constant
temperature of 23 °C controlled by the integrated Peltier system and a Julabo AWC100 cooling
system. Oscillatory amplitude sweep experiments (y: 0.01-100%) were carried out to determine
the LVE range at a fixed frequency of 1 rad s*. Once the LVE of each hydrogel was established,
frequency sweep tests were performed (m: 0.1-100 rad s™1) at a constant strain within the LVE

region of each sample (y = 0.04%). Step strain experiments were performed on hydrogels to
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analyse the thixotropic behaviour of the material. The sample was subjected to consecutive
deformation and recovery steps. The recovery step was performed by keeping the sample at a
constant strain y = 0.04%, i.e. within the LVE region, for a period of 400 s. The deformation
step was performed by applying to the gel a constant strain y = 100%, i.e. above the LVE region
of the sample for a period of 300 s. The cycles were performed 3 times at a fixed frequency ®

=10rad st

IR - High quality infrared spectra (64 scans) were obtained with an ATR-FT-IR Bruker Alpha

System spectrometer (64 scans).

Cell culture - Mouse embryonic fibroblast (NIH-3T3) cells were cultured under standard
conditions in Dulbecco’s modified Eagle medium (DMEM) (4.5 g L glucose), supplemented
with 10% (v/v) Fetal Bovinum Serum, 2 mM L-glutamine, 0.1 mM MEM Non-Essential Amino
Acids (NEAA), 100 U mL? penicillin and 100 U mL—1 streptomycin in a humidified incubator
set at 37 °C with 5% CO.. For cell culture, the samples were sterilized with ultraviolet (UV)
radiation for 20 min before use. The gels were incubated for 30 min at 37° with 5% CO> with

complete medium. Cells were seeded on gel in 24-well plates at a density of 10° cells per mL.

Cell viability - Cell viability was determined by resazurin reduction assay; the reagent is an
oxidized form of the redox indicator that is blue in colour and non-fluorescent. When incubated
with viable cells, the reagent is reduced and it changes its colour from blue to red becoming
fluorescent. Briefly, cells were seeded on gels with complete medium. After incubation times,
the resazurin reagent was added directly to the culture medium with 10% volume of medium
contained in each sample and incubated for 4 h at 37 °C with 5% CO.. Subsequently, aliquots
from each sample were transferred to a 96 multiwell plate for fluorescence measurement at Aexc
560 nm and Aem 590 nm (Thermo Scientific Varioskan Flash Multimode Reader). A negative
control of only medium without cells was included to determine the background signal, as well

as a positive control of 100% reduced resazurin reagent without cells.
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Chapter 4

4. LMWGs and mineral phase: formation of composite materials

4.1 Biomineralization: crystal growth in hydrogel matrices

Biomineralization is the process by which organisms deposit in a controlled way mineral phases
producing biominerals such as bones, teeth, mollusc shells.?°2%* One experimentally proven
dogma of biomineralization is that the deposition of the mineral phase occurs in a highly viscous
or gel environment. 292205

Biominerals have properties optimized for their specific function, but difficult to reproduce in
laboratories. Recently, the possibility to exploit gels for the growth of crystals has been used as
a model for biomineralization. A number of natural gel-like matrices (such as collagen, fibroin,
amelogenin and a-chitin)?® have been identified in association with mineralisation processes
in biological organisms.

Crystal growth in gels is a modification of crystal growth in solution and could be a useful tool
for controlling purity, morphology and other properties of single crystals.

Gel matrices composed of synthetic and natural molecular gelators, are usually well hydrated,
porous and fibrous networks, which provide structural frameworks for the mineral phase to
grow, as well as chemical functionalities for nucleation of crystal growth.207:2%®

One of the unique aspects of gels is the high porosity of the three-dimensional network. Each
cavity represents a compartment of solution in which the solute is confined, influencing crystal
nucleation, growth and morphology. Physically, gel networks determine diffusion rates, local
concentrations and supersaturation of solutes.

A wide variety of materials can be dissolved, suspended or trapped into the gel structure at the
end of the gel formation (as already reported in Chapter 2 and 3) such as graphene,168:171,209.210
cells, 21213 catalysts, 24?15 and ions for crystal growth. After hydrogel formation, several
processes may take place in the confined space of the gel, producing results that are
significatively different from what is usually observed in solution.

Gel networks offer other advantages to support crystal growth including prevention of

sedimentation and elimination of Brownian motion, laminar flow and convective currents,
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making diffusion the dominant mass transport mechanism available to solutes. Such parameters
lead generally to large and high-quality crystals. The organic matrix constituted by gel fibres
can be intimately associated with the inorganic mineral phase and even incorporated inside of
it, producing composite inorganic/organic materials with unique properties and

morphologies.?1¢-%18
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Figure 4.1 Schematic illustration of the growth of calcite aggregates obtained from alginate gels.
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(G blocks are the a-L-guluronic acid residues of alginate). Adapted from ref 2%

Examples of hydrogels in biological, as well as synthetic, bio-inspired systems are discussed in
Asenath-Smith et al.?®® They show the physical and chemical effects of a broad range of
hydrogel matrices and their role in directing polymorph selectivity and morphological control
in the calcium carbonate system. In these studies, the function of the gel has been to physically
control the diffusion process of precipitating ions by chemical interactions between functional
groups of gelator molecules and the growing crystals of the mineral.

Calcium carbonate has been one of the most studied minerals, alone and in combination with
gels (Figure 4.2), because it is widespread among living organisms and represents a relatively
simple chemical system to investigate in vitro.?2%2%1 |t exists as one of three polymorphs
(calcite, aragonite and vaterite), as well as amorphous forms. In a recent work, a gel that formed

in the presence of calcium ions was used as a source of calcium ions for calcification.
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Figure 4.2 Optical images of calcium carbonate crystallization in uniaxially deformed (200%
elongation) gelatin films: a) Rhombohedral calcite crystals formed on film without entrapped poly-L-

Aspartate. b) Aragonite aggregates formed inside the film with entrapped poly-L-Aspartate.??

However, the gel structure was lost during the calcification process.??? Examples of hydrogels
that i) form a framework in the presence of calcium ions, ii) provide the calcium ions for
crystallization and iii) preserve the framework structure are absent in the literature, as far as we
know. Such a system can have great relevance in biomineralization, because in many organisms
the mineralization process takes place in a gelling environment rich of calcium ions, in which

the diffusion of carbonate ions occurs.?%%?2

4.1.1 Supramolecular hydrogels for growth of CaCOs crystals

Supramolecular gels, as already discussed, may be constituted of a liquid phase (water or
organic solvents) in which a wide variety of materials are dissolved, suspended or trapped into
the gel structure at the end of the gel formation. After hydrogel formation, several processes
may take place in the confined space of the gel, producing results that are significatively
different from those observed in solution.

A recent study reported the growth of calcium carbonate crystals inside a supramolecular gel
based on a bis-urea gelator system with carboxylic acid functionalities.??* Gels of this type,
having Ca?* binding domains on the fibres (carboxylate groups), can potentially nucleate the
growth of a mineral or strongly and specifically interact with growing crystal faces, thus altering

the morphology of the crystals in a controlled way.??> Gelator molecules participated in the
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crystallization of calcite, altering the physical properties, nucleation and growth processes of
the crystals.

In this context, we decided to investigate the formation of calcium carbonate crystals inside a
gel matrix made with one of our gelators containing carboxylic acid functionalities.
In our continuous effort to find new gelators able to form stable hydrogels, useful for different
applications, we found a LMWG based on a single amino acid, L-DOPA, that was able to gelate
under several conditions. Gelator 4 Boc-L-DOPA(Bn).-OH (Figure 4.3) may benefit from the
additional presence of two benzyl esters in the chemical structure, that improve gelation

efficiency through additional n-m stacking interactions.

Figure 4.3 Chemical structure of gelator 4, Boc-L-DOPA(BnN),-OH.

Unprotected and commercially available L-DOPA was transformed into gelator 4 with four
synthetic steps, as previously reported (see Chapter 2). The effective preparation of this
compound bears well for its applications in the formation of supramolecular materials.
The preparation of the hydrogels followed a general procedure based on the dissolution of 4 in
an alkaline aqueous solution (NaOH or Na2COs), by stirring and sonication for about 15
minutes, followed by the addition of the trigger (GdL or CaCly).?26-228

Samples 4A and 4B both were prepared using NaOH as base for the dissolution, and different
triggers (GdL and CaCl; respectively). For the preparation of samples 4C and 4D, NaOH was
replaced by Na>COs3 as a source of carbonate ions. The addition of CaCl. as trigger may induce
the formation of CaCOg crystals. In this procedure, gelation takes place with the formation of
CaCOg crystals.

Gelator 4 can form gels under these conditions with a concentration ranging between 0.5 and

2% w/w. After several attempts, we found that the optimal gelator concentration for this specific
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study was 1% wi/w. Gels were too weak using 0.5%. Gels formation was irreproducible and
very fast using 2%, creating mechanical problems in the hydrogel network and the crystals.
Moreover, before choosing the optimal Na.CO3 and CaClz concentrations used for samples 4B,
4C and 4D (Table 4.1), several concentrations were tested, which were too low to detect the

calcite formation, or too high to allow the formation of a strong hydrogel.

Table 4.1 Reagents, conditions and final pH for hydrogels formation using gelator 4 in 1% w/w

concentration.

Gelator Eq.NaOH Eq.Na:COs Egq, Eq.CaCl;
Sample Final pH
(mg) (1 M) ©0.1m)  GdL (0.1 M)
4A 10 1.3 - 14 - 5.5
4B 10 1.3 - - 1 8
4C 10 - 1 - 1 6
4D 10 - 2.5 - 5 6.5

In all the cases, gel formation was fast after the addition of the trigger, even in the case of the
GdL, which usually requires prolonged times to form the network.®* All gels appeared
homogeneous and opaque (Figure 4.4).

The final pH of these gels (see Table 4.1) was affected by the chemical processes occurring
inside of them. When the environment was alkaline because of the addition of NaOH and CaCl,
solution as trigger, the final pH was 8. Since the starting concentration of [OH] was 1 M, this
final value suggested that a relevant part of the OH™ groups were involved in the salification of
the gelator. When Na>COs3 was used instead of NaOH, the drop of pH was higher (samples 4C
and 4D of Table 4.1), probably because Na,CO3 was consumed by the salification process of

the gelator molecules and by the formation of CaCO:s.
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Figure 4.4 Photographs of the hydrogels prepared using gelator 4 in 1% w/w concentration.
From the left: sample 4A, 4B, 4C and 4D. Scale bar: 5 mm.

The viscoelastic behaviour of the hydrogels in terms of storage (G’) and loss (G’’) moduli was
analysed through standard rheological experiments. The first analysis performed was an

Amplitude Sweep to evaluate the LVE range, with a constant frequency o = 1 rad s (Figure

4.5).
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Figure 4.5 Amplitude sweep experiments of the hydrogels 4A (blue), 4B (red), 4C (pink) and 4D

(green), made with 1% w/w concentration of gelator 4. The analyses were performed on the gels about

20 hours after the gelation begun. Storage modulus: solid circles, loss modulus: empty circles. The

analyses were repeated three times for each sample.
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All the hydrogels prepared are characterized by G’ approximately an order of magnitude higher
than G” (except samples D which are highly calcified), indicating their solid-like
behaviour.'®*??® Frequency sweep experiments (Figure 4.6) were performed applying a
constant shear strain within the LVE region of each sample (y = 0.04%).
For all hydrogels, both the G’ and G” were almost independent from frequency in the range
from 0.1 to 100 rad s%, with G’ always greater than G”.
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Figure 4.6 Frequency sweep experiments (constant y = 0.04%) performed on 1% w/w hydrogels. The
analyses were performed in triplicate on the hydrogels about 20 hours after the beginning of gelation.

A comparison of the rheological properties of the four samples, taken from the frequency sweep

experiment, is summarised in Table 4.2.
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Table 4.2 Values of G’ and G”> (mean moduli and standard deviation) from frequency sweep

experiments (y = 0.04%, ® = 1 rad/s).

Sample G’ (KPa) G” (KPa)
4A 64.181+2.761 9.648+0.884
4B 25.800+9.051 2.790+0.042
4C 20.650+6.435 3.140+0.990
4D 56.738+0.735 12.507+0.111

Finally, the system’s ability to recover the gel status after a strong stress was checked.

All samples were subjected to a strain value within the LVE region (characterized by G’ values

greater than G”’), followed by a stress that induces transformation into solution (thixotropy).

These two steps were applied to the respective hydrogels for multiple cycles (Figure 4.7).
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Figure 4.7 Values of storage moduli G’ (solid circles) and loss moduli G” (empty circles) recorded

during step strain experiments performed on the hydrogel samples 4A (blue), 4B (red), 4C (pink) and

4D (green).
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When the applied strain was increased above the crossover point, the sample behaviour
switched from gel-like to sol-like, with G’ values greater than G’. Then the samples rested at
fixed strain within the LVE range and the recovery of the gel-like status was checked. Samples
4A, 4C and 4D showed good thixotropic behaviour, as they promptly recovered their properties
after each cycle. In contrast, hydrogel 4B recovered a gel-like status after the first cycle,
although the G’ value was significantly reduced (from 21000 Pa to 400 Pa). After the second

cycle, the hydrogel recovered again a gel-like behaviour with a G’ value of about 400 Pa.

4.1.2 Reversibility of calcium uptake

The role of Ca?* ions in hydrogel formation and the reversibility of calcium release (from the
gel to the environment) and uptake (inside the gel from the environment) were then
investigated. To perform this study, samples of hydrogel 4B were immersed after gelation in a
0.05 M disodium ethylenediaminetetraacetate (Na2;EDTA) dihydrate solution under gentle
stirring for 5 hours (4B-E). The aim was to replace Ca®* with H* inside the gel network and to
check possible changes in the gel properties. Then, sample 4B-E was re-suspended in a CaCl;
solution for 5 hours (4B-Ca) to check the reversibility of calcium uptake. This study is
represented in Figure 4.8.

4B

Figure 4.8 Representation of calcium uptake from the gel network using NA:EDTA and subsequent

calcium addition to the network using CaCls.

The first treatment successfully removed Ca?* from the hydrogel, as verified by the Energy-
dispersive X-ray spectroscopy (EDX) spectrum of a fragment of the dry sample (xerogel) of
4B-E (later named as 4B-EX) in which no signal for calcium was observed (Figure 4.9). The
following addition of calcium showed the presence of about 1 atom% content of calcium in the
corresponding dry samples (later named as 4B-CaX).
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Figure 4.9 EDX spectrum of the xerogel of 4B-E (top) and 4B-Ca (bottom). The area of collection of
the EDX spectrum is the one inside the purple coloured quadrilateral. Only the xerogel sample of 4B-

Ca shows the peaks due to the presence of Ca.

The mechanical properties of sample 4B-E were analysed with the rheometer and compared

with those of sample 4B (Figure 4.10, Figure 4.11 and Figure 4.12).
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Figure 4.10 Amplitude sweep experiments performed on the 1% w/w hydrogels. The results obtained
for 4B-E (orange) were compared with 4B (on the left, red line) and 4A (on the right, blue line).

(G’ modulus: solid circles, G’ modulus: empty circles).
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Figure 4.11 Frequency sweep experiments (constant y = 0.04%) performed on the 1 wt.% hydrogels.
The results obtained for 4B-E (orange) were compared with 4B (red, left) and 4A (blue, right). Storage

moduli G’ (solid circles) and loss moduli G” (empty circles).
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Figure 4.12 Step strain experiments performed on the hydrogels. The results obtained for 4B-E (orange)
were compared with 4B (red, left) and 4A (blue, right). Storage moduli G’ (solid circles) and loss moduli

G” (empty circles).

Interestingly, hydrogels 4B-E after the EDTA treatment are stiffer than sample 4B, showing
properties similar to those of sample 4A, which does not include calcium in the network. When
sample 4B-E was re-suspended in a CaCl» solution, no variation on its aspect neither on its
mechanical properties were observed (Figure 4.13).

A possible reason for this behaviour can be found in the pH change during the treatment. After
the removal of calcium with EDTA from hydrogel 4B to form 4B-E, the pH decreased from 8
to 4 and remained unchanged when sample 4B-E was re-suspended in the calcium solution to

form 4B-Ca.
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Figure 4.13 Amplitude sweep experiments (left) and frequency sweep experiments (constant y = 0.04%,
right) performed on the 1% w/w hydrogels. The results obtained for 4B-Ca (light blue) were compared
with 4B-E (orange).

These outcomes suggest not only that it is possible to remove calcium from the hydrogel
network, improving the mechanical properties of the material, but also that a modification in
the organization of the supramolecular fibres occurs upon Ca?* removal and this modification

is not reversible by re-adding calcium ions.

4.1.3 Xerogel characterization

The drying process is usually a critical point for a gel, since the morphology of the network can
change compared to the hydrated state producing artefacts, especially for aggregation processes
that may take place.?%%3! To investigate hydrogels still containing the liquid phase some
powerful techniques, such as cryo-TEM (Transmission Electron Microscopy), small angle X-
ray scattering (SAXS) and small angle neutron scattering (SANS), are necessary but not always
accessible. Nonetheless, it is often necessary to produce dried samples to have at least an idea
of the morphology of the gel. Two types of dry gels can be produced depending on the drying
method: xerogels are obtained when the gel is allowed to dry in air, while to produce aerogels

the sample is first frozen and then freeze dried.

Xerogels were here produced to perform SEM and synchrotron XRD analyses. These tools were
exploited to investigate the mineral phase formed and the interactions between fibres and

crystals more than the morphology of the hydrogel itself. Taking into account the focus of these
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analyses on the crystalline phase, it was also decided to wash the samples (using two methods)
to remove part of the fibres and produce cleaner crystals.

With procedure 1, xerogels of samples 4A, 4B, 4C, 4D, 4B-E and 4B-Ca were obtained by
solvent removal in oven. The dried samples were washed with ethanol to remove part of the
fibrous network of the gel and have cleaner crystals for the following analyses, then they were
dried again and named 4AX, 4BX, 4CX, 4DX, 4B-EX and 4B-CaX (X for xerogels).
SEM images were collected for sample 4CX and 4D X before and after ethanol washing to make
a comparison. The ethanol wash produces cleaner crystals, as reported in Figure 4.14 (right)

for sample 4CX.

Figure 4.14 SEM images of xerogel 4CX before (left) and after (right) washing with ethanol.

For some samples of hydrogels 4C and 4D the xerogels were prepared with a modified
procedure (procedure 2) based on washing with water and ethanol before solvent removal in
oven, thus forming the modified xerogels 4CX# and 4DX#. This procedure was envisaged to
remove unreacted ions and molecules and change the hydrogel chemical environment before
drying. The SEM images of the samples 4AX, 4BX, 4CX and 4DX are reported in Figure 4.15.

Compared to sample 4AX, in sample 4BX the presence of calcium determines evident
differences in the morphology and fibres organisation. In sample 4BX, the fibrous structure is
well visible: the fibres are separated one from the other and form a network in which they are

strongly entangled, also thanks to the branching that appears in some fibres.
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Figure 4.15 SEM images of the xerogel samples 4AX (A), 4BX (B), 4CX (C and magnification Cw)
and 4DX (D and magnification Dw). The insets in (A) and (B) illustrate a high magnification image for
xero-1 and xero-2. The images (CM) and (DM) illustrate the composite nature of the calcite crystals
from 4CX and 4DX that entrap gelator fibres. Each image is representative of the entire sample.

In sample 4AX, on the contrary, the fibres, around 25 nm in diameter, are partially embedded
in a compact matrix, that prevents an accurate determination of the average diameter.
In the two samples containing both calcium and carbonate ions, 4CX and 4DX, a fibrous
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structure is present, with entrapped calcium carbonate crystals inside. Both composites show a
high embedding of the crystals inside the fibrous network. The fibres entrap the crystals almost
completely and even penetrate inside them, thus forming an organic-inorganic composite
material (Figure 4.15 Cv and Dmand Figure 4.16 C and D).

H5.0KV x10000 “1pm ——

Figure 4.16 SEM images of the xerogel samples 4CX (C) and 4DX (D).

The amount of crystals observed in sample 4CX is lower than that in sample 4DX, as expected
since the concentrations of calcium and carbonate ions were lower in the starting chemical

system of hydrogel 4C.

For what concerns the study on the reversibility of calcium uptake, the SEM images of the
xerogels after the EDTA treatment (4B-EX) and after the re-addition of calcium (4B-CaX) are
reported in Figure 4.17. It is possible to notice that sample 4B-EX has the same fibre
organization observed in sample 4BX, an entanglement of separated and well-defined fibres,
with almost constant diameters. Sample 4B-CaX is heterogeneous, composed by fibres, similar
to those observed in sample 4BX, and less defined segments, similar to those observed in
sample 4CX and 4DX.
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Figure 4.17 SEM images of the xerogel samples 4B-EX (E) and 4B-CaX (Ca).

The fibres diameter distribution was analysed through a box plot, taking the diameters from the
SEM images of samples 4BX, 4B-EX and 4B-CaX (n > 50).2%2 The box plots are shown in
Figure 4.18 and reveal a different diameter distribution for the fibres obtained in different
conditions. It is possible to notice that when calcium ions are involved in the formation of the
hydrogels, fibres are thin. Unlike, when the calcium ions are removed from the hydrogel fibres
by the interaction with EDTA, an aggregation process occurs, which is preserved in the xerogel.

The structure of the xerogels was then investigated by synchrotron X-ray diffraction. The
corresponding X-ray powder diffraction patterns, obtained by integration of the intensities

along the 2@ angle, are reported in Figure 4.19.
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Figure 4.18 Box plot showing the distribution of the fibres diameters measured in the xerogel obtained
from the samples 4BX, 4B-EX and 4B-CaX.

These data show that all xerogel samples were crystalline and with different structures,
according to their synthesis, or their post-synthesis treatment. The xerogels of the four starting
samples 4AX, 4BX, 4CX and 4DX, show intense low angle diffraction peaks at 2.99 nm and
1.74 nm; in addition, intense diffraction peaks at 0.51 nm, 0.46 nm and 0.34 nm are also
observed (Figure 4.19). The relative intensity of these peaks is different among the samples
and this observation can be due to the preferential orientation effect. Other diffraction peaks
were also observed at 1.46 nm, 0.99 nm, 0.92 nm, 0.67 and 0.61 nm that were common among
the samples containing calcium (4BX, 4CX and 4DX). Sample 4AX, the only one formed in
presence of GdL without calcium, shows diffraction peaks at 1.34 nm and 0.83 nm, which are
absent in the other samples, suggesting that in the presence of GdL the Boc-L-Dopa(Bn).-OH
assembly occurs with a diverse packing. The calcified xerogel, 4CX and 4DX, show additional
diffraction peaks at about 0.38 nm, 0.301 nm and 0.228 that correspond to diffraction peaks of
calcite.?*®* No diffraction peaks that could be associate to other anhydrous or hydrated calcium
carbonate polymorphs were observed. The diffraction patterns did not show any intense
background signal that could suggest the presence of relevant amounts of amorphous calcium
carbonate. The relative intensity of the diffraction peaks of calcite with respect to those of the
fibres was higher in samples 4DX than in samples 4CX, indicating a higher concentration (not
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quantified) of calcite in agreement with the higher concentration of Ca?* and COs* in the

starting hydrogel chemical system, as already observed from the SEM images.
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Figure 4.19 (left and right side) Synchrotron X-ray fibre diffraction image of the samples 4AX (A),
4BX (B), 4CX (C) and 4DX (D). (centre) Corresponding powder diffraction profiles obtained by
integration of the intensities along the 2@ angle. The main diffraction peaks from the xerogel structure
are indicated with their associated periodicities. The diffraction peaks of calcite are marked by an

asterisk.

Different structures were observed in samples 4B-EX and 4B-CaX (Figure 4.20), obtained by
EDTA decalcification of the sample 4B and subsequent incubation in a CaCly, respectively.
Their diffraction patterns showed several diffraction peaks having the same periodicities, but
different relative intensities. Most of these diffraction peaks were at different periodicities from
those observed in the samples 4AX, obtained in the absence of Ca?*, and 4BX, formed in
presence of Ca?*, with the exception for diffraction peaks at 0.51 nm, 0.46 nm. In 4B-EX and
4B-CaX low angle diffraction peaks were at 2.51 nm and a 1.26 nm. In the same samples other
intense peaks were observed at 0.94 nm, 0.87 nm and 0.37 nm, while in the sample 4BX most

of these peaks were very weak.
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Figure 4.20 (left) Synchrotron X-ray fibre diffraction image of the samples 4B-EX (Bg) and 4B-CaX
(Bca). (right) Corresponding X-ray powder diffraction profiles obtained by integration of the intensities
along the 20 angle. The main diffraction peaks from the xerogel structure are indicated with their
associated periodicities. The X-ray powder diffraction profiles from the samples 4AX (A) and 4BX (B)
are reported for comparison.

Xerogels 4CX# and 4DX#, prepared with procedure 2, show a different organization of the
fibres and the presence of fibres bundles (Figure 4.21).

Figure 4.21 SEM images of the xerogel samples 4CX# (A) and 4DX# (B).
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Even in these samples the amount of crystals of calcium carbonate formed in sample 4DX# is
clearly higher than that of sample 4CX# and related to the ion concentrations of the starting

solutions.

In conclusion, SAFIN hydrogels that can be exploited as a bio-inspired matrix for calcification
were prepared using a simple and robust process. They formed through electrostatic and n-nt
stacking interactions of Boc-L-DOPA(Bn)2-OH molecules in aqueous solutions. The four kinds
of hydrogels were prepared by varying the trigger (GdL or CaCl) and the base. They were
solid-like with mechanical, compositional and structural properties depending on choice of the
trigger. When Na>,COs was used to alkalinize and CaCl as trigger, calcite crystals formed
within the conserved solid-like hydrogel, generating a composite material. When Ca?* was
replaced with H* the SAFiN hydrogel assumed the same properties of the one formed using
GdL as trigger. This suggested that once assembled the hydrogel molecular chains relied more

on the 7-7 stacking interactions than on the source of the electrostatic ones.

The calcified hydrogels produced xerogels that gave different X-ray fiber diffraction pattern
and morphology if harshly washed before drying. It has been supposed the inter-fibril
interactions were affected by the washing, which by removing unreacted molecules and free
ions changed the chemical environment. Of course, these considerations are derived by
observations on xerogels and could be not representative of the fibre structures and interactions
inside the hydrogels.

In all xerogels from calcified hydrogels, calcite crystals were observed to be entrapped in the
fibre network and entrapping fibres within their structure, generating a composite material. This
scenario is supposed to be a realistic prediction of the hydrogel, since calcite formed into the
hydrogel. In addition, the amount of calcite crystals formed, which was qualitatively evaluated,
increased with the concentrations of calcium and carbonate ions in the starting hydrogel
chemical system. These final observations confirm the starting hypothesis that the fibrous
structure of the hydrogel can be considered a bio-inspired matrix that has the capability to
confine the space of mineralization, to act as a source of Ca?" and to preserve its structural
organization once the mineral formation has occurred, as frequently occurs in

biomineralization.
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4.1.4 Materials and methods

Conditions for Gel Formation - The control sample (4A) was prepared by adding Milli-Q®
water (0.97 mL) and aqueous 1 M NaOH (1.3 equiv.) to a test tube (8 mm of diameter)
containing 10 mg of the gelator, in order to produce a final concentration of the gelator of the
1% w/w. The mixture was stirred and sonicated in turn for about 30 minutes until the complete
dissolution of the sample. Then glucono-é-lactone (1.4 equiv.) was added to the mixture. After
a rapid mixing and complete dissolution of GdL, the sample was allowed to stand quiescently

until gel formation, which occurred over several hours.

Sample 4B was prepared by adding Milli-Q® water (0.76 mL) and aqueous 1 M NaOH (1.3
equiv.) to a test tube (8 mm of diameter) containing 10 mg of the gelator to produce a final
concentration of the gelator of the 1% w/w. The mixture was stirred and sonicated in turn for
about 30 minutes, until the complete dissolution of the sample. Then a 0.1 M aqueous CaCl»
solution (1 equiv.) was added to the mixture. After a rapid and complete dissolution of CaCly,
the sample was allowed to stand quiescently before further studies, even if the formation of gel

occurs immediately.

Sample 4C and 4D were prepared following the same procedure as for sample 4B, but, instead
of NaOH, Na,COs was used. In sample 4C and 4D 1 and 2.5 equiv. of Na,COz and 1 and 5

equiv. of CaCl, were respectively employed (see Table 1).

Rheology - Rheological measurements were performed on an Anton Paar Rheometer MCR 102
using a parallel plate configuration (25 mm diameter). The experiments were performed at a
constant temperature of 23 °C, controlled by the integrated Peltier system. All analyses were
performed with a fixed gap value of 0.5 mm on the respective gel samples, prepared the day
before the analysis and left overnight at a controlled temperature of 20 °C to complete the
gelation process (around 20 hours). Oscillatory amplitude sweep experiments (y: 0.01-100%)
were carried out to determine the linear viscoelastic range at a fixed frequency of 1 rad s™.
Once the LVE of each hydrogel was established, frequency sweep tests were performed (o:
0.1-100 rad s?) at a constant strain within the LVE region of each sample (y = 0.04%). Step
strain experiments were performed on hydrogels to analyse the thixotropic behaviour of the
material. The sample was subjected to consecutive deformation and recovery steps. The

recovery step was performed by keeping the sample at a constant strain y = 0.04%, i.e. within
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the LVE region, for a period of 400 s. The deformation step was performed by applying to the
gel a constant strain y = 100%, i.e. above the LVE region of the sample for a period of 300 s.

The cycles were performed 3 times at a fixed frequency @ = 10 rad s *.

Samples Preparation for X-Ray Diffraction and Scanning Electron Microscopy analysis
Two procedures were used for the preparation of the xerogels.

Procedure 1. Each hydrogel (1 mL) was oven-dried 3 hours at 100 °C until it became
completely dry. Then the sample was washed twice with ethanol (2 x 2 mL). After the solvent
addition, the test tube containing the sample was stirred with VVortex (1 min) and spin-dried (5
minutes - 5000 rpm), then the supernatant was removed. The solid residue was oven-dried at
100 °C for two hours.

Procedure 2. Each hydrogel (1 mL) was washed twice, with Milli-Q® water (2 mL) followed
by ethanol (2 mL). In both cases, after solvent addition, the test tube containing the sample was
stirred with Vortex (1 min) and spin-dried (5 minutes - 5000 rpm), then the supernatant was
removed. The solid residue was oven-dried at 100 °C for two hours.

These samples were named with an #.

EDTA treatment - After gelation, hydrogel 4B (1 mL) was placed in a vial with 6 mL of a
0.05 M Na2EDTA solution and gently stirred for 5 h. Then, the solution was removed and the
sample was used for rheological analyses (4B-E). Before SEM and XRD analysis, the samples

were washed according to the procedure reported above.

EDTA-CaCl: treatment - After gelation, hydrogel 4B (1 mL) was placed in a vial with 6 mL
of a0.05 M Na;EDTA solution and gently stirred for 5 h. Then, the solution was replaced with
6 mL of a 0.1 M CaCl; solution. The solution was removed after 5 h and the sample was used
for rheological analyses (4B-Ca). Before SEM and XRD analysis, the samples were washed

according to the procedure reported above.

Scanning Electron Microscopy - For the SEM imaging the uncoated samples were observed
with a Phenom G2 Pure using an energy of 3 kV. Gold coated (2 nm) samples were observed
using a Hitachi SEM 6400 operating at 15 kV.

X-ray fiber diffraction - X-ray diffraction images were collected at XRD1 beamline, Elettra,

Trieste, Italy and at the beamline ID23-1, ESRF, Grenoble, France. Each frame was collected
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at the peak wavelength (0.9765 A) using an exposure of 60 s. The XRD diagrams were analysed
using Fit2D software.?

Number of experiments - All the experiments for the preparation of the hydrogel 4A, 4B, 4C,
4D, 4B-E and 4B-Ca were repeated at least three time. The preparation of the xerogels was
performed using two experimental procedures that were also repeated at least three times for
each sample. The rheological analyses were repeated three times. The scanning electron
microscopy observations were performed on at the least three independent samples for each

preparation. The diffractometric measurements were performed on one sample.
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4.2 Fibre-reinforced Calcium Phosphate Cements (FRCPCs)

4.2.1 Calcium Phosphate Cements as bone scaffolds

Many synthetic biomaterials (e.g. metallic,?® polymeric,2*® ceramic,?"-2® and cements,?4%-24)
have been developed as bone substitute materials. Among them, an extensive research has been
dedicated towards calcium phosphate cements (CPCs). Discovered in 1980s, CPCs are
frequently used to repair bone defects because of their excellent biocompatibility, bioactivity,
osteoconductivity, injectability and moldability.?*2243 CPCs are defined as a combination of
one or more calcium phosphate powders which, upon mixing with a liquid phase (water or a
solution containing calcium or phosphate), form a paste able to self-set and harden in situ in the

bone defect site to form a scaffold.?**

Bone is a complex material with a well-structured architecture. To obtain optimal bone
integration and regeneration, the components and structure of bone repair materials are often
functionalized using biomimicry. Inspired by the components of natural bones, in numerous
studies organic and inorganic compounds have been used to obtain scaffolds and bone-repairing
cements.?*> Bone cements are used as fillers in the treatment of metastatic bone disease, and as
stabilizers in surgical procedures for the treatment of pain resulting from vertebral compression
fractures, such as vertebroplasty (VP), balloon kyphoplasty, and vertebral body stenting.24
Cements are, by definition, materials made up of one or more solid phases (powders) which
when mixed with a liquid phase, give a mass of a modellable consistency, that hardens at room

temperature.

Many cements are based on calcium phosphates (CPCs).24"-2%° Tricalcium phosphate (TCP),
also known as tribasic calcium phosphate, is a calcium salt with phosphoric acid. It has two
different crystalline forms: a-TCP and B-TCP, both used for the preparation of calcium
phosphate cements. B-TCP is the allotropic phase, stable below 1180 °C, and has exactly the
same chemical composition as o-TCP, but a different crystallographic structure.
The B form can be stabilized by some ionic impurities, such as magnesium ions. It is a
bioabsorbable material but is not present in biological tissues. The different crystallographic
structure makes a-TCP less biodegradable than B-TCP.2*® Many of the most recent formulations

are based on the use of a-TCP (a-Cas(POa4)2) which, in aqueous solution and at physiological
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pH, undergoes hydrolysis through a mechanism that involves the dissolution and subsequent
precipitation of a more stable phase, similar to hydroxyapatite:

50a-Caz(POa)2 + 3H20 — 3a-Cas(PO4)3(OH) + HaPO4

In this reaction scheme the main products are hydroxyapatite (HA) and phosphoric acid but the
formation of other products, such as CaHPO4-2H>0 (dicalcium phosphate dihydrate - DCPD)
or CagH2(PO4)s-5H20 (octacalcium phosphate - OCP), is also possible. Under physiological
conditions of pH and temperature, these two products are transformed into HA, which is the
most thermodynamically stable.?%* Actually, calcium deficient hydroxyapatite is mainly formed
in a physiological environment. The non-stoichiometric phase of hydroxyapatite, the calcium
deficient form, has chemical and structural properties similar to biological apatite.
The hardening of cements occurs through the entanglement of the crystals formed by the

reaction between a-Caz(PO4). and water.

The use of CPCs in orthopaedic surgery is limited due to their mechanical properties: calcium
phosphates have relatively poor tensile and shear properties. The mechanical resistance of CPCs
is lower than that of bone, teeth and bioceramics of sintered calcium orthophosphate.
These properties limit the use of CPCs to areas not subjected to load or to areas subjected to
pure compression load. Typical applications include the treatment of maxillofacial defects or
deformities and cranial facial repair or augmentation of the spinal and tibial plateau.2>22>
An improvement in mechanical properties would significantly extend the applicability of
calcium phosphate cements. This may be achieved by preparation of composite materials.
The additives used to reinforce calcium phosphate-based cements are either polymers that
penetrate the porous matrix or fibrous reinforcements. The mechanical strength of calcium
phosphate composites with polymers can be improved. Biodegradable polymers lack however
for the most part the stiffness, ductility and mechanical properties required for load bearing
applications. Furthermore, the sterilization processes typically used (autoclave, ethylene oxide)
can influence the properties of the polymer. Among all the approaches for the preparation of
composite cements, the use of fibre reinforcements is one of the most successful.
Cements exhibit typically brittle cracks and fracture without any prior plastic deformation.
The mechanical behaviour of fibre-reinforced cements, on the other hand, is the result of the
complex interaction between all the constituent components: the behaviour at macroscopic level

depends on both the mechanical properties of the matrix and those of the reinforcement and on

84



the mechanical interaction between fibres and cement as well as complementary effects of
additives or polymeric aggregates. In contrast to the brittle behaviour and fracturing which are
characteristic of CPC cements alone, larger amounts of stress energy are absorbed before
breakage of the fibre-reinforced counterparts (Figure 4.22). By subjecting quasi-brittle
composites to critical loads, the matrix fractures but the fibre bridges dissipate energy, resulting
in a delay of cements fracture.?® In ductile composites, after elastic expansion, a loss of
stiffness is observed but the composite can still absorb some load. Micro-cracks are formed,
and their number and density increase with increasing tensile/bending load until reaching a
saturation level.?® Such multiple cracking can be macroscopically observed and is the key to
composite ductility.

o

e
ductile composite
(strain hardening)

[ quasi-brittle composite
.4 (tension softening)

2
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Figure 4.22 Comparison between CPCs and FRCPCs in stress-strain curves.

Other factors related to the fibre, such as length, volume fraction, orientation and adhesion to
the matrix, all may influence the final properties of the composite. The fusion of the fibres with
the cement paste or precursor powder can be achieved by using different structures of the
fibrous materials. The fibres can be introduced into the cements as short fibres or yarns (Figure
4.23 a) or as long fibres forming a random bundle (b). The random bundles can also be cut into
small pieces and dispersed in the concrete matrix (c). If the fibres are intertwined to form a
yarn, the latter can also be randomly cut and introduced into the cement (a, b), oriented (e), or
it can be worked to form laminated textile structures (d).

It is possible to classify the CPC fibre composites reported in the literature into two groups:

CPC composites with non-absorbable fibres, in which the fibres mechanically reinforce the
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cement, and CPC composites with absorbable/biodegradable fibres, in which the fibres

reinforce and create macro-porosity in the cement matrix after the degradation of the fibres,

257

which allows tissue colonization by cells.

Figure 4.23 Disposition of the fibres inside FRCPCs.2%

A highly porous structure characterized by interconnected pores generally favours bone
regeneration.?®’ Mechanical properties of a material weaken as porosity increases, making the
development of porous CPCs for bone tissue engineering challenging. The degradable polymers
mainly used for this purpose are polyglycolic acid, polylactic acid (also as a copolymer with
the previous one) and polycaprolactone.®” In recent years, a fibre preparation technique
(electrospinning) has allowed the preparation of ultra-fine polymeric fibres, from 100 nm to 5
um, which have excellent adhesion with the various elements of the matrix due to the large
fraction of available surface. A composite reinforced with chitosan nanofibers was produced
using the electrospinning technique.?®® Mechanical tests revealed that the tensile properties
were significantly increased due to the introduction of nanofibers. It has therefore been
hypothesized that the incorporation of ultrafine fibres into CPCs results in interconnected
macropores and improves the toughness of the CPC.

The possibility of reinforcing bone cements based on calcium phosphates has already been
explored in several works in the literature. However, the various fibre-CPC composites were
obtained by inserting pre-formed fibres inside the cement matrix.

So far, no studies have been reported in the literature on the development of FRCPCs using
fibres directly self-assembled inside bone cements. Nevertheless, the possibility to achieve a
composite material reinforced with fibres growing directly inside the cement, would represent
a unique opportunity to obtain a better cohesion between fibres and cement paste, thus
improving the mechanical performances of the final material. The major challenge in the

development of such innovative materials is the search for the right formulation of these

86



composites and the determination of the relationships between raw materials, process
parameters and final properties, not to mention the effective feasibility of supramolecular fibres

growth directly within the cements and during their setting.

If the self-assembled fibres are made of LMWGs, another important aspect to consider is the
amount of liquid usually required for the formation of the networks. The general gelator/solvent
ratio used to prepare LMWGs is below 50 mg/mL (5% w/w), and often even below 20 mg/mL
(2% wi/w). Such materials are mainly composed of a liquid phase. CPCs are mainly composed
of the inorganic powder mix necessary for the formation of the cement. The liquid/powder (L/P)
ratio, expressed in mL/g, can hugely vary depending on the starting cement powder, but is often
comprised between 0.2 and 0.5, this meaning that for 1 g of inorganic powder mix the liquid
(water) is only 0.2 or 0.5 mL. Until now, no studies have been reported in literature on the
growth of self-assembling LMW fibres inside such a dense and compact inorganic matrix as

that of bone cements.

4.2.2 Self-assembled LMWG for FRCPCs

In order to prepare bone cements containing self-assembled fibres, gelator 4 was chose once
again as LMWG, since it forms fibres in presence of calcium, which is compatible with bone

scaffolds, and has a final pH close to the physiological one.

The general preparation of CPCs relies on i) mixing the starting material inorganic powders
using an electric mortar (3M ESPE RotoMix) 2x20 s, ii) adding Milli-Q® water, iii) mixing the
cement paste using the electric mortar (2x20 s) (Figure 4.24). The cement paste obtained is
then compressed for 1 minute using an INSTRON 4465. After cutting the bottom edge of the
cylindric vial, the paste is extruded from it using a piston, and immersed for 7 days at 37°C in
0.1 M phosphate buffered saline (PBS) solution (pH 7.4) to simulate the physiological
environment.

For the dissolution of gelator 4 in water, it is necessary to use alkaline water with a pH around
9-10, usually reached through the addition of NaOH 1M (see 4.1.4 Materials and Methods).
For this reason, in the general preparation of the cement paste, Milli-Q® water was replaced
with an aqueous solution of NaOH 1M (1.3 eq. calculated with respect to gelator amount) in
Milli-Q® water.
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Figure 4.24 General procedure for the preparation of CPCs.

The formation of fibres usually starts soon after the addition of the trigger (CaCly).
To obtain a homogeneous dispersion of the fibres inside the cement paste, several preparation
methods were investigated. The inorganic powder mix for CPCs was kept constant in the
different methods, and prepared using a literature procedure:®® 25 mg of DCPD
(CaHPO4-2H,0) were added to 475 mg of gelatine/a-TCP (15% wt of gelatine with respect to
the total amount), also prepared as previously reported.?® This amount will be indicated as

‘starting material’ from now.

1. Method a

In this first method, the trigger of the gelation, CaCl,, as powder, is mixed to the starting
material (which is also a powder mix) and the gelator dissolved in alkaline water is added later
(Figure 4.25). For the preliminary test, a high amount of gelator (260 pL, 5% w/w) was
introduced inside the starting material together with 1 equivalent of CaCl, to facilitate the
formation of fibres in the compact powder matrix. The gels obtained with this method were
named “CaG5_1_260" to indicate that the cement (C) was prepared with method a, using gel
(G) at 5% concentration (5) with 1 equivalent (1) of calcium trigger and 260 pL of gelator

aqueous solution (260).

88



STARTING MATERIAL

& Cadl, A
- =
= | — | PBSpH7.4
@ ® — | 7DAYs
10 37 °C
= & et ——

Figure 4.25 Schematic representation of Method a.

The morphology of the cements obtained was analysed using SEM (Figure 4.26).
The analyses highlighted the lack of fibres in all the cements prepared and the presence of small

fragments of gel.

100 pm

Figure 4.26 SEM image of a) CaG5_1_260.

Thus, the preparation with 1 equivalent of CaCl> was replaced with two more preparations, one
with 1.35 equivalents of CaClz (CaG5_1.35_260) and the other with 1.6 equivalents of CaCl.
(CaG5_1.6_260), following the same procedure previously described to obtain the cement
paste. The SEM images (Figure 4.27) reveal again a compact structure with some fragments of
gel. However, no fibres were observed even with higher equivalents of CaCl, and despite the

use of highly concentrated gelator.
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Figure 4.27 SEM images of b) CaG5_1.35_260; ¢) CaG5_1.6_260.

It was hypothesized that the gelator, even in such conditions, is unable to come into contact
with the trigger dispersed in the gelatine-phosphate starting mixture, thus making the formation
of the fibres difficult. For this reason, a further test was performed for the composition
containing 1.35 equivalents of CaCl.: the gelatine-phosphate starting mixture, the trigger and
the gelator were carefully mixed in a mortar with pestle to favour both a better dispersion of
CaCl, inside the powders and the interaction between calcium and the gelator.
From the SEM images shown in Figure 4.28, collected on the cements obtained with this
procedure (CaG5_1.35°_260), it is possible to notice, in various points of the cement, the
presence of fibres agglomerated in bundles, proving that fibre formation does not depend
exclusively on the concentration of the gelator solution and the amount of trigger, but also on

the way they are mixed.

20 pm 6 um

Figure 4.28 SEM images of sample CaG5_1.35’_260 prepared in a mortar.
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Method o was considered unsuccessful for the reasons listed above and no further analyses
were performed on the samples prepared. However, it was essential to understand that the
formation of fibres highly depends on the mixing procedure, opening the way for the next

preparation method.

2. Method g0

In this second method (B) the calcium trigger is added directly inside the gelator solution, mixed
with the RotoMix, and soon after with the inorganic starting material (Figure 4.29) at time “0”.
1.35 equivalents of CaCl, were first joined to the gelator solution and then the compound

obtained was mixed with the starting material.

e — pa— PBS pH 7.4
e 7 DAYS
{O%® : 37 °C
‘;’;\&n\%"‘ o i .‘ —
s TARTING MATERPY
e VARTING MATERY

Figure 4.29 Schematic representation of cements preparation with Method (0.

For this method, the 2% gelator solution was investigated (Cp0G2_1.35_260) in addition to the
5% (CBOG5_1.35_260). Furthermore, since with a L/P ratio of 0.52 mL/g the cement paste was
rather fluid, a smaller volume of gelator (200 uL) was also prepared (L/P = 0.40 mL/g)
(CB0G2_1.35_200 and CB0OG5_1.35_200).

After 7 days immersed in PBS solution, all samples were cohesive and there was no dispersion
of the powders in solution (Figure 4.30). The samples were then compared with reference
samples, prepared using the same amount of starting material, water and calcium trigger, but
without gelator. The reference samples for the preparation with 5% and 2% gelator were named
C5_1.35 260 and C2_1.35_260 for the L/P ratio of 0.52 and C5_1.35_200 and C2_1.35_200
for the L/P of 0.40.
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Figure 4.30 Cements containing gel at 2% (a) and 5% (b) after 7 days immersed in PBS.

The mechanical properties of the composite cements were analysed through compression tests
performed on cylindrical samples, using an INSTRON dynamometer equipped with a 5 KN
load cell. Stress-strain curves were recorded using SERIES IX software for Windows.
The compression tests on the cements were carried out after 7 days of immersion in PBS at 37
°C. Each test was repeated on four samples.

From the stress-strain curves the values of elastic modulus (E) and of the maximum stress (o)
in compression were calculated. Table 4.3 shows the comparisons between the reference
cements and the cements containing fibres, with 5% gelator concentration.

Table 4.3 Values of maximum stress (o) and elastic modulus (E) in compression tests for reference

cements and fibre reinforced cements with 5% gelator.

Sample o (MPa) E (MPa)
Cp0GS5_1.35 260 15.4+2.5 484+82
CBOG5_1.35 200 9.7+0.6 422+73

C5_1.35 260 10.1+0.1 468167
C5_1.35 200 11.60.3 478440
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The addition of 5% gel significantly affects the mechanical properties of the cements. From
Table 4.3 it is possible to notice that samples with 200 pL of gel have lower mechanical
properties not only compared to samples with 260 uL, but also compared to reference cements.
In addition, during the compression tests of the samples with 200 uL of gel, the effect of axial
compression results in a total crumbling of the material (Figure 4.31 a) while samples with a
higher L/P ratio (0.52), after completing the compression test can be recovered as a single piece,
even showing fractures in the form of cracks (Figure 4.31 b). This is the reason why the

preparation containing 200 uL were excluded from further characterisations.

Figure 4.31 Compression test on cement CB0G5_1.35_200 (a) and CPOG5_1.35_260 (b).

The morphological analysis of sample CB0G5_1.35 260 highlighted the presence of highly
porous matrices. The gelator fibres entirely cover the inner walls of the pores and, in some

places, are grouped to form small bushes (Figure 4.32).

200 um 6 pm

Figure 4.32 SEM images of sample CB0G5_1.35_260.
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With regard to cements containing 2% gelator concentration, from the compression tests (Table
4.4) they have very similar characteristics to the reference cements (C2_1.35_260), showing
lower o but higher E. It seems that the addition of 2% gel does not significantly affect the

mechanical properties, in contrast to what happens for samples loaded with the 5%.

Table 4.4 Values of maximum stress (o) and elastic modulus (E) in compression tests for reference

cements and fibre reinforced cements with 2% gelator.

Sample ¢ (MPa) E (MPa)
Cp0G2_1.35 260 5.6+0.8 385+111
C2_1.35 260 6.2+0.8 184+42

The morphological analysis of the sample CB0G2_1.35 260 highlighted the presence of
numerous fibres, homogeneously distributed in various areas of the cement scaffold.
It is also possible to notice a perfect compatibility and integration between the gelator fibres
and the apatite phase. Figure 4.33 a, in particular, shows a good interface adhesion between

the fibres and the apatite strips of the cement.

10 pm 10 pm
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Figure 4.33 SEM images of sample CB0G2_1.35_260.

The preparation of FRCPCs using Method B0 leads to cements containing fibres in all the
samples. Depending on the composition, it is possible to obtain different morphologies.

For samples loaded with 2% gelator, the SEM images reveal not only a better distribution of
the fibres within the cements compared to samples with 5% gelator, but also a better
interconnection of the fibres with the apatite phase. However, the addition of 5% gelator in the
cements leads to an increase in the stress values for all the samples analysed, while for cements
loaded with the 2% the mechanical properties are comparable with the reference cements.

3. Method 30

In order to obtain a greater number of fibres and improve their distribution within the cements,
after mixing the gelator with the trigger, a waiting time of 30 minutes was introduced before

the addition of the starting material. This waiting time could allow the interaction of the trigger
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with the gelator and a first fibre assembling process in absence of the starting material, thus
leading to higher mechanical properties of the final cement. Method B30 was therefore tested
for the same compositions tested with Method 0.

The gelator solution was treated with 1.35 equivalents of CaCl, , then, after 30 minutes, the
mixture obtained was mixed with the starting material (Figure 4.34). Gelator concentration of
2% and 5% and L/P ratios of 0.52 mL/g (260 uL) were respectively used to obtain the samples
named CB30G5_1.35 260 and Cp30G2_1.35_ 260.

Jemm=1, Ja— PBS pH 7.4
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R “ 37°C
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Figure 4.34 Schematic representation of Method $30.

The mechanical properties of the samples were analysed using compression tests.
Samples made with 5% gelator concentration gave E values which were higher than those of
the reference cements (Table 4.5), but lower ¢ values than those obtained with the 0 method,
probably due to precipitation of the highly concentrated 5% gel during the 30 minutes of setting
period.

Table 4.5 Comparison of the compression tests for reference cement, p0 and 30 with 5% gelator.

Sample ¢ (MPa) E (MPa)
CB0G5_1.35 260 15.4+2.5 484182
CP30G5_1.35 260 9.3+1.1 570+132

C5_1.35_260 10.1+0.1 46867
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From the SEM analysis, a non-reproducible behaviour was also observed for sample
CB30G5_1.35 260, probably due to an excessive gelator concentration (5%). Random
morphology and fibre arrangements were observed in samples CB30G5_1.35 260. For
example (Figure 4.35), pores were observed with gel fragments containing visible fibres
(images b, ¢) and pores entirely covered by dense carpets of fibres (images d, €). Samples
CB30G5_1.35 260 were excluded from further characterization because of such

inconsistencies.

30 um

Figure 4.35 SEM images of samples CB30G5_1.35_260.
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Compared to reference cements, better mechanical properties (o and E values, Table 4.6) were
obtained in cements which were prepared with 2% gel using Method B30, likely due to fibre
formation during the 30 minutes waiting time after the addition of the trigger to the gelator and

before the robust mixing inside the RotoMix.

Table 4.6 Comparison of the compression tests for reference cement, p0 and p30 with 2% gelator.

Sample o (MPa) E (MPa)
CB0G2_1.35 260 5.6+0.8 385+111
CB30G5_1.35 260 9.2+41.6 570+132

C2_1.35 260 6.2+0.8 184+642

The morphological analysis highlights how the fibres, not only cover the pores entirely, as seen
for previous compositions, but are also present within the entire sample. Image c) of Figure
4.36 shows a section of the cement with a surface rich in fibres and detail d) highlights their

homogeneous distribution within the cement matrix.

After this deep investigation, the most promising samples were selected for further
characterisations: Cp0G2_1.35 260, Cp30G2_1.35 260 and CB0OG5_1.35_260.

200 pm
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Figure 4.36 SEM image of CB30G2_1.35_260.

Time sweep experiments (Figure 4.37) were then performed to investigate the behaviour of the
different samples prepared with methods p0 and 30 during the first 30 minutes after the mixing
between gelator solution (containing the calcium trigger) and the starting material.
For the cement paste containing 5% gel, G' and G" values are higher using method B0, in
agreement with the results obtained from the compression tests (sample CB30G5_1.35 260

was added for comparison).
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Figure 4.37 Time sweep comparison for samples CB0G5_1.35_260 (violet), CB30G5_1.35_260 (pink),
CP0G2_1.35 260 (green) and CB30G2_1.35 260 (blue).
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For the cement paste containing 2% gelator concentration (Cp30G2_1.35 260 and
CB0G2_1.35 260), G' and G" values are lower than those obtained for the 5% and are perfectly
superimposable for the two different preparation methods, p0 and p30. However, this analysis
could not explain why after 7 days the mechanical properties of sample C30G2_1.35 260 are
higher than those of sample CB0G2_1.35_260.

A further investigation of the mechanical properties of the three selected samples employed the
three-point bending flexural test on an Instron 4465. This analysis provides useful information
for composite materials reinforced with fibres, such as the modulus of elasticity in bending (Er)
and flexural stress (of). The three-points bend test (Figure 4.38) is a common experiment in
mechanics, used to measure the Young’s modulus of a material in the shape of a beam. The
beam, of length L, rests on two roller supports and is subject to a concentrated load F at its

centre.

Specimen

|

F —load applied
d - sample diameter

g — distance between supports / support gap

Figure 4.38 Representation of the three points bending test.

For the FRCPCs analysed, the reinforcement effect of the gelator fibres is evident in all three
samples. The surprising result is that for the 2% preparations the values obtained from the
bending tests of the composite cements are much better than the results in compression, which
were instead comparable with the values of the reference samples. This test also confirms the
difference in Method B0 and B30, proving that waiting 30 minutes after the addition of the
trigger leads to improved properties for the sample with 2% gel.
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Table 4.7 Flexural strength values for the selected cement samples in comparison to the reference

samples.

Sample or (MPa)
CPOG5_1.35_260 6.63+1.15
CB0G2_1.35 260 8.48+1.61
CP30G2_1.35 260 9.06+4.1

C5 1.35 260 3.81+0.89
C2 1.35 260 2,74+1.13

In conclusion, after several attempts, an efficient method for the preparation of fibre reinforced
cements for bone regeneration was developed. Supramolecular fibres formed by LMWGs self-
assembly were grown for the first time inside bone cements using calcium as trigger.
Dense fibre matrices were observed in SEM images of cements which were made using a 2%
gelator concentration and a 0.52 L/P ratio. The fibres were homogeneously dispersed in the
matrix which gave better reinforcement than the reference cements without fibres.
The reinforcement was particularly high when the LMWG solution was placed into contact
with the trigger for 30 minutes before the addition of the cement paste. Improved cement quality
was confirmed by compression and flexural tests.

The preparation of FRCPCs in combination with LMWGs opens up the possibility to produce
a whole new class of bone cements. The fibre morphology in the inorganic matrix may be tuned
using different gelator structure, concentration and volume.

Preliminary biocompatibility tests of the composite scaffolds on osteoblast cells are now taking
place, as well as some further characterisations, including cytotoxicity, biodegradability and

porosity, to validate these materials as scaffold for tissue engineering applications.
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4.2.3 Materials and Methods

Preparation of the reference cement paste. DCPD and « -TCP were synthesized following
an already reported procedure.?®® Starting cement powders, made of gelatin and o -TCP (15%
wt of gelatin with respect to the total amount) were prepared as previously reported.26!
The gelatin/ o -TCP mix powder (475 mg) was treated with DCPD (25 mg), packed in a Teflon

mold (6 x 12 mm). To simulate the composition of the samples containing the gelator, the same
amounts of CaClz (1, 1.35 or 1.6 equivalents) were added to the starting material, depending on
the reference sample prepared. The powders were then mixed in an electric mortar (3 M ESPE
RotoMix) two times for 20 s.

A liquid to powder ratio of 0.40 or 0.52 mL/g was used, with Milli-Q® water as liquid phase
(the pH of which was adjusted to 9 using 1M NaOH to replicate that of the gelator solutions).
After the addition of the liquid phase, cement powders were mixed in the electric mortar two
times for 20 s to obtain a paste of workable consistency and compacted for 1 min inside the
Teflon mold by using a 4465 Instron dynamometer set at 70 N. After being compacted for 10
minutes, cement samples were demolded and immersed in PB at 37 °C and pH 7.4 for up to 7

259

days.

Preparation of the gelator solution. For the preparation of the solution with 2% w/w gelator
concentration, 20 mg of Boc-L-DOPA(Bn).-OH were dissolved using sonication in 1 mL of
Milli-Q® water containing 1.2 equivalents of NaOH. The 5% solution was similarly prepared

using 50 mg of the gelator in 1 mL of Milli-Q® water.

Preparation of fibre-reinforced cement paste. To prepare the samples of CPCs containing
LMWG fibres, the gelator solutions (2% and 5% w/w gelator concentration) were used in place
of Milli-Q® water as liquid phase, following the same procedure described for reference

cements.

Compression tests. The mechanical compression tests were conducted on cylindrical samples
using an INSTRON dynamometer, model 4465 equipped with a 5KN load cell, setting a
compression speed equal to 1 mm/min. Stress-strain curves were recorded using SERIES IX
software for Windows. The compression tests on the cements were carried out after 7 days of

immersion in PB at 37 °C. Four samples were tested for each preparation. From the stress-strain
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curves the values of elastic modulus (E) and of the maximum stress (6) in compression were

calculated.

Three-points bending test. The flexural tests were conducted on the cement samples using an
INSTRON dynamometer, model 4465 equipped with a 5KN load cell, setting a compression
speed equal to 1 mm/min. The bars were loaded to failure and the maximum outer-fibre

stress was calculated. Flexural stress was calculated as:

_ 3FL
"~ 2-b-d2

of

F is the force at break, L the outer loading points, b and d are the width and the thickness of the
specimen respectively. The tests were carried out after 7 days of immersion of the cements PBS
at 37 °C. Four samples were tested for each preparation.

Time sweep rheology. The rheological analyses were carried out with an Anton Paar modular
compact rheometer MCR102. Time sweep tests were carried out with a plate/plate
configuration (diameter 25 mm) keeping a constant shear strain (y = 0.03%) and a constant
oscillation frequency (1Hz) and recording a point every 15 seconds for 30 minutes soon after

the preparation of the cement paste.

SEM analyses. The morphological analysis of the fractured surfaces of the cements was carried
out after the mechanical tests using a Cambridge Stereoscan 360 scanning electron microscope.
To perform the SEM analysis, the samples were mounted on metal stubs, previously covered
with carbon conductive tape, and coated with gold before observation (30 mA for 2.5 min).
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Chapter 5

5. Gel-to-crystal transition in supramolecular gels

5.1 Metastable gels

Most supramolecular gels are stable with time, although the effects of gel aging are often not
studied over time. Some gels show however clear aging effects. A few systems have exhibited
gel-to-crystal transitions.?°2-254 In these gel formations, crystals emerge over time at the expense
of the network underpinning the gel which may fall apart (Figure 5.1).

Gelator
solution

Initial crystals
formation

Gelation Dissociation Crystallization

Figure 5.1 Schematic representation of a metastable gel: after the addition of trigger, the gelator solution
starts the self-assembly process; but over time, the network converts into crystals leading to gel

dissociation.

As described in a previous work,'® 2-naphthyloxyacetylalanyl-alanine (2NapAA, 5,
Nap=Naphthalene, A=Alanine, Figure 5.2) forms metastable gels when GdL is used as a trigger
and a slow crystallization occurs over time from the gel phase. By careful control of the amount
of GdL, crystals suitable for diffraction were grown from the gel phase, which is rare for
LMWG 263265270 syally, crystal structures are determined from crystals which are grown from
a solvent different from the gel in which they may be formed. The unusual behaviour exhibited
by 2NapAA was investigated, with a particular attention on how this crystallisation can be

controlled and used to prepare multicomponent gels with increased rigidity.
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Figure 5.2 Chemical structure of gelator 2NapAA (5).

Gelator 5 was synthesised following a literature procedure.?’* Stock solutions of gelator 5 in
Milli-Q® water were adjusted to pH 10.5, using 1M NaOH, to increase the pH and allow the
dissolution of the gelator. Gelation was then triggered by a slow reduction in pH from
approximately 10.5 to around 3.5 induced by the hydrolysis of GdL.%* It was observed that the
rate of crystallisation increases using larger quantities of GdL, which resulted in a faster
decrease in the pH of the system. Crystal formation required a minimum concentration of GdL
of 6 mg/mL. With a concentration of GdL of 4 mg/mL, the formation of a stable gel was

observed inside the vial, and it did not convert into crystal and solution for weeks.

Three concentrations of GdL were chosen for further characterizations of the 2NapAA gels on
the basis of relative rates of gelation and crystallisation: 4 mg/mL (denoted AA4), 20 mg/mL
(AA20) and 36 mg/mL (AA36). The samples prepared were followed over time by rheology,
while monitoring the pH of the samples (Figure 5.3).

The slowest pH change occurred with the lowest amount of GdL (AA4). In this sample, the pH
initially drops at a relatively quick rate before reaching the apparent pKa of the system
(5.0).19272 At this point, the rate of decrease in the pH changes due to buffering of the system
by the gelator. The final pH in this case is around 4.0.

From the time-sweep rheology, it can be seen that the storage modulus (G”) and loss modulus
(G”) begin to increase when the apparent pKa is reached. Initially, both G’ and G are very
similar before G’ starts to dominate significantly over G (gel formation). Before it starts to
increase again, a decrease in G” can be observed.?”® This implies that there is a structural
transition occurring in the solutions as the sample reaches the gel point where G’ becomes
greater than G”. The final gels are stiff (G’ of around 100 kPa) and these gels are stable to
further change for at least two weeks. For AA20, G’ and G” both increase as the pH decreases,
but at a pH of below 4.1, G’ and G” decrease before becoming constant. This can be correlated
with the onset of crystallisation, which causes the conversion of the gel network into solution

containing crystals.
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For AA36, this behaviour happens faster than for AA20 as expected from the larger amount of

GdL used, with the final values of G’ and G” being lowest in this case.
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Figure 5.3 Time sweep experiments of sample AA4 (a), AA20 (b) and AA36 (c). G’: black line; G”:

red line; pH: blue line.

For hydrogels, hydrophobicity and hydrogen bonding are dominant noncovalent interactions.?”*

It is common to carry out a number of experimental techniques for the characterization of gels

using D20 instead of water: NMR experiments, infrared spectroscopy (to minimize the

absorbance of water)?”>2% small-angle neutron scattering (to allow contrast with the

gelators).?’"27® In all cases, the often implicit assumption is that this change has no effect, but

on changing from H2O to DO, many properties change (density, viscosity, hydrogen bond

strength).2”® The hydrophobic effect has also been reported to be more pronounced in D20 than
in H20.28% Even the rate of hydrolysis of GdL has been reported to differ in H.O and D0,

which is considered the major reason of the different behaviour.?®* Recently, Adams et al.

described how there can be differences in some cases when self-assembly and gelation are
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performed in D20 compared to in H20.%8?

The three samples prepared in water were also made and studied in D,O (these samples have a
“(D)” after the name for clarity). For 2NapAA, the system is more prone to crystallisation in
D20. Even with 4 mg/mL of GdL, crystallisation occurs and the rheological data with time
show a very different profile in H.O and D.O (Figure 5.3 (a) and Figure 5.4 (a)).
The relatively noisy data in some cases is due to crystallisation occurring during the experiment

as described in the text.
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Figure 5.4 Time sweep experiments of sample AA4(D) (a), AA20(D) (b) and AA36(D) (c).
G’: black line; G”: red line; pD: blue line.

The evolution of these gels was followed over time using optical microscopy. The following
optical microscope images show full time course data and corresponding polarised optical
microscopy images; the colours are artefactual, due to differences in the initial white balance at

time zero (all samples are transparent). Gelator solution (1 mL) was placed in a 35 mm plastic
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cell culture dish soon after the addition of the trigger. Large spherulitic domains (~0.7 mm) can
be found in sample AA4 after 50 minutes (Figure 5.5). No sign of crystal formation was

observed over several hours.

Figure 5.5 Optical microscope images (polarised light on the top) of sample AA4 over time.

The scale bar represents 300 pm.

For AA20, both spherulitic domains and crystals appear after 10 minutes after the addition of
GdL. The spherulitic domains are smaller compared to those in sample AA4 (see last image at
110 minutes in Figure 5.6) while the crystals reach about 1.4 mm radius in 1 hour.
The formation of crystals over this time period correlates with the time sweep rheology.
The kinetics of crystal formation for AA36 is even faster: many small and thin crystals appear
2 minutes after the addition of the GdL, and then grow with time. The crystal dimensions grow
with time, although they do not get as large as those reached in AA20; it is also less clear that

spherulitic domains are formed.
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Figure 5.6 Optical microscope images (polarised light on the top) of sample AA20 over time.
The scale bar represents 300 pm.

Again, the rapid formation of crystals correlates with the time sweep rheology. Full time course
data and corresponding polarised optical microscopy images are shown in Figure 5.7.

Figure 5.7 Optical microscope images (polarised light on the top) of sample AA36 over time.

The scale bar represents 300 pum.

Similar structures were formed in the systems in D20, although the growth of crystals seems
slower with smaller crystals at early time. In sample AA4(D) no crystals are formed, as for the
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corresponding sample in water. Only big spherulitic domains can be seen at the optical
microscope (Figure 5.8).

The crystals for both sample AA20(D) and AA36(D) are thinner and longer (Figure 5.9 and
Figure 5.10) as compared to those of AA20, which are larger and more regular in shape, and
of AA36, which are shorter.

Despite these differences, from the optical microscope images the crystals seem to have the
same underlying structure.

Figure 5.8 Optical microscope images (polarised light on the top) of sample AA4(D) over time.
The scale bar represents 300 pm.
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Figure 5.9 Optical microscope images (polarised light on the top) of sample AA20(D) over time.

The scale bar represents 300 pm.

\ | Z

Figure 5.10 Optical microscope images (polarised light on the top) of sample AA36(D) over time.

The scale bar represents 300 pm.

Powder X-ray diffraction (pXRD) was performed on the crystals after the growth inside the
gels. All crystals were collected directly from their solution. The patterns were compared with
the calculated pattern determined from a previously reported crystal structure of 2NapAA?*® as

well as a structure collected at room temperature.
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The pXRD shows that the underlying crystal structure for AA20, AA36, AA4(D), and AA20(D)

can be matched to the predicted pattern from the single crystal data (Figure 5.11).
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Figure 5.11 pXRD for the crystals formed in the different systems. (a) shows the data for the samples
formed in H,O and (b) in D2O. In both cases, the black data are calculated from the single crystal
structure collected at room temperature. The green data are for the samples with 4 mg of GdL, the red

data for 20 mg of GdL and the blue data for the samples at 36 mg of GdL.

These samples suffer from various degrees of preferred orientation effects, due to the crystallite
shape (long and thin). This affects the relative intensities of the peaks with some particularly

oriented planes being in the correct to diffract far more than others (here, the 001 reflections
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are much stronger than expected, especially for the crystals formed at the higher levels of GdL).
A hypothesis can be that the higher trigger levels result in quicker growth and more anisotropic
crystallites. The patterns for AA4(D) and AA36(D) were the least and the most affected by
preferred orientation, presumably due to the different rate of crystallisation.

The crystal structures do not match the fibre X-ray diffraction data collected from the gel phase
previously,® again showing that the packing in the gel phase and that in the crystal phases are
different.

To understand how the gel phase converts to the crystal phase, confocal microscopy and small
angle scattering can be useful. Both of these techniques allow the sample to be monitored
without drying artefacts, which are known to be an issue in this class of gels.230.2
Incorporation of Thioflavin T (ThT) allows imaging of the fibrous structures underpinning the
gel network in systems such as these.* Incorporating ThT and using confocal microscopy for
AA20, spherulitic domains with dimensions of about 50 um are clearly visible in the gel phase
5 minutes after the addition of the GdL (Figure 5.12 a). At this point, no crystals are formed
and the spherulites are formed from what appear to be fibrous structures. The spherulitic
domains seem to become smaller with time, which is presumably because the gel network is

converting to a crystal phase. Indeed, after 1 hour, it is possible to image larger, straight crystals

in addition to small spherulitic domains (Figure 5.12 c).

Figure 5.12 Confocal microscopy images of AA20 after (a) 5 minutes; (b) 15 minutes; (c) 60 minutes.

In all cases, the scale bar shows 50 pum.

In carrying out the above experiments, it became clear that the kinetics of gel and crystal
formation are highly dependent on the geometry of the sample holders used. As examples,
Figure 5.13 shows an image of AA4 and AA20 in different geometry sample holders. Clear
differences were observed, which were dependent only on the geometry of the holder.
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The formation of crystals in sample AA4 started after 30 minutes in the 1 mm path quartz
cuvette and after 2 hours in the 2 mm path cuvette, while in the NMR tube and the capillary,
gels were formed without crystallisation even after days. For sample AA20, crystals formed in
all the holders, starting after 10 minutes after addition of the trigger. These observations
complicate comparison across techniques which typically use different geometries.

The rheology and pH data in Figure 5.3 and Figure 5.4 were collected in the same geometry,
but the microscopy for example has to be collected in a different shape holder.
Hence, direct comparison of timescales is potentially difficult. Elsewhere, it has been noted that
the surface chemistry on which the gel forms can lead to differences in the networks.?
Here, the two cuvettes and capillary are formed from quartz, whilst the NMR tube is borosilicate
glass. As such, there may be some effect, but the differences observed in the degree of

crystallisation even within the quartz holders imply that this is not the dominating difference.

Figure 5.13 Photographs of samples prepared from (a) AA4 19 hours after adding GdL and (b) AA20
1 hour after addition of GdL. In both (a) and (b), the same stock solutions were used to prepare all
samples. The photographs show from left to right samples in a Imm thickness cuvette, a 2mm thickness

cuvette, a 4 mm diameter NMR tube and a 1.5 mm diameter capillary.
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5.2 Multicomponent gels

In the vast majority of cases, LMW gels are composed of a single molecule. However, there
are a number of examples where two components are necessary to form a gel in situ, interacting
by noncovalent forces.?84-28¢ Another interesting situation is the mixture of two LMWGs in
which either component can form a gel alone. It has been demonstrated that hybrid
supramolecular gels can possess improved or synergistic traits with regard to the mechanical
strength of the gel,2”2% the gelation efficiency and the functionality of the resulting
material 291-2%

Whilst there is conceptually no limit to the number of components that could be mixed, the
examples reported so far focus on a mixture of two LMWGs. In this situation, three different
scenarios are possible: (i) the LMWG can randomly mix forming fibres that contain a statistical
amount of each gelator; (ii) the LMWG can specifically associate such that the fibres formed
contain an exact ratio and order of gelators; (iii) the LMWG can self-sort such that fibres contain

molecules of only one gelator or the other (Figure 5.14 (a)—(c)).?%*

Q: D Q:D

/ l (b) ‘c)

kX X

Figure 5.14 Schematic representation of the possible assembly situation for two LMWG (red and blue):

(a) random mixing; (b) specific co-assembly; (c) self-sorting. Adapted from ref.2%

Assembly of self-sorted fibres could lead to different structures, as shown in Figure 5.15: (a)
homo-aggregates or (b) hetero-aggregates by lateral association. Different microstructures are
conceptually possible, for example (c) and (d), which would both be consistent with a self-
sorted system. In many cases, the two-component system is compared to that of the single

component and differences are used to infer information about the two-component system.
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It is necessary to understand how the system has self-assembled from the molecular level to the

multi-micron length-scale.

Figure 5.15 Cartoon representation of the possible structures formed in self-sorted gels. Adapted from

ref.2%

The interactions at the molecular scale will provide information about the assembly in the
primary structures. Once the primary fibres have formed, these can interact in different ways
on the nanometre scale (for example, lateral associations lead to diameters on the order of 10—
100 nm, Figure 5.15 a and b), with the distribution of fibres in space being homogeneous or
heterogeneous on the multi-micron length-scale with potentially different underlying
microstructures (Figure 5.15 ¢ and d). As such, it is necessary to use a range of techniques to
access information across these dimensions.?%

The properties of the final gel will be controlled by the properties of the fibres that give rise to
the network as well as how the fibres entangle or cross-link and how the fibres are distributed
in space. However, linking the gel properties to the network type is still challenging for even

single-component systems.

Multicomponent self-assembled gels offer means to increase the complexity, tune the
properties, and possibly add information content into a network.?%-32 These supramolecular
systems open up opportunities to build exciting new materials. For example, Zhou et al. have

shown that random mixing of LMWG into fibres can be used to decorate dipeptide fibres with
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a cell adhesive sequence present on a second LMWG.?*3 Sugiyasu et al. showed that p-n
heterojunctions for optoelectronic devices could be prepared from organogels by the self-

sorting of two LMWG incorporating suitable aromatic chromophores.3%

5.2.1 Metastable multicomponent gel

The behaviour of 2NapAA in the presence of 2NapFF (6) (F=Phenylalanine) (Figure 5.16) was
examined. First, the behaviour of 2NapFF alone (2.5 mg/mL) was tested.2%

2
e

Figure 5.16 Chemical structure of 2NapFF (6).

At the concentration of 2.5 mg/mL, 2NapFF forms a transparent, homogeneous gel when GdL
is added. The preparation with 20 mg of GdL in both water (FF20) and D.O (FF20(D)) was
chosen for comparison with samples of 2NapAA. Evolution of the gel can be followed by

rheology and pH measurements (Figure 5.17).
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Figure 5.17 Time sweep theology and pH change of FF20 (a) and FF20(D) (b). G’: black line; G*’:
red line; pH/pD: blue line.
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In both H20 and D0, stable gels are formed, with the formation of the gel being slower in DO
compared to in H2O as previously described.?®? No crystals were observed in the gels, as
expected from previous data, and confirmed by the analysis at the optical microscope over time
(Figure 5.18).

(a) 1

Figure 5.18 Optical microscope images of FF20 (a) and FF20(D) (b). Over time no crystals were

observed. The scale bar represents 300 pum.

Then, 2NapFF (2.5 mg/mL) was used for the preparation of mixed gels with 2NapAA. This
concentration of 2NapFF gives relatively non-viscous solutions at high pH, allowing a
straightforward mixing. Pre-formed solutions of 2NapAA (at 5 mg/mL) and 2NapFF (at 2.5
mg/mL) were then mixed in 1:1 volumetric ratio at high pH to prepare the multicomponent
gels. Increasing amounts of GdL were added (from 1 to 30 mg/mL). The minimum GdL
concentration for the formation of crystals inside the mixed gels (AAFF) was 6 mg/mL.
Increasing the amount of GdL results in the formation of increasing amounts of smaller crystals
(Figure 5.19).

Figure 5.19 Some mixed gels AAFF prepared with increasing amounts of GdL (from left to right). In
sample AAFF-1 (6 mg/mL of GdL) it is possible to see a big single crystal; moving to AAFF-4 (15

mg/mL GdL) a lot of smaller crystals are visible.
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The preparation with 20 mg/mL of GdL was chosen for full characterisation in both H.O
(denoted AAFF20) and D20 (denoted AAFF20(D). Time sweep rheology shows the formation
of gels which undergo a slow decrease of G’ and G’’ probably due to the formation of crystals

(Figure 5.20).
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Figure 5.20 Time sweep rheology and pH change for sample AAFF20 (a) and AAFF20(D) (b).

Figure 5.21 shows the comparison of the time sweep rheology data for 2NapAA alone, 2NapFF
alone, and the mixture of 2NapAA and 2NapFF in H>O and in D20. In both H20 and D0,
gelation is slower in the mixed system as compared to in the case of the 2NapFF alone (Figure
5.21). Crystallisation occurs in the single component AA20 and AA20(D) systems as described

above.
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Figure 5.21 Time sweep rheology comparison of samples in water AA20, FF20, AAFF20 and in DO
AA20(D), FF20(D) and AAFF20(D).
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With the formation of the crystals, the multicomponent gel does not convert into solution over
time (as in the case of 2NapAA alone). It is a stable gel with crystals inside even after several
hours (Figure 5.22).

Figure 5.22 AAFF20(D) after time sweep rheology.

In the mixed gel AAFF20, the formation of crystals starts around 20 minutes after the addition
of the GdL and after 40 minutes in sample AAFF20(D). This can be seen not only from the
time sweep analyses but also from the optical microscope images. The crystals formed in these
mixed systems have different shapes at the same time (Figure 5.23). The crystals also look
different from the crystals formed in AA20 and AA20(D). In D20, the crystals start growing at
later times as compared to in H.O but become bigger (Figure 5.24). This difference in
dimensions can be seen even by eyes looking at the two holders for the optical microscope

experiments, since the crystals are big enough to appreciate the comparison (Figure 5.25).
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Figure 5.24 Optical microscope images over time of sample AAFF20(D). White scale bar: 300 pum.
Red scale bar: 150 pm.
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Figure 5.25 left: gel sample of AAFF20(D) inside the optical microscope holder after the analysis (24
h). right: gel sample of AAFF20 inside the optical microscope holder after the analysis (24 h). Bigger

crystals can be seen inside the D,O sample compared to the H-O one.

Despite these visual differences, pXRD shows that the crystal structure is the same in all cases

in these mixed gels as in the single component systems (Figure 5.26).
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Figure 5.26 pXRD of the crystals formed in AAFF20 (red line) and AAFF20(D) (blue line). The green
data are calculated from the single crystal structure collected at room temperature.

In conclusion, metastable gels undergoing gel-to-crystal transition were prepared using
2NapAA and the pH change method. The crystals formation kinetics can be tuned by changing
the amount of GdL. The growth of crystals leads to the slow conversion of the gel network into
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solution. In this system the kinetics of gel and crystal formation are highly dependent on the
geometry of the sample holders used, which complicates comparisons between different
characterisation techniques, requiring different holders. Significant kinetics differences are also
noticed when H>O is replaced with DO during the gel preparation.

The preparation of multicomponent gels, in combination with 2NapFF, allows the formation of

strong gels containing crystals which do not convert into solution over time.

Further characterisation of the multicomponent gels is now taking place. To look at primary
fibre structures SAXS and SANS measurements will be performed. Such scattering techniques
can be used to determine whether self-sorting or co-assembly has occurred if the two networks
scatter significantly differently from each other, or the resulting new network is sufficiently

different from than those of the two individual components.295304

5.2.2 Materials and Methods

Gelator 5 (2NapAA) and 6 (2NapFF) were synthesised following a literature procedure.3%>:3%

Gelator Solutions. Stock solutions (20 mL) of 2NapAA (at a concentration of 5 mg/mL) and
2NapFF (at a concentration of 2.5 mg/mL) were prepared by suspending the desired gelator
(100 mg for 2NapAA and 50 mg for 2NapFF) in deionized water (17.10 mL for 2NapAA and
19 mL for 2NapFF). An equimolar ratio of NaOH (0.1 M, aqg.; 2.90 mL for 2NapAA and 1.00
mL for 2NapFF) was added, and the solutions were gently stirred until a clear solution was

formed; the 2NapFF typically takes overnight to fully dissolve.

The pH of the solution was checked and adjusted to 10.5 if needed using NaOH (0.1 M). To
form gels, 2 mL aliquots of either solution were placed in a 7 mL volume Sterilin vial containing
a pre-weighed amount of GdL. The samples were gently swirled to dissolve the GdL before
being left to stand for 24 hours without stirring. After this time, the samples were examined by
the vial inversion test to indicate gelation and any measurement was carried out at this point on

a fresh sample for each measurement.

The solution of mixed gelators was prepared by dissolving both 2NapAA (such that the final

concentration was 5 mg/mL) and 2NapFF (such that the final concentration was 2.5 mg/mL) in
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deionized water in the same vial and following the same procedure as for the single component

systems.

Rheology. All rheological measurements were performed using an Anton Paar Physica
MCR101 rheometer. A vane and cup measuring system was used, setting a gap of 1.8 mm. The
gels were prepared as described above and tested directly in the Sterilin cup which fits in the
rheometer. Time Sweep experiments were performed at 25 °C using a constant angular

frequency (o) of 10 rad/s and a constant shear stress (y) of 0.5%.

pH control. The pH of the gels was monitored with time after GdL addition, placing the Sterilin
vials in a pre-equilibrated water bath to maintain a constant temperature of 25 °C. A FC200 pH
probe (HANNA instruments) with a (6 mm x 10 mm) conical tip was employed for the pH
measurements with a stated accuracy of £ 0.1. pH changes during the gelation process were

recorded every 15 seconds for 16 hours.

To log the pH, a custom-built pH and temperature measurement and logging device was used.
This is compatible with standard BNC-terminated pH probes and custom-built thermistor-based
temperature probes and is capable of recording pH/temperature data over hours to days and

then exporting these data as an ASCII file for further processing.

Optical Microscopy. All samples were prepared in a CELLstar®TC (Greiner Bio-One,
Stonehouse, UK) 35/10 mm plastic cell culture dish. 1 mL of the gelator solution was mixed
with the desired quantity of GdL, mixed to ensure dissolution of the GdL and placed in the dish.

This was covered to prevent drying issues.

Confocal Microscopy. All samples were prepared in a CELLview™ (Greiner Bio-One,
Stonehouse, UK) 35/10 mm plastic cell culture dish with a borosilicate glass bottom. Confocal
microscope images were taken using a Zeiss LSM710 confocal microscope. Thioflavin T was
added as dye (2 pL of 0.1% w/w solution for every mL of gelator solution). 1 mL of the gelator
solution was mixed with the desired quantity of GdL, mixed to ensure dissolution of the GdL
and 0.4 mL of the solution placed in the dish. Fluorescence from Thioflavin T was excited using

a 633 nm helium neon laser and emission was detected above 650 nm.

Single crystal X-ray diffraction. Single crystal x-ray diffraction data were collected using

Bruker D8 Venture equipped with Photon Il CPAD detector, dual ImuS 3.0 Cu and Mo sources
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and n-Helix low temperature device.

Crystal data. C1gH20N205-H20, M = 362.37, orthorhombic, a =5.8565 (7), b= 8.6565
(12), c = 36.543 (6) A, U =1852.6 (4) A3 T= 295 K, space group P2'2'2! (no.19), Z = 4,
8786 reflections measured, 3499 unique (Rint = 0.051), which were used in all calculations. The
final WR(F?) was 0.099 (all data).

Powder X-ray diffraction. PXRD patterns were collected using a Rigaku MiniFlex 6G
equipped with a D/teX Ultra detector, a 6-position (ASC-6) sample changer and Cu sealed tube
(Kal and Ka2 wavelengths - 1.5406 and 1.5444 A respectively). Patterns were measured
as g/2q scans typically over a range of 3>20>60°. Data collection and analysis were carried out
using Rigaku SmartLab Studio Il software (Rigaku Corporation, 2014). All crystal samples

were grinded before analyses.

5.2.3 Notes

This work has been developed during the period abroad in the in the research group of Prof.

Dave J. Adams, at the University of Glasgow.
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Chapter 6

6. From LMW gelators to LMW adhesives

6.1 Underwater adhesion: a mussel-inspired world

When it comes to underwater adhesion, shellfish are the true experts.3” The mechanism of
adhesion of marine organisms has been largely studied and inspired the production of a huge
number of synthetic adhesives for underwater purposes. Over the last few decades, the Mytilus
edulis (blue mussels) attracted much attention for its ability to secrete the byssus,3083%
Mussels use the byssus, a protein-based adhesive, for securing themselves to various
underwater surfaces, such as sea rocks and ship hulls, and to resist detachments even in marine’s
harsh and wavy conditions.3!%3!! The byssus consists of a bundle of threads composed by three
parts: the adhesive plaque, the rigid distal thread and the flexible proximal thread.
The byssal thread is deposited by the mussel foot, which is the flexible part responsible for the
adhesion on the target surface. So far, roughly 25-30 different mussel foot proteins (mfps) have

been identified in byssus, 5 of them (mfp-2 to mfp-6) being unique to the plaque (Figure
6.1).309'310’312

Mfp-3 and mfp-5 are considered the main proteins responsible for the adhesion of the plaque
to the surface. They contain a particularly high amount (up to 30 mol%) of the post-
translationally modified tyrosine, L-DOPA.3 For this reason, it is widely believed that DOPA,
and especially its catechol group, has a dominant role in binding to the surface,308312314315
Moreover, DOPA can efficiently remove the layer of water and ions which generally covers

hydrophilic submerged surfaces, while tyrosine, lacking of catechol group, cannot.3:316

DOPA is implicated to a variety of different not fully understood adhesion mechanism
involving hydrogen bonding, metal-oxide coordination, cation-r and hydrophobic interactions,
depending upon the surrounding environment: e.g. pH, ion concentration, surface material.

In the preparation of synthetic adhesives inspired by mussels, the incorporation of DOPA,
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catechol groups or other hydrophilic moieties is a common strategy, to overcome the

interactions of water with the surface and to provide cohesive forces to the adhesive, 314317320
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Figure 6.1 (A) The mussel byssus. (B) To make a new thread, the foot emerges from the living space
within the mussel shell and touches a surface. (C) Three gland clusters — phenol, collagen and accessory
glands — synthesize and stockpile specific byssal proteins. (D) Schematic representation of the
distribution of known proteins in the byssal plague and distal thread. (E) Sequence of Mfp-5 from
Mytilus edulis, showing the prominence of DOPA (Y-methyl catechol), Lys (K), Ser (S) and Gly (G).
(F) Sequence of Mfp-6 from M. californianus with abundant Cys (C), Arg (R) and Lys (K), Gly (G) and
Tyr (Y). Color key: Tyr/Dopa (blue), cationic side chains (red), anionic side chains including

phosphoSer (green) and thiols (purple). Reproduced from ref.3%°

The role of hydrophobic groups in the removal of water has not been fully exploited in the
design of underwater adhesives. It is worth noticing that in water the adhesive forces required
to separate two hydrophobic surfaces are very high, even higher than the adhesive forces

321 and it is also much easier to remove

necessary to separate mfps from model mica surfaces,
water from two hydrophobic than hydrophilic surfaces.®?232* The design of adhesives which

include hydrophobic groups is likely to improve adhesion in wet environments, as recently
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reported.324328 |n sea water DOPA is susceptible to oxidation to DOPA-quinone, which cannot
donate hydrogen bonds to surfaces and has lower adhesive properties.
In mussels, DOPA oxidation tendency is limited by tautomerization of DOPA-quinone to a,f3-
dehydro-DOPA (restoring the possibility to form hydrogen bonds) and by the presence of
nonpolar amino acids located close to DOPA 314

Because of their unique wet adhesive properties, mussel-inspired adhesives have attracted
interest for several applications, including biomedical tissue engineering, surgical glues and
drug delivery systems.3'232° Systematic investigation of the behaviour, stability and adhesion

mechanisms of these compounds is necessary for their development.

During the synthesis of gelators based on L-DOPA derivatives, the formation of a sticky by-
product was observed (Boc.-L-DOPA-OMe) and separated by column chromatography from
the desired product (Boc-L-DOPA-OMe). Without benzyl ether protecting groups, the catechol
moiety of L-DOPA gave sticky compounds which were unable to form gels, illustrating the

importance of additional aromatic groups and zm-m stacking interactions in gel formation.

To study the adhesive properties of such derivatives, a family of Bocx-L-(DOPA),-OMe (Me =
methyl; x = 1-3; n = 1,2) molecules was synthesised. The number of Boc groups was
progressively increased, substituting one or both -OH in the catechol group and compared with
the dimer molecule, Boc-(L-DOPA)2-OMe, having all the catechol groups free.

Films that were formed with these compounds were examined using the tack test, to study the
effects of nonpolar groups on hydrophobicity and adhesive properties. In principle, the
production of such biocompatible adhesives may have applications in wound closure materials

and delivery systems.330-332

6.1.1 Synthesis of Bocx-L-(DOPA),-OMe adhesives

Four derivatives of the family Bocx-L-(DOPA),-OMe were prepared (Figure 6.2): three
monomers of L-DOPA (n=1) containing an increasing number of Boc protecting groups (x=1-
3), from the totally free catechol of Boc-L-DOPA-OMe 6, to the partially protected Boc,-L-
DOPA-OMe 7, to the completely protected Bocs-L-DOPA-OMe 8, and the dimer (n=2) Boc-
(L-DOPA),-OMe 9, whose preparation was suggested by the strong adhesive properties of
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oligomers containing more than one catechol group.®*-3% Compound 7 was obtained as a 1:1
inseparable mixture of the meta-protected m-7 and the para-protected p-7 isomer.

The synthesis of these compounds started from commercially available L-DOPA.

Boc-L-DOPA-OMe 6

WK ixﬁﬁ(j

m-Boc,-L-DOPA-OMe m-7 p-Boc,-L-DOPA-OMe p-7

HO

OWO HN H\_;)Oj\o/
LT TR S ey

Bocs;-L-DOPA-OMe 8 Boc-(L-DOPA),-OMe 9

Figure 6.2 Chemical structure of derivatives 6, 7, 8 and 9 synthesised.

The protection of the primary amine is selective, yet also the hydroxyl groups on the catechol
are reactive towards this reaction and a mixture of compounds 6, 7 and 8 is obtained in presence
of excess of Boc2O. For this reason, selective preparations for these three compounds were
investigated. Boc-L-DOPA-OMe 6 is obtained by esterification of commercially available L-
DOPA, followed by the selective protection of the nucleophilic primary amine group, according

to a reported procedure.*+10?

The preparation of Bocz-L-DOPA-OMe 7 implied several problems, due to the presence of the
two hydroxyl groups of the catechol moiety. The selective introduction of a single Boc group

on the ring was difficult, even though several different procedures were tested. In any case,
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Boc,-L-DOPA-OMe was always obtained as an inseparable mixture of meta and para protected
regioisomers m-7 and p-7 (Figure 6.2) in about a 1:1 ratio, together with little amounts of Boc-
L-DOPA-OMe 6 and/or Bocs-L-DOPA-OMe 8 (Materials and methods, Figure 6.13).
The best result was achieved by reaction of Boc-L-DOPA-OMe 6 with a stoichiometric amount
of Boc20O and NaHCOs in water and THF, with a final yield of about 60% after purification by
flash chromatography. Curiously, the direct preparation of Bocz-L-DOPA-OMe 7 from L-
DOPA-OMe-HCI did not afford the same results. The presence of two regioisomers m-7 and p-
7 could be checked only by 'H NMR (Materials and methods, Figure 6.14) as they are
inseparable by HPLC-MS (High Performance Liquid Chromatography — Mass Spectrometry)
analysis.

In contrast, the preparation of the fully protected Bocs-L-DOPA-OMe 8 was selectively
obtained in excellent yield by reaction of Boc-L-DOPA-OMe 6 with two equivalents of Bocz0,
in presence of DMAP (4-(dimethylamino)pyridine) in acetonitrile.®*®

Boc-(L-DOPA),-OMe 9 was prepared in good yield starting from the already described Boc-
L-DOPA(BnN)2-OMe (Chapter 2 and 4). The preparation of this molecule was suggested by the

strong adhesive properties of oligomers containing more than one catechol group.333-3%

6.1.2 Characterisation of L-DOPA based adhesives

The increasing number of Boc groups strongly affects the polarity and hydrophilicity of
compounds, as Boc-L-DOPA-OMe 6 is far more hydrophilic than the fully protected Bocs-L-
DOPA-OMe 8. The role of hydrophobicity and hydrophilicity in underwater adhesion is
controversial. However, some papers recently reported that the introduction of hydrophobic
groups in materials for underwater adhesion led to an improvement of the adhesive
strength.®2433" The importance of the presence of hydrophobic functionalities in the processes
of surface adhesion and prevention of water penetration prompted us to measure the contact
angles of our compounds and check any possible correlation between their hydrophobicity and
their adhesive strength values. The hydrophilicity variation was investigated with the analysis
of the contact angles between thin layers of molecules 6, 7, 8 or 9 and an aqueous medium.
Contact angle, 0, is a quantitative measure of the wetting of a solid by a liquid.

It is defined geometrically as the angle formed by a liquid at the three-phase boundary where a
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liquid, gas and solid intersect (Figure 6.3). Low contact angle values indicate that the liquid
spreads on the surface while high contact angle values show poor spreading. If the contact angle
is less than 90° it is said that the liquid wets the surface, zero contact angle representing
complete wetting. If the contact angle is greater than 90°, the surface is said to be non-wetting
with that liquid. The well-known Young equation describes the balance at the three-phase
contact of solid-liquid and gas.®*® The instrument of choice to measure contact angles and

dynamic contact angles is an optical tensiometer.

B <90

tangent

tangent

solid solid solid

Figure 6.3 Representation of contact angle measurements and classifications.

To carry out the test, a small amount of the sample is deposited as ethyl acetate solution on a
glass slide of an optical tensiometer just enough to cover the entire surface.
After solvent evaporation, we measured the contact angles obtained with three media:
Milli-Q® water, 1M CaCl, aqueous solution and a PBS solution at pH = 7.4.

PBS solution is commonly used to imitate the properties of body fluids. The adhesive properties
of compounds 6-9 were analysed in presence of this solution to check the possibility to use
these adhesives in biomedical application, for example as surgical glue.

The use of CaCl> was instead driven by the important interactions between DOPA catechol
group and calcium ions. Several examples of formation of three dimensional networks among
peptides and Ca?" ions have been reported,*3-341 and the presence of DOPA enhances this

effect, since the catechol group has the ability to chelate Ca®* ions, 44204342343

The values and corresponding photos of the contact angles are reported in Table 6.1 for the
four compounds synthesised and the three aqueous media tested. A continuous increase of the

contact angle going from 6 to 8 can be noticed; this effect is more evident in Milli-Q® water.
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Sample 9, having all catechol groups free but also a bigger hydrophobic structure, shows
intermediate values between samples 6 and 7.

Table 6.1 Contact angles of thin layers of 6, 7 (m-7 + p-7), 8 and 9 with the three aqueous solutions

listed below.
Sample H,O CaCl, IM PBSpH 7.4

54.7+3.9° 58.0+1.8° 49.9+1.0°

6
78.242.0° 63.7£1.0° 76.615.4°
94.0+0.5° 81.1+1.7° 84.0t1.1°

| ‘ M A
69.3+2.5° 71.2+2.2° 67.7£3.9°

9

Materials that are tacky or sticky are easily identified by touch, however, quantifying tack is
not straightforward. The formation of the adhesive bond is not directly measured but assessed
by breaking bonds by means of tack tests.*** To evaluate the ability of films of 6, 7, 8 and 9 to
adhere to a solid surface when brought into contact by a very light pressure, tack tests were

performed using a rheometer.
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To prepare the films, 20 mg of each molecule were dissolved in ethyl acetate (1 mL) and poured
in a 25 mm glass petri dish (deposition area = 490.6 mm?) previously fixed on a disposable
aluminium plate for rhneometer. After solvent evaporation, 1 mL of aqueous solution was added

on the top of the dry layer, covering the whole surface (Figure 6.4).

e B

H,0/CaCl,/PBS

-@-

Figure 6.4 Schematic representation of the procedure used for the preparation of films of 6, 7, 8 and 9.

Films of 6, 7, 8 and 9 are not adhesive in the dry phase: the adhesiveness is generally triggered
when the dried film is immersed in the aqueous solutions. Adhesion in humid conditions is a
fundamental challenge to both natural and synthetic adhesives. Yet some glues from different
biological systems appear to enhance their performances with increasing humidity.3*
The tack test experiments were performed using an Anton Paar Rheometer MCR102 with

parallel plates geometry (Figure 6.5).

e e =
compression contact debonding
10
5
Z o
-
-10
-15
0 N 20 30 40
time (s)

Figure 6.5 Schematic representation of a generic tack test performed with a rheometer. The shaft moves
down on the sample during the compression part, stays in contact for a certain time and then moves up,

measuring the necessary force (N) for the debonding. The graph represents an adhesive force of 16 N.
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During the test, the shaft moves down on the films immersed in the aqueous solution and, when
in contact, applies 25 N force for 5 minutes to allow the adhesive interaction. After this time,
the shaft moves up, detaching from the sample at a crosshead speed of 50 pm/s (3 mm/min) and
registering the force required for a complete debonding. When the shaft applies a compression
force on the sample, the instrument registers a positive force on the graph; when the detachment
from the sample takes place, the force registered is negative, but the absolute value should be
taken.

All tack measurements were repeated at least three times for all samples and in all aqueous

media (Figure 6.6).

Boc-L-DOPA-OMe, 6
—a— Bocz-L-DOPA-OMe, 7

] —+— Boc,-L-DOPA-OMe, 8
10- —=— Boc-(L-DOPA),-OMe, 9

01 -

Normal Force (N)

-60 L—— —
0 2 4 6 8 10
Time (s)

Figure 6.6 Rheometer tack tests for molecules 6 (yellow), 7 (red), 8 (blue) and 9 (purple) in water.

Both Boc,-L-DOPA-OMe 7 and Bocs-L-DOPA-OMe 8 behave quite differently from Boc-L-
DOPA-OMe 6. In fact, 7 and 8 reach the maximum scale of the rheometer at 50 N, while 6
shows no adhesion at all. The increased adhesion of compound 9 compared to the monomer 6

may be ascribed to the presence of an additional catechol group.3'

Unfortunately, the films of 8 completely detach from the petri dish at the end of the experiment
and attach to the shaft (Figure 6.7). The film on the shaft is brittle in nature and breaks into
small pieces by touching. This behaviour prevents the use of these films for multiple adhesion

purposes.
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Figure 6.7 Film of 8 after the tack test.

The adhesive properties of the films were also tested in 1M CaCl; aqueous solution and in PBS
solution at pH = 7.4. Films of compounds 6 and 9 were tested using the rheometer under the
same conditions previously reported for the analysis in Milli-Q® water. 6 behaves in the same
way in the three media, in agreement with the analysis of the contact angles which range
between 50° and 58°. This result is not surprising if compared to the reported adhesive value
for Boc-L-DOPA-OMe,** measured with AFM (Atomic Force Microscope). The value,
measured on TiO; surfaces at a pH of 7.2, was 383 + 21 pN, a very low value of adhesion, not

even detectable with a rheometer.
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Figure 6.8 Rheometer tack tests for Boc-L-DOPA-OMe 6 in the three aqueous media.
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The behaviour of 9 in the three media (Figure 6.9) shows higher adhesion values (Table 6.2)
compared to 6, which can possibly be linked to the higher hydrophobicity of the molecule,
confirmed by the higher contact angle values (67-71°). It is very clear that the application of
CacCl; solution has a strong impact on the adhesive property of the molecule, compared with
both PBS solution and Milli-Q® water.

Boc-(L-DOPA),-OMe, 9
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Figure 6.9 Tack tests for Boc-(L-DOPA),-OMe 9 in the three aqueous media.

Table 6.2 Rheometer average values and standard deviations for compound 9 in the different aqueous
media.

Solvent 9, Normal Force (N)
H>O 16.4+4.9
CaCl; 1M 46.7 £ 5.8
PBS pH 7.4 154 +0.8
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The adhesive properties of films of 7 and 8 were analysed with traction tests, because their
rheometer tack tests reached the upper limit of the instrument sensitivity (50 N).
An Instron 4465 testing system was employed to obtain a wider measuring capacity, up to 5 kN
load cells, although with a reduced sensitivity. The tests were carried out with a 100 N load
cell. In order to have a good comparison, the behaviour of 7 and 8 was tested once again in the
three aqueous media. When the traction test for 7 was performed in a 1M CaCl> solution, the
instrument could not detach the cell from the sample, meaning that the necessary force was
higher than 100 N, the maximum force for that cell. For this reason, this experiment was
repeated using a 1 kN load cell and an average value of 129.7 + 16.8 N was measured (Figure
6.10), which is an impressive value for a system not composed by polymers but single
molecules. This adhesiveness is remarkable if compared with the tack strength of already
reported polymers containing DOPA.34"34 Moreover, film of 7 shows good resistance to use,
not detaching from the petri and not breaking after use. However, this material is obtained by
deposition of an inseparable mixture of m-7 and p-7, so the deposition on the glass surface
cannot be fully controlled: it is difficult to check the effective ratio and the behaviour of the

two components and the exact 1:1 ratio in any sample is not guaranteed.

In contrast, Bocs-L-DOPA-OMe 8 is a pure compound and has high adhesiveness as it ranges
between 76.3 and 82.3 N in all the media, showing the best results in water. The mechanical

analysis of the films of 7 and 8 are summarised in Figure 6.10.

Il Boc-L-DOPA-OMe, 7 Il Boc.-L-DOPA-OMe, 8
129.7 £ 16.8

1401

1204

100 823+ 136 76.3+20.7
794+55

1004

80 71654

Force (N)
Force (N)

60 4

40

20+

Water CaCl, 1M PBS Water CaCl, 1M PBS

Figure 6.10 Results for traction tests performed on films of 7 (left) and 8 (right) with an Instron 4465

testing system. Samples were prepared using the same geometry (petri dish with 25 mm of diameter),
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deposition method and addition of the triggers used for tack tests. A 1 kN load cell was used for sample
7 in CaCl, 1M solution; for all the other measurements a 100 N load cell was used.

All experiments were repeated at least three times.

To verify the multiple use properties of films of 9, the tack test was repeated on the same sample
for three times in 1M CaCl, aqueous solution, that is the medium where the films showed the
most promising properties. These measures were not executed for films of 7, because it was not
possible to use the rheometer which has more reliability than the Instron in terms of sensitivity
and reproducibility. Traction tests were not performed on 8, because after the first tack
measurement the film was completely detached from the shaft.

The repeated tests were performed on the same sample with the same parameters, except for
the crosshead speed at which the shaft moves up for the test (1000 um/s or 60 mm/min), to
check the behaviour of the material under these conditions. The results reported in Figure 6.11
a) clearly show that the film of 9 exhibits repeated adhesiveness even though the adhesive
strength is slightly decreased after each trial (Table 6.3). This result demonstrates the strong
resistance against the destructive effect of water, which often adversely influences the strength
of adhesiveness.316349-351 Moreover, an increase in the crosshead speed resulted in a faster
detachment of the shaft from the adhesive film (from 14 s to 2 s) but did not affect the maximum
force required. The tack test was repeated under the same conditions using a 0.1M CacCl;

aqueous solution, to check the effect of the variation of concentration of Ca?* ions (Figure 6.11

b)).

Table 6.3 Rheometer values of the multiple adhesion trials for compound 4 in 1 M and 0.1 M CaCl;

solutions.

Trial Normal Force (N) Normal Force (N)
1M CaCl: 0.1M CaCl:
1 50.0 43.8
2 48.4 32.0
3 41.4 26.1
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Under these conditions, the adhesive strength decreases in each trial more than in 1M CaCl;
(Table 6.3), and in general the values are intermediate between the results obtained in water
and 1M CaCly. This outcome is in agreement with the previously reported high affinity of the
catechol moiety with Ca?* jons:4>204339-343 \when the Ca?* ions concentration decreases, the film

efficiency for repeated measurements decreases accordingly.

a) Boc-(L-DOPA),-OMein 1M CaCl,  h) 2 Boc-(L-DOPA),-OMe in 0.1 M CaCl,
20
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Figure 6.11 Repeated tack tests for Boc-(L-DOPA),-OMe 9: a) in 1M CaCl, aqueous solution; b) in
0.1M CaCl, aqueous solution. In the legend, 1, 2 and 3 represent with different colours the 1%, the 2"
and the 3" detachment performed on the same sample, accordingly.

To summarise, four compounds were synthesised through effective synthetic methods and
tested as adhesives in three aqueous environments, because they were completely non adhesive
in dry conditions.

In contrast to DOPA and catechol functionalised polymeric systems, which require complex
preparation and cross-linking methods,330:347:352.3%3 fjims of 6-9 were effectively produced by
dissolution of 6-9 in ethyl acetate, deposition and evaporation (film casting).
The introduction of protecting Boc groups on the catechol moiety stabilizes the compounds
inhibiting the oxidation and increasing the reproducibility of the analyses. It also affects the
hydrophobicity of the compounds, measured with the contact angle, which is probably
correlated with the increase in the adhesive properties in all the aqueous media tested (Figure
6.12).

139



150

120+

Force (N)
8

[o2]
o
1

30+

6 9 7 8 6 9 7 8
CacCl, PBS

150

1204 T

©o
o
1

Contact Angle (°)
3

w
o
1

6 9 7 86 9 7 8
cacl, PBS

Figure 6.12 Adhesive forces and contact angles comparison for compounds 6-9 in the three media.
Increasing the Boc groups on the catechol (zero for molecules 6 and 9, one for 7 and two for 8) increases
adhesive forces together with contact angles in all media.

Compound 6 shows no adhesion, in agreement with reported data.>*® Molecules 7, 8 and 9 have

different properties, so they may be all used as adhesives for different purposes.

- Bocz-L-DOPA-OMe 7 films show satisfactory performances for all the media tested, mainly
in CaCl, aqueous solutions, suggesting that the presence of Ca?* is crucial for the formation of

a complex with higher adhesion capability.

- Boc-(L-DOPA),-OMe 9 has a similar behaviour, showing the highest adhesion value in CaCly,
yet appearing less efficient than 7. It can be also used in multiple adhesion applications.
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- Bocs-L-DOPA-OMe 8 shows high adhesive values in all the aqueous media tested and the
best performance in PBS solution, so it may be used for biomedical purposes.

These functionalisations play a pivotal role in the adhesive behaviour of L-DOPA, yet the
process controlling this phenomenon needs further studies, as it is not possible to exclude that
the changes in the cohesive strength across compounds may be also due to the introduction of
protecting groups and water absorption phenomena.

6.1.3 Materials and Methods

Contact angle - Each sample is dissolved in ethyl acetate and deposited on a glass slide to
cover all the surface. The slide is placed in a vacuum desiccator to allow solvent evaporation
and avoid powder contamination. The measurements are performed using a contact angle meter
Attension Theta Lite (optical tensiometer), using static contact angle (Young-Laplace) analysis
mode. A single drop (5 pL) of solvent (Milli-Q® water, 1M CaCl or PBS at pH = 7.4 solutions)
at 25 °C is dropped on the sample, recording the contact angle for 10 s.

Each measure was repeated three times for each solvent and molecule. The contact angle value

was taken after 3 s, once the droplet reached a stability plateau.

Tack Test - Tack tests were performed using an Anton Paar Rheometer MCR 102.
All experiments were performed with a plate-system (=25 mm, plate-geometry), at a
temperature of 23 °C controlled by the integrated Peltier system. Already predefined tack test
definitions in the RheoCompass (Rheometer software) with minor changes were used to carry
out the tests. Samples were prepared pouring a solution of 20 mg of each molecule in 1 mL
ethyl acetate in a 25 mm glass petri dish (deposition area = 490.6 mm?) previously fixed on a
disposable aluminium plate for rheometer. After solvent evaporation, 1 mL of the trigger
solution (Milli-Q® water, CaCl> 1M solution or PBS solution) is poured into the petri dish on
the dry layer of the deposited molecule, to cover the whole surface. 25 N force is applied from
the shaft for 5 mins for the curing of the adhesive material. The experiment was conducted at a

crosshead speed of 50 um/s (3 mm/min). All measurements were repeated at least three times.

Traction Test - Instron 4465 testing system was used to perform the measurements.

Samples were prepared using the same geometry (25 mm petri dish), deposition method and
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addition of the triggers used for the Tack Test. A load cell of 100 N was used (1 kN in a specific
case) applying 15 N force for 5 mins for the curing of the adhesive material. The experiment
was conducted at a crosshead speed of 50 um/s (3 mm/min). All measurements were repeated

at least three times.

'H-NMR characterisation of Boc2-L-DOPA-OMe (p-7 and m-7)
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Figure 6.13 Zoom on the rage 6.45 - 7.2 ppm of the *H-NMR spectrum of the crude of the reaction for
Boc,-L-DOPA-OMe 7 synthesis. Each arrow indicates the shifts of the three H of the aromatic ring for
each molecule, divided per colour: blue for 8, red for p-7, green for m-7, gold for 6. It is possible to
assign the relative ratio of each molecule in the crude: 8 : p-7:m-7:6=1:25:25:0.5.
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Figure 6.14 Insets of *H NMR and g-COSY spectra of an inseparable mixture of m-7 and p-7. The

signals of the three aromatic hydrogens belonging to the two species are highlighted in red and green.
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Chapter 7

7. Conclusions

In this thesis, several types of gelators were synthesised, starting from amino acids and long
chain fatty acids. The synthesis was performed through multistep procedures in solution and
standard reactions of protection, deprotection and coupling. The attention was focused on
derivatives of three aromatic amino acids, L-phenylalanine, L-tyrosine and L-DOPA, because
the presence of aromatic groups introduces interactions favourable for the formation of
supramolecular architectures. These derivatives were further functionalised with long chain
fatty acids (azelaic acid or lauric acid), aromatic protecting groups (Fmoc groups or benzyl
ethers) or oxazolidin-2-one moieties, to introduce additional hydrophobic interactions, n-n
stackings or local constraints, because these non-covalent interactions usually favour the

formation of the supramolecular material.

After the purification and characterisation of the compounds, the conditions for the formation
of self-assembled materials were investigated, varying the combination of gelator
concentration, solvent and trigger. All the gelators reported (1-6) gave stable self-supporting
gels with G’ approximately one order of magnitude higher than G”. The morphological analyses
were performed on the dried samples (xerogels or aerogels) to have a better understanding on
the fibres network in terms of arrangement and dimensions. It was observed that the gel
morphology is highly affected from the conditions of preparation of the samples. In Chapter 3
and 4, for example, the same gelator is used for the preparation of gels with different triggers,

leading to completely different network structures.

Every gel was functionalised for a suitable application depending on its intrinsic features.
In Chapter 2, different gelators were studied for application in water remediation. A first study
was focused on the synthesis of two gelators, that were compared for the preparation of
organogels triggered by sonication. Lau-L-Dopa(Bn).-D-Oxd-OBn is able to gelate several
organic solvents at 2% concentration, while Fmoc-L-Dopa(Bn)2-D-Oxd-OBn, never formed a

gel in any concentration or condition. This result suggests that the saturated long chain of the
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lauric acid is crucial for the formation of the three-dimensional network.

Since the ethanol organogel proved to have the best rheological properties among all samples,
it was treated with an aqueous solution of Rhodamine B, to perform a preliminary test of its
ability to adsorb pollutants from water. After 24 hours, the emission spectrum intensity of the
Rhodamine B solution is reduced to the 23% of the original sample, thus confirming that the
molecule is trapped into the organogel. Further studies can be performed on similar organogels
to improve the efficiency in the removal of pollutant from water and to better investigate the

mechanism involved in the absorption process.

The second part of the chapter focused on the preparation of transparent gels in combination
with photocatalysts (TiO2 or TiO2-graphene combined systems) for pollutant photodegradation.
Upon irradiation, the degradation of RhB occurs inside the matrix and its complete for samples
containing TiO2 nanoparticles. Samples containing the combination of TiO2-graphene showed
the presence of aggregates, probably related to the decreased mechanical properties of these
samples and the decreased photodegradation efficiency (80%). This result highlights how the
addition of a filler should be carefully checked in a supramolecular material, since it may
influence the formation of the network and sometimes negatively affect the performances of

the material.

In Chapter 3 a further investigation on the addition of graphene inside supramolecular gels was
performed. The aim of the study was to use the gelator itself as dispersant for the graphene
filler. An already reported robust gelator Az-(L-Phe-D-Oxd-OH), was chosen, containing
aromatic groups of the two phenylalanine that can interact with the aromatic groups of graphene
and help the dispersion. The use of this molecule as dispersant for the graphene filler resulted
in a library of gels with highly increased mechanical properties, thus suggesting that a positive
interaction between the gel network and graphene fillers is possible, using the right gelator and
the right preparation method. The hydrogels with a final neutral pH were also tested as
biocompatible scaffolds for cell growth. Even though a toxic effect was detected after 24 h in
samples containing higher graphene doping, after 48 h cells continued to proliferate,

demonstrating that the gel scaffold supports cell growth.

In Chapter 4 composite organic-inorganic materials were prepared, and the interactions
between the gel phase and an inorganic mineral phase were investigated. The first part of the
chapter was focused on the possibility to grow calcium carbonate crystals inside gels.

145



The formation of composite materials was confirmed, with the fibrous network of the gel
perfectly integrated with the crystal phase. A particular attention was paid to the reversibility
of calcium uptake from the gel to the environment and vice versa. Calcium can be removed
from the network inducing a modification in the organization of the supramolecular fibres and

an improvement in the mechanical properties of the material.

The second part of the chapter continued the investigation on composite materials, using the
same gelator and a more complex inorganic matrix, the one used for bone cement scaffolds.
Calcium Phosphate Cements were successfully obtained for the first time using LMWGs as
fibre reinforcement, thanks to a deep investigation and a fine tuning of the conditions and the
method of preparation. The final materials show once again a perfect integration between the
mineral phase and the gelator fibres. This study paves the way to a new set of applications in
the biomedical field, where LMWGs can form fibres inside biomimetic scaffolds, influencing

the mechanical properties and increasing the porosity of the material.

Chapter 5 the formation of crystals of the gelator itself was studied. This gelator forms
metastable gels that evolve with time, becoming solution containing crystals. It was noticed
that the kinetics of gel and crystal formation are not only affected by the trigger amount but
also by the geometry (dimension, thickness, area) of the holder containing the sample.
This parameter is rarely reported in literature, even though it can lead to mistakes and
complications in the comparison across techniques which typically use different geometries.
The metastable gels were also studied in combination with a gelator forming stable gels, for the
preparation of multicomponent systems. In this way, it was possible to obtain gels containing
crystals, with mechanical properties higher than the two single components.

Finally, in Chapter 6, some molecules based on L-DOPA were studied as underwater adhesives.
It was observed that the lack of benzyl ethers as protecting groups of the catechol moiety led to
the formation of compounds with a sticky nature and unable to form gels, thus confirming the
importance of additional aromatic groups and m-m stacking interactions in gel formation.
Three out of the four compounds synthesised showed high adhesive properties when immersed
in aqueous solutions, even when compared to more complex polymeric systems.
The three compounds have different properties and behaviour, so they may be all used as
adhesives for different purposes. This result pave the way for new set of applications as

biocompatible underwater adhesives.
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Chapter 8

8. Experimental procedures

8.1 Synthesis and characterisation

All chemicals and solvents were purchased from Sigma-Aldrich, VWR or Iris Biotech and used
as received. MilliQ water (Millipore, resistivity = 18.2 mQ cm) was used throughout.
All reactions were carried out in dried glassware. The melting points of the compounds were
determined in open capillaries and are uncorrected. High quality infrared spectra (64 scans)
were obtained at 2 cm™ resolution with an ATR-FT-IR Bruker Alpha System spectrometer.
NMR spectra were recorded with a Varian Inova 400 spectrometer at 400 MHz (*H NMR) and
at 100 MHz (*3C NMR). Chemical shifts are reported in & values relative to the solvent peak.
HPLC-MS analysis was carried out with an HP1100 liquid chromatograph coupled to an
electrospray ionization mass spectrometer (LC-ESI-MS), using a Phenomenex Gemini C18 -
3u - 110 A column, H2O/CH3CN as neutral solvent or H2O/CH3sCN with 0.2% formic acid as
acid solvent at 40 °C (positive ion mode, mz = 50-2000, fragmentor 70 V).

Boc-L-Dopa-OMe (6) — The compound was synthetized following a multistep procedure in
solution as reported in literature.®

Thionyl chloride (10 mL, 137 mmol) was added dropwise to MeOH (60 mL) at 0 °C, and the
resulting solution was treated portion-wise with 5 g of L-DOPA (25.4 mmol). The ice bath was
removed. The reaction mixture warmed to room temperature with stirring for 24 hours. The
volatiles were removed under vacuum to afford L-DOPA-OMe-HCl, with a yield of 99%. The
ester was dissolved in a solution of NaHCO3 (4.27 g, 50.8 mmol, 2 eq) in 58 mL of water,
treated with a solution of Boc2O (5.82 mL, 25.4 mmol, 1 eq) in THF (30 mL), and stirred for
18 hours. The volatiles were removed under reduced pressure. The residue was suspended in
H20 (10 mL) and extracted with ethyl acetate (150 mL x 3). The combined organic phase was
washed with 1M HCI (2 x 20 mL), with a saturated aqueous NaHCO3 solution (1 x 20 mL) and
with H2O (1 x 20 mL). The organic phase was dried over Na;SOs and evaporated.
Boc-L-DOPA-OMe was obtained as white solid with 98% yield. M.p. = 137-138 °C; [o]p®®
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+18.0° (c = 0.5 in EtOAC); IR (ATR-IR): v 3342, 3297, 1739, 1695, 1606, 1514 cm™; *H NMR
(CD30D): & 1.38 (9H, s, t-Bu), 2.75 (1H, dd, J = 8.4, 13.6 Hz, PhCHHNH), 2.89 (1H, dd, J =
5.6, 13.6 Hz, PhnCHHNH), 3.66 (3H, s, OCHz), 4.25 (1H, dd, J = 6.0, 7.6 Hz, PhCH.CHNH),
6.46 (1H, d, J = 8.0 Hz, Ar), 6.59 (1H, s, Ar), 6.64 (1H, d, J = 8.0 Hz, Ar) ppm; *C (CDsOD):
8 27.3, 36.8, 51.2, 55.3, 79.3, 114.9, 115.9, 120.3, 128.2, 143.8, 144.8, 156.3, 173.0 ppm.
HPLC-MS (API-ES): 4.22 min, [M+Na]"=334. Anal. Calcd. for C15H21NOs: C, 57.87; H, 6.80;
N, 4.50. Found: C, 57.84; H, 6.77; N, 4.53

Boc-L-Dopa(Bn)2-OMe — A solution of 1.5 g (4.82 mmol) of Boc-L-DOPA-OMe in 50 mL of
acetone was treated with 1.46 g (10.6 mmol) of K>COs, 144 mg (0.96 mmol) of Nal, 310 mg
(0.96 mmol) of TBAB and 1.26 ml (10.6 mmol) of BnBr, heated and stirred at reflux for 4
hours. The volatiles were evaporated under reduced pressure. The residue was dissolved in
CHCI> and washed with water. The organic phase was dried over sodium sulphate and
evaporated under reduced pressure. The residue was purified by flash chromatography®*
(cyclohexane:ethyl acetate 8:2) and obtained as a white solid with 95% yield. M.p.=112 °C;
[a]o?® +5.0° (¢ = 0.5 in EtOAC); *H NMR (CDCls): § 1.44 (s,9H, CHsBoc), 3.00 (m, poorly
resolved ABX system), 2H, ArCH), 3.65 (s, 3H, OCH3), 4.54 (m, 1H, CHa), 497 (d, J=7.9
Hz, 1H, NH), 5.30 (s, 4H, OCH,Ph), 6.65 (dd, J = 8.2 and 1.9 Hz, 1H, ArH) ; 6.74 (d, J = 1.9
Hz, 1H, ArH); 6.87 (d, J = 8.1 Hz, 1H, ArH); 7.41 (m, 10H, ArHOBn) ppm. *C NMR (CDCly):
528.7,38.2,525,54.8,71.7,71.8,80.3, 115.6, 116.6, 122.7, 127.7, 128.2, 137.7, 148.5, 149.3,
155.5, 172.7 ppm.

Boc-L-Dopa(Bn)2-OH (4) - Boc-L-DOPA(BnN)2-OH can be obtained by selective deprotection
of the C-terminal methyl ester.

A solution of 1.8 g (3.66 mmol) of Boc-L-DOPA(Bn),-OMe in 6 ml of MeOH and 12 ml of
THF was cooled to 0 °C and treated with 4.6 ml (4.57 mmol) of NaOH 1M. The ice bath was
removed. The mixture warmed to room temperature with stirring for 18 hours. A solution of
5.1 ml of HCI 1M was added to the reaction mixture, which was concentrated in vacuo to
remove the volatiles. The reduced volume was then extracted with three portions of CH2Cl (3
x 30 mL). The organic phase was combined, washed with water (60 mL), dried over MgSOQa,
filtered and evaporated in vacuo, to afford pure Boc-L-DOPA(BnN)2-OH (97%) as a white solid.
M.p.=120 °C; 'H NMR (CDCls): § 1.42 (s, 9H, CH3Boc), 3.04 (m, poorly resolved ABX
system), 2H, ArCH>), 4.52 (m, 1H, CHa); 4.93 (d (br), 1H, NH), 5.11 (s, 4H, OCH2Ph), 6.69
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(d, J = 7.6 Hz, 1H, ArH), 6.80 (s, 1H, ArH), 6.85 (d, J = 8.0 Hz, 1H, ArH), 7.37 (m, 10H, ArH
OBn), 8.36 (s (br), 1H, COOH) ppm. *C NMR (CDCls): § 28.2, 36.1, 48.6, 70.2, 70.2, 77.9,
114.4,115.7,121.8, 127.4, 127.6, 127.7, 127.8, 128.3, 128.4, 131.2, 137.5, 146.8, 148.0, 155.4,
173.9 ppm. HPLC-MS (API-ES): 9.32 min, [M+Na]*=500.

Boc-L-Dopa(Bn)2-D-Oxd-OMe - The compound was synthesised according to the previously
reported protocol.®*®

To astirred solution of Boc-L-DOPA(BN).-OH (466 mg, 0.98 mmol) and HBTU (400 mg, 1.07
mmol) in dry acetonitrile (10 mL) under an inert atmosphere, H-D-Oxd-OBn (229 mg, 0.98
mmol) in dry acetonitrile (5 mL) was added dropwise at room temperature, followed by DIPEA
(349 uL, 2.05 mmol). After 4 h the volatiles were removed under reduced pressure. The residue
was dissolved in dichloromethane (30 mL), washed with water (30 mL), 1 N aqueous HCI (30
mL) and 5% aqueous NaHCOs (30 mL), dried over anhydrous Na>SOs, filtered and
concentrated in vacuo. The residue was dissolved in methanol (10 mL), ultrasonicated for 15
min and then filtered through a Gooch funnel. The solid was washed with methanol (1x20 mL),
dissolved in dichloromethane to recover it from the filter and concentrated in vacuo to afford
Boc-L-DOPA(BnN)2-D-Oxd-OBn (576 mg, 0.83 mmol) as a white solid (85% yield). M.p. =
171.6-172.0 °C; IR (3 mM in CH2Cly): v 3439, 1791, 1754, 1711, 1508, 1496 cm™*; *H NMR
(CDCl3): 6 1.36 (d, J = 6.4 Hz, 3H, CH3 Oxd), 1.40 (s, 9H, t-Bu), 2.81-2.94 (m, 1H, CHHp-
DOPA), 2.96-3.09 (m, 1H, CHHB-DOPA), 4.25 (d, J = 3.9 Hz, 1H, CHN Oxd), 4.43-4.56 (m,
1H, CHO Oxd), 5.11 (s, 2H, CH2Ph), 5.14 (s, 2H, CH2Ph), 5.21 (s, 2H, CH2Ph), 5.78 (s, 1H,
CHo-DOPA), 6.69 (d, J = 8.2 Hz, 1H, CH Ar DOPA), 6.75-6.96 (m, 2H, CH Ar DOPA), 7.14—
7.58 (m, 15H, ArH) ppm. 3C NMR (CDCls): § 21.1, 28.4, 38.8, 53.9, 61.9, 68.1, 71.3, 71.4,
73.6, 79.9, 115.1, 116.4, 122.5, 127.3, 127.6, 127.8, 127.9, 128.4, 128.5, 128.8, 129.1, 134.7,
137.3, 137.4, 148.2, 149.0, 151.2, 154.7, 167.5, 172.7 ppm. Anal. Calcd. for CsoH4N209: C,
73.52; H, 5.43; N, 3.43. Found: C, 73.48; H, 5.41; N, 3.39.

Lau-L-Dopa(Bn)2-D-Oxd-OBn (1) - Trifluoroacetic acid (1.14 mL, 14.40 mmol) was added
under an nitrogen atmosphere to a solution of Boc-L-DOPA(Bn)2-D-Oxd-OBn (558 mg, 0.80
mmol) in dry dichloromethane (5 mL). After 4 h, the reaction was complete, the volatiles were
removed under reduced pressure, and H-L-DOPA(Bn)2-D-Oxd-OBn-CF3CO,H was obtained
in quantitative yield.

The resulting compound (1 eq.) was dissolved in a solution of dry ACN and DIPEA (2.2 eq.)
and added dropwise to a stirred solution of lauric acid (1 eq.) and HBTU (1.1 eq.) in dry ACN.
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After 2 h atr.t., the solution was evaporated under reduced pressure. The residue was dissolved
in DCM and extracted with H.O, HCI 1M, saturated NaHCOs3, H>O. The organic layer was
dried over sodium sulphate, filtered, and concentrated under reduced pressure. The residue was
washed with MeOH, sonicated and filtered. The product (Lau-L-Dopa(Bn).-D-Oxd-OBn) was
obtained as a white solid with a yield of 85%. M.p. = 172-175 °C; IR: 3324, 1792, 1739, 1711,
1645 cm™; *H NMR (CDCls): § 0.9 (t, 3H, CH3 Lau), 1.25 (m, 18H, CH; Lau), 1.36 (d, J = 6.4
Hz, 3H, CH3z Oxd), 2.1 (m, 2H, CH2CO Lau), 2.93 (dd, J = 6.8, 13.6 Hz, 1H, CHHp-Dopa),
3.04 (dd, J=6.0, 13.6 Hz, 1H, CHHp-Dopa), 4.23 (d, J = 3.9 Hz, 1H, CHN Oxd), 4.49 (dq, J =
3.9, 6.4 Hz, 1H, CHO Oxd), 5.09 (s, 2H, CH2Ph), 5.11 (s, 2H, CH2Ph), 5.18 (s, 2H, CH2Ph),
5.92 (d, J=7.6 Hz, 1H, NH), 6.00 (dt, J = 6.8, 7.6 Hz, |H, CHa-Dopa), 6.69 (d, J = 8.0 Hz, 1H,
CH Ar Dopa), 6.79 (s, 1H, CH Ar Dopa), 6.81 (d, J = 8.0 Hz, 1H, CH Ar Dopa), 7.24-7.45 (m,
15H, ArH) ppm. $3C NMR (CDCls): § 14.1, 21.1,22.7, 25.5, 29.2, 29.3, 29.4, 29.5, 29.6, 29.6,
31.9, 36.4, 38.1, 52.5, 61.8, 68.0, 71.3, 73.6, 115.0, 116.3, 122.3, 127.2, 127.4, 127.7, 127.8,
128.4,128.5, 128.7, 128.8, 128.9, 134.6, 137.2, 137.3, 148.2, 148.9, 151.0, 167.3, 172.2 ppm.

Fmoc-L-Tyr-D-Oxd-OBn - The compound was synthesized from Fmoc-L-Tyr(t-Bu)-OH and

D-Thr following a multistep procedure in solution, reported in ref.%.

To astirred solution of Fmoc-Tyr(O-tert-Bu)-OH (0.64 mmol, 294 mg) and HATU (0.70 mmol,
267 mg), in dry acetonitrile (15 mL), under inert atmosphere, D-Oxd-OBn (0.64 mmol, 150
mg) in dry acetonitrile (7 mL) was added at room temperature, followed by a solution of N,N-
diisopropylethylamine (1.6 mmol, 272 pL). The solution was stirred for 2 hours under inert
atmosphere. The volatiles were removed under reduced pressure. The residue was dissolved in
dichloromethane (30 mL). The mixture was washed with brine (30 mL), 1 N aqueous HCI (30
mL) and with saturated aqueous NaHCO3z (30 mL), dried over sodium sulphate and
concentrated in vacuo. The product was obtained pure after silica gel chromatography
(dichloromethane — dichloromethane/ethyl acetate 98:2). Evaporation of the collected
fractions gave the solid product in 90% of yield (0.576 mmol, 389 mg). M.p. = 89-90 °C; [a]p?°
31.5 (c = 0.20 in CH,Cl,); IR (CH2Cl2 3 mM) v = 3429, 1793, 1755, 1712, 1608, 1506 cm™®; 'H
NMR (CDCls): 6 1.29 (s, 9H, CHs tert-Bu), 1.47 (d, J=6.2 Hz, 3H, CH3z Oxd), 2.95 (dd, J=7.5,
J=13.3 Hz, 1H, CH2p-Tyr), 3.15 (dd, J=5.4 Hz, J= 13.7 Hz, 1H, CH2B-Tyr), 4.15-4.21 (m, 1H,
O-CH-CH2-Fluorene), 4.23-4.29 (m, 1H, O-CH-CH2-Fluorene), 4.38 (s, 2H, CHN Oxd + O-
CH-CHa-Fluorene), 4.52-4.58 (m, 1H, CHO Oxd), 5.19 (s, 2H, O-CH2-Ph), 5.42 (d, J=8.4 Hz,
1H, NH Tyr), 5.82-5.89 (m, 1H, CHa-Tyr), 6.89 (d, J=7.4 Hz, 2H, CH Ar Tyr), 7.08 (d, J=7.4
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Hz, 2H, CH Ar Tyr), 7.28-7.34 (m, 7H, 2 CH Fluorene + 5 CH Ph), 7.40 (t, J=7.4 Hz, 2H, CH
Fluorene), 7.56 (d, J=7.1 Hz, 2H, CH Fluorene), 7.76 (d, J=7.1 Hz, 2H, CH Fluorene) ppm. 13C
NMR (CDCl3): 6 21.3, 28.9, 38.4, 47.2, 54.5, 62.0, 67.1, 68.2, 73.8, 78.5, 120.0, 124.2, 125.2,
125.3,127.2,127.8,128.4,128.8, 130.0, 130.2, 134.6, 141.4, 144.0, 151.2, 154.7, 155.3, 167 .4,
172,3 ppm.

Fmoc-L-Tyr-D-Oxd-OH (2) - To a stirred solution of Fmoc-L-Tyr(O-tert-Bu)-D-Oxd-OBn
(0.576 mmol, 389 mg) in dry dichloromethane (6 mL), under inert atmosphere, trifluoroacetic
acid (10.4 mmol, 800 uL) was added at room temperature. The solution was stirred for 4 hours
under inert atmosphere, then the mixture was washed with water (3 x 5 mL), dried over sodium
sulphate and concentrated in vacuo. The white solid obtained (356 mg) was dissolved in
methanol (10 mL) and treated with Pd/C (10% w/w, 39 mg) under inert atmosphere. Vacuum
was created inside the flask using the vacuum line. The flask was then filled with hydrogen
using a balloon (1 atm). The solution was stirred for 4 hours under a hydrogen atmosphere.
After filtration through Celite™ filter and concentration in vacuo, the acid was obtained as a
solid (0.563 mmol, 299 mg, 98%). M.p. = 192-195 °C; [a]o?® 9.5 (¢ = 0.13 in CH30H); ATR-
IR v = 3326, 1781, 1691, 1535, 1513 cm™; *H NMR (CD30D): § = 1.45 (d, J = 6.3 Hz, 3H,
CH3 Oxd), 2.76 (dd, J=9.6 Hz, J=13.5 Hz 1H, CHp-Tyr,), 3.07 (dd, J=4.7 Hz, J=13.7 Hz, 1H,
CHazB-Tyr), 4.12-4.20 (m, 2H, O-CH-CH2-Fluorene), 4.25-4.29 (m, 1H, O-CH-CH>-Fluorene),
4.40 (d, J=3.6 Hz 1H, CHN Oxd,), 4.65-4.73 (m, 1H, CHO Oxd), 5.73 (dd, J=4.8 Hz, J=9.6
Hz, 1H, CHa-Tyr), 6.70 (d, J=8.3 Hz, 2H, CH Ar Tyr), 7.14 (d, J=8.5 Hz, 2H, CH Ar Tyr),
7.29 (q, J=7.8 Hz, 2H, CH Fluorene), 7.38 (t, J=7.4 Hz, 2H, CH Fluorene), 7.52-7.57 (m, 1H,
NH Tyr), 7.60 (d, J=7.5 Hz, 2H, CH Fluorene), 7.78 (d, J=7.4 Hz, 2H, CH Fluorene) ppm. *C
NMR (CD30D): 6 =21.2, 38.6, 48.2, 56.3, 68.0, 76.1, 116.2, 120.8, 126.2, 126.3, 128.1, 128.7,
131.2,131.6, 142.4, 145.1, 145.2, 153.8, 157.3, 158.0, 174.1 ppm.

Boc-L-Phe-D-Oxd-OBn - To a stirred solution of Boc-L-Phe-OH (0.66 g, 2.5 mmol) in
acetonitrile (20 mL), HBTU (0.98 g, 2.6 mmol), then D-Oxd-OBn (0.59 g, 2.5 mmol) and lastly
triethylamine (0.75 mL, 5 mmol) were added. The mixture was stirred over 1 hour, then
acetonitrile was removed under reduced pressure and replaced by ethyl acetate. The mixture
was washed with brine, 1 N aqueous HCI (1 x 30 mL), and 5% aqueous NaHCO3 (1 x 30 mL),
dried over sodium sulphate and concentrated in vacuo. The product was obtained pure in 88%
yield (0.89 g) as a solid after silica gel chromatography (cyclohexane/ethyl acetate 8:2 — 1:1
as eluant). M.p. = 118-120 °C. [a]p = +36.7 (c 1.0, CH2Cl,). IR (CH2Cl2, 3 mM): v = 3433,
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1793, 1756, 1710 cm™. *H NMR (CDCls, 300 MHz): § 1.20-1.60 (m, 12 H, Me + t-Bu), 2.80-
3.18 (m, 2H, CHN-CH,-Ph), 4.40 (d, 1H, J = 3.9 Hz, CHN), 4.51 (dg, 1H, J = 3.9, 6.3 Hz,
CHO), 4.90 (bs, 1H, NH) 5.12-5.31 (m, 2H, OCH2Ph), 5.85 (bs, 1H, CHN-CH2Ph), 7.20-7.45
(m, 10H, 2 x Ph) ppm. *3C NMR (CDCls, 75 MHz): § 21.0, 28.2, 39.1, 53.7, 61.8, 68.0, 73.5,
79.8, 127.0, 128.3, 128.4, 128.7, 129.5, 134.6, 135.7, 151.1, 154.6, 167.4, 172.6 ppm.
C26H30N207 (482.53): Anal. Calcd. C 64.72, H 6.27, N 5.81. Found: C 64.81, H 6.34, N 5.72

H2C[(CH2)3CO-L-Phe-D-Oxd-OBn]z - The compound was synthesized following a multistep
procedure in solution, reported in ref.5*"2

A solution of Boc-L-Phe-D-Oxd-OBn (2 mmol, 0.96 g) and TFA (36 mmol, 2.78 mL) in dry
dichloromethane (20 mL) was stirred at room temperature for 4 h, then the volatile compounds
were removed under reduced pressure and the corresponding amine salt was obtained pure in
quantitative yield without further purification. A solution of azelaic acid (0.98 g, 0.52 mmol)
and HBTU (0.4 g, 1.04 mmol) in dry acetonitrile (22 mL) was stirred under nitrogen atmosphere
for 10 min at room temperature. Then, a mixture of the previously obtained amine salt (1.04
mmol) and TEA (3.2 mmol, 0.47 mL) in dry acetonitrile (15 mL) was added dropwise at room
temperature. The solution was stirred for 40 min under a nitrogen atmosphere then acetonitrile
was removed under reduced pressure and replaced with ethyl acetate. The mixture was washed
with brine, 1 N aqueous HCI (3 x 30 mL), and 5 % (w/v) aqueous NaHCO3 (1 x 30 mL), dried
with sodium sulphate and concentrated in vacuo. The pure product was obtained after silica gel
chromatography [CH2Cl> 100 % — CH2Clz/ethyl acetate (80:20) as eluent] in 64 % (1.17 g)
overall yield; m.p. 207 °C. [a]o?*=45.0 (c 0.1, CHCI5). IR (CH2Cl2, 3 mM): v 3428, 1789, 1754,
1707, 1672 cm™. IR (1 % in dry KBr): v 3309, 1793, 1765, 1736, 1708, 1650 cm™. *H NMR
(DMSO, 300 MHz): & 0.95-1.18 [m, 10 H, CH2(CH2)sCH:], 1.20-1.40 [m, 4 H,
CH2(CH2)sCHz], 1.50 (d, J = 6.3 Hz, 6 H, OCHCH3), 2.00 (m, 4 H, CH2CO), 2.70 (dd, J = 10.8,
13.5 Hz, 2 H, CHN-CHH-Ph), 3.10-3.20 (dd, J = 3.3, 13.5 Hz, 2 H, CHN-CHH-Ph), 4.65 (d, J
= 4.2 Hz, 2 H, CHN), 4.80-4.90 (m, 2 H, OCH), 5.18 (d, J = 12.3 Hz, 2 H, OCHHPh), 5.25 (d,
J=12.6 Hz, 2 H, OCHHPh), 5.8 (m, 2 H, CHN-CHzPh), 7.20-7.40 (m, 20 H, 4 x Ph), 8.25 (d,
J = 8.7 Hz, 2 H, NH) ppm. *C NMR (DMSO, 75 MHz): § 14.8, 15.3, 21.1, 25.9, 29.0, 35.7,
37.7, 38,5, 51.0, 53.1, 55.4, 62.0, 67.7, 74.3, 127.2, 128.6, 128.8, 128.9, 129.2, 129.8, 136.0,
138.0, 152.5, 168.6, 172.7, 173.2 ppm. Cs1HssN4012 (916.4): Anal. Calcd. C 66.80, H 6.16, N
6.11; found C 66.75, H 6.19, N 6.07.
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H2C[(CH2)3CO-L-Phe-D-Oxd-OH]2 (3) - The previously synthesised compound (1 mmol,
0.92 g) was dissolved in MeOH (35 mL) under nitrogen. Pd/C (50 mg, 10 % w/w) was added
under nitrogen. Vacuum was created inside the flask by using the vacuum line. The flask was
then filled with hydrogen by using a balloon (1 atm). The solution was stirred for 2 h under a
hydrogen atmosphere. The pure product was obtained in quantitative yield (0.73 g) after the
solution was filtered through a Celite pad using ethyl acetate and concentrated in vacuo. M.p.
201 °C. [a]p®= -36.0 (¢ 1.2, MeOH). 'H NMR (CD3OD): & 1.06-1.47 [m, 10 H,
CH2(CH2)sCHz], 1.58 (d, J = 6.4 Hz, 6 H, OCHCH3), 2.03-2.15 [m, 4 H, CH2(CH2)sCH:], 2.91
(dd, J=9.6, 13.6 Hz, 2 H, CHN-CHHPh), 3.14 (dd, J = 5.2, 13.6 Hz, 2 H, CHN-CHHPh), 4.00
(d, J = 5.6 Hz, 2 H, CHN-CHHPh), 4.62-4.87 (m, 2 H, OCH), 5.80 (m, 2 H, CHN-CH2Ph),
7.20-7.40 (m, 20 H, 4 x Ph) ppm. °C NMR (CDsOD): § 19.8, 25.3, 28.3, 28.5, 35.2, 37.6, 52.7,
61.7, 74.4, 126.5, 128.0, 129.1, 136.6, 151.1, 153.3, 169.7, 172.7, 174.4 ppm. C37H24N4O1>
(736.3): Anal. Calcd. C 60.32, H 6.02, N 7.60; found C 60.36, H 6.04, N 7.55.

2NapAA-OH (5) - The compound was collected as a white solid with 87% yield, following a
literature procedure,3053%

The C-methyl-protected alanine was coupled to 2-(haphthalen-2-yloxy)acetic acid using
standard coupling methodologies. To a stirred solution of 2-(naphthalen-2-yloxy)acetic acid
(1.00 g, 3.56 mmol) in chloroform (20 mL) N-methylmorpholine (NMM) (0.40 mL, 3.60
mmol), and isobutylchloroformate (IBCF) (0.49 mL, 3.60 mmol) were added at 0 °C. The
solution was stirred at 0 °C for 5 minutes. A solution of alanine methyl ester (0.35 g, 2.5 mmol)
and NMM (0.40 mL, 3.60 mmol) in chloroform (20 mL) was added (). The solution was allowed
to warm to room temperature and stirring continued overnight. The solution was washed with
distilled water (2x100 mL), hydrochloric acid (2x100 mL, 0.1 M), aqueous potassium carbonate
solution (100 mL, 0.1 M), and distilled water again (4x100 mL) and dried over magnesium
sulphate, and the solvent was removed under reduced pressure. The solid was then washed with
petroleum ether (10 mL) and dried under vacuum to give methyl 2-(2-(naphthalen-2-
yloxy)acetamido)propanoate (2NapA-OMe) in a 73% yield. *H NMR (CDCls): & 1.29 ppm
(t,OCH2CHa, 3H, J=7.0 Hz), 1.49 (d, NHCH(CH3), 3H, J=6.6Hz), 4.23 (m, OCH2CHs, 2H, J =
7.0 Hz), 4.62 (s, OCH2CdO, 2H), 4.71 (m, CH3CHCdO, 1H), 7.12 (s, ArH, 1H), 7.26 (m, ArH,
2H, J = 8.3 Hz), 7.53 (d, ArH, 1H, J= 8.3 Hz), 7.62 (d, ArH, 1H, J=8.3 Hz), 7.70 (d, ArH, 1H,
J=8.8 Hz), 7.94 (s, ArH, 1H) ppm.
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13C NMR (CDCls): & 14.5, 18.9, 48.2, 62.1, 67.7, 108.0, 118.3, 119.7, 129.0, 130.1, 130.4,
130.9, 133.1, 155.7, 167.8, 172.9, ppm.

To deprotect the C-terminus, lithium hydroxide (0.2 g) was added to a solution of 2NapA-OMe
(0.5 g) in a THF:water solution (3:1 mixture, 25 mL), and the solution was stirred for 18 h.
After this time, distilled water (ca. 100 mL) was added, and then hydrochloric acid (1.0 M) was
added dropwise until the pH was lowered to pH 3. The resulting white precipitate was collected
by filtration and washed well with water and petroleum ether before being dried in vacuo to
give 2-(2-(naphthalen-2-yloxy)acetamido) propanoic acid (2Nap-OH) as a white powder in
89%yield. 'H NMR(DMSO): § 1.33 (d, (CH3)CHC=0, 3H, 3JHH = 7.2 Hz), 3.42 (s, OH), 4.30
(m, (CH3)CHCdO, 1H), 4.65 (m, OCH,-CdO, 2H), 7.31 (dd, ArH, 1H, 3JHH = 2.4 Hz),7.34
(m, NH, 1H),7.58 (dd,ArH, 1H, 3JHH=1.9 Hz), 7.75 (d, ArH, 1H, 3JHH=8.8 Hz),7.86 (d, ArH,
1H, 3JHH=8.8Hz), 8.13 (d, ArH, 1H, 3JHH=1.6 Hz), 8.44 (d, ArH, 1H, 3JHH =7.5 Hz) ppm.
13C (DMSO0): § 17.6, 47.8, 67.1, 107.8, 116.9, 120.2, 129.0, 129.3, 129.7, 130.3, 133.0, 156.4,
167.5, 174.3, ppm.

The same coupling and deprotection procedures were followed for the addition of the second
alanine and the final C-terminus deprotection. 2NapAA-OH was collected as a white solid in a
87% yield. *tH NMR (DMSO): § 1.28 (d, CHCHg, 3H, J = 7.9 Hz) 1.30 (d, CHCH3, 3H,J=7.3
Hz), 4.23 (m, CHNH, 1H), 4.47 (m, CHNH, 1H), 4.67 (s, OCH, 2H), 7.26 (d, ArH, 1H, J = 8.7
Hz,J=2.3Hz),7.36 (t, ArH, 1H, J=7.1 Hz), 7.47 (t, ArH, 1H, J = 7.1 Hz), 7.84 (m, ArH, 3H),
8.22 (d, NH, 1H, J = 7.9 Hz), 8.30 (d, NH, 1H, J = 7.2 Hz) ppm. 3C NMR (DMSO0): § 17.0,
18.4, 47.4, 47.5, 66.8, 107.3, 118.5, 123.8, 126.4, 126.7, 127.5, 128.7, 129.3, 134.0, 155.5,
167.0, 171.7, 173.9 ppm. MS (ES) = 343 ([M-H]). Anal. Calcd. for C1gH20N20Os: C, 62.78%;
H, 5.85 %; N, 8.13 %. Found: C, 62.72 %; H, 5.80 %; N, 7.97 %.

2NapFF-OH (6) - The compound was collected following the same literature procedure and
synthetic steps already reported for 2NapAA. The product was collected as a white solid with
90% yield.3%3% IH NMR (DMSO) 6 = 2.84 — 3.11 (m, CH,Ph, 4H), 4.46 (m, CHNH, 1H), 4.53
(s, OCHz, 2H), 4.64 (m, CHNH, 1H), 7.15—7.24 (m, ArH, 12H), 7.37 (t, ArH, 1H, J = 7.2 Hz),
7.45 (t, ArH, 1H, J =8.0 Hz), 7.73 (d, ArH, 1H, J = 8.0 Hz), 7.84 (d, ArH, 2H, J = 7.2 Hz), 8.12
(d, NH, 1H, J = 8.5 Hz), 8.41 (d, NH, 1H, J = 7.8 Hz), ppm. **C NMR (DMSO): § 36.7, 37.4,
53.2, 53.5, 66.6, 107.3, 117.4, 123.8, 126.2, 126.4, 126.8, 127.5, 127.9, 128.7, 129.0, 129.1,
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129.3, 133.9, 137.4, 137.5, 155.4, 167.2, 170.7, 172.6 ppm. MS (ES*) = 519 ([M+Na]*). Anal.
Calcd. for CaoH2sN20s: C, 72.56; H, 5.68; N, 5.64. Found: C, 72.34; H, 5.69; N, 5.60

m-(Boc)2-L-DOPA-OMe (m-7) + p-(Boc)2-L-DOPA-OMe (p-7) - Boc-L-DOPA-OMe 6 (0.60
g, 1.93 mmol) is dissolved in 4.4 mL of saturated NaHCO3 solution, then Boc20 (0.89 mL, 3.86
mmol) in THF (4.56 mL) is added. The solution is stirred for 18 hours at room temperature.
The THF is removed under vacuum, the residue is suspended in 4mL HCI 1M and extracted
with ethyl acetate (15 mL x 3). The combined organic phase is washed twice with 2.5 mL of
1M HCI, once with 2 mL of a saturated aqueous NaHCOs3 solution and with 2 mL of H20. The
organic phase is then dried over Na2SO4 and the solvent is evaporated. Products m-7 and p-7
were obtained as an inseparable mixture in 1:1 ratio after flash chromatography
(cyclohexane:ethyl acetate 4:1) with 50% yield as a transparent solid. IR (ATR-IR): v 3367,
1756, 1742, 1717, 1685, 1607, 1510 cm™; *H NMR (CDCls): & 1.40 (9H, s, t-Bu), 1.53 (9H, s,
t-Bu), 2.89-3.08 (2H, m, PhCH2NH), 3.69 (3H, s, OCHz), 4.47-4.57 (1H, m, PhCH>CHNH),
4.99 (1H, d, J = 6.4 Hz, NH), 5.87 (0.5H, bs, OH), 5.87 (0.5H, bs, OH), 6.63 (0.5H, d, J =8.0
Hz, Ar), 6.75 (0.5H, s, Ar), 6.86 (2 x 0.5H, AB, J = 8.0 Hz), 6.93 (0.5H, s, Ar), 7.02 (0.5H, d,
J = 8.0 Hz, Ar) ppm. 3C NMR (CDCls): § 27.6, 28.2, 37.4, 37.7, 52.2, 54.3, 54.4, 60.4, 80.1,
84.3,117.4,118.2,121.4,122.1, 122.9, 127.5, 128.4, 134.9, 137.9, 146.2, 147.1, 151.2, 151.3,
155.1, 171.2, 172.2 ppm. HPLC-MS (API-ES): 8.93 min, [M+Na]"=434. Anal. Calcd. for
C20H29NOs: C, 58.38; H, 7.10; N, 3.40. Found: C, 58.40; H, 7.12; N, 3.37.

Bocs-L-DOPA-OMe (8) - Boc-L-DOPA-OMe 6 (1 g, 3.2 mmol) is dissolved in 40 mL of
CH3CN, then 195 mg of DMAP (1.6 mmol) and 1.475 mL of Boc2O (6.4 mmol) are added. The
solution is stirred for 40 minutes at room temperature. The solvent is removed under vacuum,
then the residue is suspended in 2 mL of HCI 1M, extracted with ethyl acetate (50 mL x 3) and
washed with H20 (1 x 20 mL). The organic layer is then dried over Na,SO4 and concentrated
under vacuum. The product is eventually purified through flash chromatography
(cyclohexane:ethyl acetate 4:1). The pure product is obtained with a 93% yield as a transparent,
sticky liquid that becomes a white solid after about 24 hours. M.p: = 95-98 °C; [a]p® +33.0 °
(c = 0.5 in CH2Cly); IR (ATR-IR): v 3334, 1737, 1690, 1659, 1587, 1516 cm™; 'H NMR
(CDCls,): 6 1.40 (9H, s, t-Bu), 1.52 (18H, s, 2 x t-Bu), 3.01-3.10 (2H, m, PhCH2NH), 3.68 (3H,
s, OCH3), 4.55 (1H, q, J = 6.8 Hz, PhCH.CHNH), 4.99 (1H, d, J = 8.0 Hz, NH), 6.97 (1H, dd,
J=1.7,8.4 Hz, Ar), 7.02 (1H, d, J = 1.7 Hz, Ar), 7.16 (1H, d, J = 8.4 Hz, Ar) ppm. 3C NMR
(CDCls,): 8 26.9, 27.6, 28.2, 37.5, 52.3, 54.2, 80.0, 83.7, 113.0, 124.0, 127.1, 134.7, 141.5,
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142.3, 150.6, 150.7, 171.9 ppm. HPLC-MS (API-ES): 11.30 min, [M+Na]*=534. Anal. Calcd.
for CasHs7NOso: C, 58.70; H, 7.29; N, 2.74. Found: C, 58.75; H, 7.32; N, 2.75

Boc-(L-DOPA)2-OMe (9) - 1.8 g (3.67 mmol) of Boc-L-DOPA(BN).-OMe is deprotected to
obtain Boc-L-DOPA(BnN)2-OH (previously described).

An equal amount of Boc-L-DOPA(Bn).-OMe (1.8 g, 3.67 mmol) is dissolved in 25 mL of
CHCl, then 5.1 mL of TFA (64.8 mmol) are added. The solution is stirred at room temperature
for 4 hours. The solvent is removed under reduced pressure and the whole residue, composed
of the desired intermediate [F3CCOO™ *H3N-L-DOPA(Bn)2-OMe] 9i and the remaining TFA,

Is used for the next step of the reaction, considering a quantitative yield for this one.

1.75 g of Boc-L-DOPA(BnN)2-OH (3.67 mmol) is dissolved in 40 mL of CH3CN together with
1.53 g of HBTU (4.0 mmol) and left under stirring at room temperature while a mixture of the
previous residue containing 9i, DIPEA (1.8 mL, 10.3 mmol) (the amount of DIPEA is
calculated considering 2.2 equivalents plus 1 equivalent per equivalent of TFA remained in the
residue after the solvent removal) and 10 mL of CH3CN is added dropwise. After two hours the
solvent is evaporated under vacuum, the residue is suspended in 10 mL of water, extracted with
CHCl; (50 mL x 3) and washed with 20 mL of water, HCI, saturated solution of NaHCO3 and
water again. The organic layer is dried over Na2SO4 and the solvent removed under vacuum.
Boc-(L-DOPA(BnN)2).-OMe is obtained as a white solid with a 94% yield.

0.70 g of Boc-(L-DOPA(BN)2)2-OMe (0.82 mmol) is dissolved in 50 mL of CH3OH and 70 mg
of Pd/C 10% w/w are added to the solution, then the reaction is left under vigorous stirring for
4 h under Hz atmosphere. The solution is filtered over Celite, then the solvent is evaporated
under vacuum. The product is further purified by washing with n-hexane (2 mL x 3) to obtain
a sticky liquid that becomes a white solid in 48 h hours (96% yield). [a]p?® -3.0 ° (c = 0.5 in
CH30H); IR (ATR-IR): v 3310, 1732, 1658, 1608, 1515 cm™; *H NMR (CD30OD): § 1.4 (s,
9H, t-Bu), 2.61 (dd, 1H, J = 3.2, 12.4 Hz, ArCHHNH), 2.81 — 2.97 (m, 3H, ArCHHNH +
ArCHzNH), 3.63 (s, 3H, OCHzs), 4.18 (t, 1H, J = 5.6 Hz, CH2CHNH), 4.56 (t, 1H, J = 6.0 Hz,
CHNHBoc), 6.44 (d, 1H, J = 7.6 Hz, CHNHCO), 6.49 (d, 1H, J = 8.4 Hz, CHNHCO), 6.58 —
6.65 (m, 4H, Ar) ppm. $3C NMR (CDsOD): § 26.5, 27.3, 36.6, 37.2, 51.2, 53.8, 56.1, 79.3, 82.7,
89.7,114.8, 115.9, 116.3, 117.4, 120.3, 122.0, 123.1, 127.2, 127.6, 128.4, 143.9, 144.8, 152.0,
156.1, 171.8, 172.8 ppm. HPLC-MS (API-ES): 8.00 min, [M+H]*=491. Anal. Calcd. for
C24H30N209: C, 58.77; H, 6.17; N, 5.71. Found: C, 58.76; H, 6.19; N, 5.70.
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Grazie a Lucia, Dario e Giulia, ferma tripletta del Lab. Tolomelli, i veri compagni di lunghe
giornate di risate, scleri, ansie, canti, congressi, festeggiamenti e reazioni, tante reazioni,
accompagnate dal ritmo incessante della musica del lab. (nonché della pompa).

E grazie a tutti i tirocinanti che sono passati negli anni, che mi hanno insegnato la pazienza e
I’entusiasmo, nonché ai “nuovi acquisti”, Paolo, Davide e Tommaso, che hanno reso ancora piu
divertente I’ultimo anno. Grazie davvero a tutti, perché ’ambiente del laboratorio non sarebbe
potuto essere piu bello di cosi.

Grazie a Giulia e Ada. Mi avete sempre saputa ascoltare e consigliare sulle questioni piu
delicate, capendo tante cose di me prima che io stessa ne fossi consapevole. Siete due amiche
con cui non ci si puo annoiare. Mi avete insegnato a divertirmi veramente e a dare piu ascolto
a quella parte spensierata e incosciente di me che tante volte tendo a reprimere. Ringrazio anche
Costanza e Martina, perché quando siamo tutte assieme il gruppetto é davvero completo e non
ce n’¢ per nessuno.

Grazie a tutti gli altri ragazzi di Organica (e non solo), Ciccio, Simone P., Lello, Biondo,
Giacomo, Michele, Paolo, Ruben, Federica, Franca, Simone B., Pedro, lacopo, Jhon, Juzeng,

Young, Alexia, Assunta, Edoardo, Mattia...Siete tantissimi e avete reso il Ciamician un posto
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dove é proprio bello andare a lavorare. Fra i pranzi assieme e le uscite squinternate ne abbiamo
passate davvero tante, ma siete un gruppo talmente variopinto e ben assortito che non ci si
stanca mai di stare insieme. Un enorme ringraziamento e sicuramente dovuto, tra il personale
tecnico, ad Andrea e Stefano, per la pazienza che avete sempre dimostrato nell’ascoltare le mie
richieste e nel soddisfarle. Siete sinceramente fantastici nel mandare avanti tutto, e mi avete

insegnato davvero tanto. Grazie.

Grazie all’Universita di Glasgow per avermi permesso di trascorrere il periodo all’estero, ma
soprattutto al Prof. Dave Adams per avermi accolta nel suo gruppo di ricerca. Mi ha messa a
mio agio fin da subito, premurandosi che non mi mancasse nulla e mi piacesse il progetto.
Grazie a tutti i ragazzi del lab di Glasgow, Ana Maria, Sam, Lisa, Dan, Maria Laura, Jacky,
Becky, Tom, Santanu, Emily ma soprattutto a Bart, leader e compagno di cappa a cui sapevo
di potermi rivolgere per fugare ogni dubbio, e a Courteney, Valentina e Libby, il trio che mi ha
davvero accolta a braccia aperte, con cui ho condiviso tanti pranzi, cene e uscite.
Mi avete davvero fatta sentire una di voi, tra balli popolari, birre e pancakes. Grazie anche ad
Alex e Vassilios, compagni d’appartamento, pizze, viaggi ¢ presunte malattie.
E stata un’esperienza stupenda e mi ¢ dispiaciuto tanto andare via prima del tempo. Sono sicura

che troveremo il modo per riabbracciarci presto.

Il ringraziamento piu profondo, infine, lo faccio a te Paolo. Non é facile esprimere a parole
quanto tu mi abbia stravolto la vita nell’ultimo anno. Senza di te sarebbe stato tutto un po’ piu
sbiadito, un po’ piu difficile, a volte probabilmente insormontabile. Mi hai fatto superare tanti
momenti difficili (il periodo all’estero, la quarantena, un trasloco che altrimenti mi avrebbe
spezzato il cuore) e hai reso indelebili i momenti belli. Le tue parole gentili mi hanno infuso
coraggio, cancellando paure e insicurezze. Hai messo in luce aspetti del mio carattere che non
conoscevo, sei stato paziente quando andavo di fretta e mi hai saputa aspettare quando rimanevo
indietro. Spero di poter continuare a crescere insieme e supportarci a vicenda, raggiungendo

insieme tanti altri traguardi, miei e tuoi, mano nella mano.
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