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Abstract

Hydrogels produced from Low Molecular Weight Gelators (LMWGs) are an extremely versatile class of
material, with a myriad of applications. However, many aspects of these materials are still not well
understood. These gels can be formed via a range of methods, yet are inherently fickle in their
formation, with minute differences within the gelation processes often causing significant changes to
the properties of the final materials produced. As such, some important variables during gelation can
be overlooked and are assumed to be insignificant, which is not always the case. Even for those
variables that are shown to have an effect, this does not necessarily apply to similar low molecular
weight gels formed via different gelation triggers. This Thesis will explore some additional
considerations for low molecular weight gels, whilst further developing their suitability for 3D printing
towards biomedical applications.

First, we demonstrate the successful 3D printing of two N-protected dipeptide based low molecular
weight hydrogels in tandem to produce multi-layered 3D printed gel samples. Each gel differs in
mechanical properties. Thus, through oscillatory rheology, we show changes to the overall sample
mechanical properties depending on the number and ordering of the different printed gel layers. These
findings were compared to non-printed equivalent multi-layered gel samples. Whilst inherently stiffer,
the non-printed gel samples displayed the same trends in mechanical properties as the printed gels.
We then explored the borders between separately printed gels via confocal microscopy and
determined a lack of interface, with printed strips of gel remaining discrete and maintaining clear
boundaries. This separation was highlighted through confocal microscopy experiments incorporating
multiple different fluorescent dyes.

Secondly, we probe the impact of imposed spatial constraints on two different low molecular weight
hydrogels. Gels were produced using either a solvent-switch or pH gelation trigger within different
sized vessels and their localised mechanical properties compared via cavitation rheology. These were
compared to differences in network microstructure observed by confocal microscopy. Solvent-
triggered gels displayed differences both in network microstructure and localised mechanical
properties when formed in different sized vessels, whilst pH triggered equivalent gels did not. The
former possesses a more compartmentalised microstructure of the underlying gelator network whilst
the latter is instead underpinned by a more uniform network. These network differences align with
the different responses to imposed spatial constraints between the two differently triggered gels. This
study was expanded to gels formed in non-uniform vessels with smaller and larger portions, the results
of which further confirmed initial observations.

Finally, we explore the surface of different supramolecular hydrogels for any potential differences in
the underlying gelator network here. As an initial step towards better understanding the application
of needle-induced cavitation rheology to low molecular weight gels, needle puncture experiments
were performed on solvent and pH triggered gels. These initially alluded to a difference in the gelator
network at the gels surface. Through confocal microscopy we observed changes within fibre alignment
and density within the microstructure close to the surface of these gels. However, in subsequent
oscillatory rheology and nanoindentation experiments we saw no difference in the mechanical
properties. These observations were confirmed by follow up puncture data, which confirmed initial
surface related data to be an instrument artefact.
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Chapter 1

1.1 Gels

Gels are a class of soft material that present characteristic traits of both solids and liquids, displaying
viscoelastic properties.!® They comprise a spanning solid-like gelator network of interconnected or
entangled one-dimensional fibres that immobilise the bulk flow of solvent, yielding a solid-like
material.3

Gels can largely be categorised into two main groups based on the solvent from which they are
predominantly formed. Aqueous solvents give rise to hydrogels and organic solvents give rise to
organogels.” > Both have a multitude of respective applications, with hydrogels often better suited to
biomedical applications due to the inherent biocompatibility of their solvent phase.®’

Gels can also be categorised based on how the underlying network is formed from its constituent
building blocks. Those formed from covalent crosslinks connecting polymer chains are called chemical
gels,® whilst those formed by the self-assembly of components driven by non-covalent intramolecular
forces are referred to as physical, or supramolecular gels (Figure 1.1).9! The underpinnings of these
classes of material leads to different characteristic properties and thus applications.” 12 Chemical gels,
due to their stronger covalent linkages, are typically more robust and of a greater mechanical strength
than their supramolecular counterparts.® Although often possessing lower mechanical properties,
physical gels can be responsive to external stimuli.’**> This behaviour stems from the relatively weak,
and thus reversible, forces from which they are formed.!® The non-covalent intramolecular forces that
anchor the network of gelator fibres, such as ionic, hydrogen bonding, dipole-dipole, -1t stacking and
van der Waals interactions are all reversible, allowing for the selective formation and destruction of
this type of gel when subject to appropriate stimuli. Solvent-switching,'’'® temperature cycling,?° pH
change,?! photoinitiation?? and introduction of an ionic solution®* >* have all been demonstrated as
viable methods to allow for the assembly and disassembly of gelator networks.

Cross-
linking
T —
Polymer Chain Covalently crosslinked polymer network
<)
=)
<%, -ﬁ"

v |-

Y y ¢ — & “":"’ = g
Self-

) asseembly .ﬂ @r L“'. “L'_'JL'
Gelator Self-assembled gelator network

Figure 1.1 Cartoon schematic of (top) chemical and (bottom) supramolecular gel formation.
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Chapter 1

1.2 Low Molecular Weight Gelators

One class of supramolecular hydrogels arises from the self-assembly of small organic molecules,
known as low molecular weight gelators (LMWGs), into anisotropic one-dimensional fibres.*> 226 The
overall aggregated shape of the fibres depends largely on the chemical structure and packing of the
gelator molecules, but external factors such as pH, temperature, solvent, or the presence of metal ions
can also affect fibre morphology.?* 27-2° Self-assembly of the monomer LMWG sub-units into one
dimensional fibres is driven by the hydrophobic effect, with alignment often reliant on hydrogen
bonding and m-1t stacking between compatible functional groups.?® The resulting fibres can then
entangle with others to form a solid-like gelator network, resembling a mesh that can immobilise
solvent via capillary forces and surface tension,*® producing a gel (Figure 1.2).%’

Gelation
Trigger

Low Molecular Self Self Supporting
Weight Gelator assembly Fibre Network

Figure 1.2 Cartoon diagram of hierarchical self-assembly forming low molecular weight gels in vials.

Early examples of LMWGs have been known since the late 19'™ century,3! with interest slowly rising
from the 1930s onwards.3? Early applications included lubricants, pharmaceuticals and food
additives.'® 3% These early systems were typically discovered by serendipity, with efforts largely
centred on controlling the end material properties via additives, modulators and processing. It was not
until the end of the 20" century that the focus was instead shifted to the foundational molecular
building blocks of these materials, and early attempts at rational desigh of LMWGs began.?% 3% 36 Since
then, the field has been rejuvenated, with exponential growth in novel LMWG systems and countless
applications reported.’® 37 For LMWGs that can entrap water to produce hydrogels, many can be
generally classified by the structural motifs they contain (Figure 1.3).*
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Figure 1.3 Chemical structures of examples of different classes of LMWG, with simplified cartoon
representations of key structural motifs. a) Amphiphiles b) Bolaamphiphiles c) Gemini Surfactants d)
Sugar based LMWGs. Polar hydrophilic groups are shown in red, hydrophobic groups in blue and
flexible aliphatic linker chains in black.?

Whilst not a definitive, nor necessarily exclusive set of classifications, these do outline some key
themes within this class of gelator, as described by Hanabusa.®® Most LMWGs are relatively small
amphiphilic molecules, enabling them to interact with one another as well as surrounding water
molecules.? It is the balance of these interactions that enables the hierarchical self-assembly of these
molecules, and subsequent solvent immobilisation, once an appropriate gelation trigger has been
applied. Studying these trends helps to inform the rational design of new LMWGs and as such, has
moved the field away from serendipitous discovery to targeted molecular engineering of successful
new gelators.?® 323839 Once a new LMWG system has been produced, these often quickly give rise to
a related family of LMWGs through subsequent chemical modifications.?° These can target
hydrophilicity,*® minimum gelation concentration,® gelation triggers?® 2% 4% 42 or desired chemical
functionality.****> However, despite much consideration and many attempts, there is still yet to be a
definitive set of rules as to whether a molecule will be a successful LMWG or not.?5 337,46

1.2.1 N-protected dipeptide LMWGs

One particular family of LMWGs that has garnered a lot of interest over the last two decades are N-
functionalised dipeptides.3” * First reported in 1995 by Vegners® and moving into popular focus
around a decade later,’” % the study of these LMWGs and the materials they produce have grown
exponentially in the last 20 years.”?> These consist of a dipeptide with the N-terminus protected
through the covalent binding of an appropriate protecting group, commonly Fmoc, Nap or other
aromatic moieties (Figure 1.4).17-53°> The aromatic sub-units play a significant role in the self-assembly,
and thus gelation, of these LMWGs through mt-1t stacking.>® %7
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Chapter 1

Figure 1.4 General chemical structure of an N-protected dipeptide (right), where R; can be an Fmoc
(top) or Nap (bottom) protecting group. Both R, and R3 are amino acids side chains.

The modular nature of these gelators allows fine tuning of their properties via the selection of desired
side chains and associated functional groups from the corresponding amino acids.>” Steric bulk,>®
hydrophobicity,®” 5 chirality®®®® and even chain length can all be tailored through careful choice of
different amino acid building blocks.®* Couple this with the choice of various protecting groups
available to cap the N-terminus of the dipeptide and the degree of tuneability is increased yet further.>
8586 This yields a family of materials with a wide range of potential applications.®” % The dipeptide base
gives these LMWGs the potential of inherent biocompatibility, opening up further applications within
the biomedical fields provided they are paired with a suitable protecting group,®® solvent’®’? and
gelation trigger.”® Here, the Nap protecting group prevails over Fmoc with greater stability at higher
pH,”* 75 as is often encountered when preparing these materials.'® 2! LMWG decomposition into
potentially cytotoxic degradants is therefore less likely when employing this protecting group,
bolstering its suitability for biomedical applications.>> ¢

1.3 Gelation Triggers
1.3.1 pH

Within the literature, gelation of N-protected dipeptide LMWG systems is predominantly triggered via
pH cycling.3® The carboxylic acid group at the C-terminus is first deprotonated to the carboxylate by
raising the pH above the respective pK,, allowing for dissolution of the now charged gelator in water
(Figure 1.5ai). The pH is then subsequently lowered below the pK; of the gelator, re-protonating the
carboxylic acid group. This renders the gelator molecules insoluble and hydrophobic, driving self-
assembly (Figure 1.5aii & 1.5aiii).?* 3% 7¢ The changes in pH can be achieved most simply by addition of
aliquots of base followed by acid but can be refined with the use of a slow acidification trigger based
on the hydrolysis of glucono-6- lactone (GdL). 277 Diffusion of the GdL occurs significantly quicker than
its hydrolysis, ensuring for a uniform and gradual pH reduction, promoting homogenous gelation
(Figure 1.5b). In addition to these, a pH cycle can be enacted through enzymatic reaction,’® photoacid?
or electrochemistry.” These methods can lead to finer control over gelation,” even allowing for
directed spatiotemporal control in some cases.”®8! pH triggered systems often lead to significantly
more homogenous materials than other methods,?! thus making the mechanical properties more
reproducible.’® This gelation method can also facilitate the straightforward tuning of the final gel
properties with respect to pH and mechanical properties, if so desired.®
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PH > pK, PH = pK, PH < pkK,

LMWG with terminal /\/ )
[ o) ~COOH deprotonated s LMWG Self-assembled LMWG fibre

b)

Figure 1.5 a) Cartoon overview of pH triggered gelation process for N-protected dipeptide low
molecular weight gels. b) Photograph of differences in homogeneity of exemplar pH triggered low
molecular weight hydrogels produced via (i) addition of mineral acid or (ii) a slow acidification trigger.
Section b is adapted from ref.?! with permission from the Royal Society of Chemistry.

1.3.2 Solvent-switch

Gelation can also be triggered by a solvent-switch approach, in which the LMWG is first dissolved in a
suitable organic solvent, such as DMSO (Figure 1.6).83% This is followed by the addition of water as an
anti-solvent, causing a phase separation where the now insoluble gelator molecules are driven to self-
assemble.” The formation of the gelator network occurs via a nucleation and growth process wherein
one-dimensional fibres propagate from nucleation points, growing at the expense of LMWG rich
organic solvent droplets which are scavenged and incorporated via Ostwald ripening.8* ¢ Gelation of
this type usually occurs rapidly, with simpler preparation and shorter lead times than pH triggered
gels.®

Spherulite-like
domains

Water
Domain

LMWG dissolved .
formation

In organic solvent

Figure 1.6 Cartoon overview of the solvent triggered gelation process within low molecular weight gels
and the resulting spherulite-like domain based microstructure generated.
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1.3.3 Heat-Cool

From the above methods we can see that generally for gelation to occur the LMWG is first solubilised
and subsequently made insoluble. Whilst both methods are highly effective, gelation can be achieved
via a simpler approach; a heat-cool cycle.! Here, a LMWG suspension is dissolved into an aqueous
LMWG solution by adequate heating, which increases the gelator solubility in water.®” Upon cooling,
the now reduced solubility will drive the LMWG to self-assemble, constructing the gelator network
and producing a gel.?° Thermal cycling is one of the oldest gelation methods, likely owing to the close
thermodynamic link to crystallisation.® This approach to gelation is prevalent in the polymer gel field,®
especially within the realm of biopolymers, such as gelatin and agarose.?°2 As such, it follows that
early forays into low molecular weight gels during the fields infancy utilised this method as well.3% 48

Despite one of the earliest reports of N-protected dipeptide gels being formed by this method,*® it was
not widely adopted for these LMWGs, with pH, solvent or metal ion triggers typically preferred
instead.?* Many LMWGs of this class simply lack the necessary solubility below the solvents boiling
point to render this approach viable.*® For example, FmocFF and NapFF (Figure 1.7), two of the most
prevalent and well-studied examples of this gelator class within the literature, are insoluble in water.>*
% The additional phenyl rings of the phenyl alanine residues aid self-assembly by providing additional
-1t stacking interactions, but increase the hydrophobicity.%* % However, in practice this may not be a
significant loss. The heat-cool process can lead to significant variability in the gels produced.?” Even
small deviations in procedure, such as heating rate, cooling rate, vessel size and material (to name but
a few) will all impact the final gel properties, hindering their reproducibility.

a) b)
P! gf(l o J;?Jk
. 07N I OH N T OH
O e

Figure 1.7 Chemical structures of the LMWGs FmocFF (F = phenylalanine) (a) and 2NapFF (b).

Despite the lack of efficacy for the N-protected dipeptide LMWGs, this is not to say the heat-cool
method is redundant within the realm of low molecular weight gels. Many low molecular weight
systems, such as those based on sorbitol derivatives or alkylgalactonamides (Figure 1.8),2%% %7 have
been shown to be fully compatible with thermal gelation.

a) Ho
HO
HO

Figure 1.8 Chemical structures of (a) sorbitol and (b) alkylgalactonamide based LMWG systems.
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1.4 Differences in Gelator Network Microstructure

It is known now that different gelation triggers, and even variations within preparation methods, lead
to distinct low molecular weight gels.?> 4 42 This usually results in unique mechanical and other
physical properties. These can be linked to observed differences in the underlying gelator network. -
84,98 The morphology adopted by this fibrous network is termed the microstructure,® as it is a feature
of the realm between the nanoscale molecular assembly and bulk macroscopic material properties.
Here, observations can be made via microscopy with regard to fibre size, shape, density, as well as
overall network properties, such as pore size or the type of aggregates seen.’® These vary with applied
gelation triggers due to different resulting thermodynamic phase separation mechanisms that produce
these underlying architectures.*

1.4.1 pH triggered gelator networks

Typically, uniform mesh-like networks are seen in pH triggered gels of N-protected dipeptide LMWGs.*®
The LMWG molecules become dissolved in solution when the system pH is high enough to deprotonate
the terminal carboxyl group.”® At this stage, some dipeptide LMWGs will form surfactant-like
aggregates.3* For example, high pH solutions of two related LMWGs, 2NapFF and 2NapVG, form worm-
like micelles or spherical micelles respectively (Figure 1.9).1°% 102 Upon a decrease in pH and ensuing
re-protonation of the terminal carboxylate groups, the LMWG molecules are rendered insoluble and
there is often a shape change of the micellar aggregates.’® This leads to the formation of a dense
fibrous network, wherein both fibre morphology and network mesh size are generally uniform (Figure
1.9aii & aiii).’® 7®

ai) High pH Low pH

° @@ °
o O\V_J-\
]\/j\/\//\]/ H I \ TOH Ill* lll’
2NapFF '
b ~ / o
N A
\ I‘\/j/ OH EEE * EEER ’
2NapVG

Figure 1.9 Cartoon representations of the self-assembled aggregation behaviour of the dipeptide
LMWGs (a) 2NapFF and (b) 2NapVG (V = Valine, G = Glycine) in high pH solutions pre-gelation. 2NapFF
forms worm-like micelles whilst 2NapVG forms spherical micelles.?* 102 103 part ai) and b) are
reproduced from ref.2%® with permission from Georg Thieme Verlag KG, © 2020. aii) and aiii) show the
resulting uniform gelator network underpinning a 2NapFF pH triggered gel via scanning electron
microscopy (aii) and confocal microscopy (aiii) as reported by Colquhoun et al.®® All scale bars are 5
um in length. Figure parts aii and aiii are adapted from ref.>® with permission from the Royal Society of
Chemistry.

aiii)
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1.4.2 Nucleation and growth in solvent and heat-triggered gelator networks

Solvent and heat-triggered low molecular weight gels instead adhere to a nucleation and growth phase
separation process (Figure 1.10).% 1% 1% The overarching network is constructed from fibre growth
stemming from discrete nucleation points within the gelator solution.® The cause of these nucleation
point differs within solvent and heat-triggered systems.%4

ai) Nucleation aii) Self-assembled LMWG fibre growth aiii) Network of spherulite-like domains
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Figure 1.10 a) Cartoon schematic of spherulite-like domain formation through a nucleation and growth
process. b) Confocal microscopy images showing nucleation and growth within a solvent triggered
FmoclG low molecular weight gel taken over the first two minutes after gelation is triggered. Scale
bars = 20 um. Figure part b) is reproduced from ref.*! with permission from the Royal Society of
Chemistry.

fibre

Within the solvent-triggered networks, the addition of a non-favourable anti-solvent, typically water,
to the dissolved LMWG solution yields a colloidal dispersion of LMWG rich organic solvent droplets
suspended throughout the water component (Figure 1.10ai).* 1% This is entropically unfavourable and
if coupled with an appropriate solvent: anti-solvent system such as DMSO: water, wherein the two
separate solvent phases are miscible and interact favourably with one another, will thermodynamically
drive the self-assembly of LMWG molecules (Figure 1.10aii).2” Fibres therefore start to grow from
some of these super-saturated droplets which act as random nucleation points. Multiple fibres can
stem from the same point and growth is most likely closer to the centre of these droplets, where there
are the most available molecular building blocks. This leads to the radial propagation of fibres, leading
to spherulite-like domains, reminiscent of those commonly seen in organogel systems (Figure
1.10aiii).17-1% These spherulites will grow at the expense of other LMWG rich droplets through
Ostwald ripening as gelation continues.®® 8 |In some cases, this process will give rise to a fibrillar
network wherein these spherulites act as the junctions between fibres.’%® However in others they
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remain relatively distinct, tethered to one another by spanning fibres between domain centres. This
leads to a significantly less uniform, more compartmentalised overall microstructure, with fluctuations
in fibre size and density, but also spherulite size and morphology.'% Variations at this domain level are
expected between different LMWGs, but have also been shown to be sensitive to different solvents,?
solvent ratios,** temperature,'® and even vessel size.'° All of which typically correlate to a measurable
change in bulk physical properties, such as turbidity or viscoelastic response.*

Heat-cool triggered gelation systems create underlying gelator networks following this overall
nucleation and growth process in a similar manner, with a few key differences.*#” 11 There is no ‘good’
solvent within this system, so the nucleation points are not a result of organic solvent droplets
saturated with LMWG. Instead, the system is heated to the point at which solubility increases enough
to allow for complete LMWG dissolution. Following this, nucleation events occur spontaneously at
random points throughout the single phase LMWG solution once the system has cooled down past the
Teel temperature. At this point solubility has decreased enough to thermodynamically drive the
nucleation and subsequent self-assembly of the now poorly soluble LMWG. In this way, thermal
gelation is a closely related mechanism to that underpinning crystallisation, even sometimes being
deemed ‘crystallisation gone wrong’.1®* Both are non-equilibrium self-assembly processes, with gels
often being formed as the kinetically trapped first product, that in some cases can give rise to a
subsequent crystalline thermodynamic product given the right conditions (Figure 1.11).%3

AG

Crystal /
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Structure

Figure 1.11 Potential thermodynamic pathways to gels as a kinetically trapped product preceding
crystal formation.®

Fibre growth again follows a nucleation and growth phase separation process here, propagating out
radially from said nucleation points. Spherulite-like domains are therefore also commonly seen within
these systems.1%” At this point, there are different routes to overall network formation. In some case,
these spherulites will continue to grow, expanding outwards, until they encroach on one another.*?
Spherulite growth is now frustrated as continued expansion is terminated by adjacent bordering
domains.!'? This can lead to the overall microstructure of these networks consisting of mutually
exclusive spherulites jammed together (Figure 1.12a).1'* An alternate pathway involves spherulites
remaining relatively compact, producing the overarching network through the linking and assembly of
the spherulites themselves as pre-assembled building blocks to form fibres (Figure 1.12b).10>113
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Figure 1.12 Cartoon representations of different routes of growth/assembly for heat-cool gels
consisting of spherulite-like domains. a) Spherulite-like aggregates ‘jammed’ together.?'? b) Overall
fibrous network formed from individual domains sequentially joined together.1%

1.5 Characterisation of Low Molecular Weight Gels

Low molecular weight gels are complex systems, so gaining a better understanding of them through
effective characterisation is crucial.!*® Due to their dynamic nature and solid-like properties, gels can
be challenging materials to characterise. It often requires the effective combination of a plethora of
wide-ranging analytical techniques to fully describe these materials.%”

1.5.1 Molecular assembly to bulk materials

At the fundamental molecular level, nuclear magnetic resonance (NMR) and infra-red (IR)
spectroscopy can be used to analyse and correlate molecular structures pertaining to gelation. NMR
and IR can also be used alongside circular dichroism, ultraviolet-visible (UV-vis) and fluorescence
spectroscopies to probe molecular packing within microstructures formed upon aggregation and self-
assembly of gelator molecules. !¢ 117

Zooming out from the nanoscale, exploration of the underlying microstructures gelator networks
adopt under differing conditions enables us to gain further insight into how sensitive these materials
truly are. Variations in macroscopic properties can be correlated to observed significant differences
within the microscale that we would otherwise be oblivious to.** Quantification of bulk mechanical
properties are often more relevant when considering real-world applications of these materials.'!®

1.5.2 Electron microscopy

Traditionally within the field, electron microscopy has been used to probe the microstructure of gelator
networks.!*® Scanning electron microscopy (SEM) has long been used to visualise the mesh-like gelator
network within gels (Figure 1.13). Its use has provided insight into fibre thickness, size, and density,
even allowing for clear identification of different networks within multi-component systems.%% 119

However, for this technique to be effectively applied to gels, samples require extensive drying under
high vacuum and sputter coating with metal.!?% 12! This removes the solvent and is therefore actually
characterising the corresponding xerogels instead of the native hydrated gel. It follows that this would
alter the network within drastically given these materials are normally > 99% solvent but, at the very
least, would be expected to result in substantial drying artefacts that cause significant deviation from
the true native structure.?? 123
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Figure 1.13 SEM images of solvent triggered low molecular weight gels of a sorbitol derived LMWG.1*
Scale bars = 1 um. Reprinted (adapted) with permission from Langmuir, 2014, 30, 44, 13422-13429.
Copyright 2014, American Chemical Society.

Cryogenic transmission electron microscopy (Cryo-TEM) has been proposed as an alternative to
SEM.1% Here the aqueous liquid component within samples is vitrified by plunge freezing samples in
a liquid cryogen.?® Samples preparation of this manner should prevent network artefacts from ice
crystal formation.'?” This would provide a more accurate representation of the fibrous gelator
networks present within the native gels. Recently, this technique was used to great effect in tandem
with neutron scattering to elucidate the gelator packing and thus fibre composition for a naphthalene
dipeptide LMWG.* However, Cryo-TEM is typically limited to samples prepared as thin films.1?® This
spatial confinement in itself may alter the gelator network within, especially within low molecular
weight gels. 110114

Environmental SEM (ESEM)*?° and more recent iterations as Atmospheric SEM (ASEM)®3% 131 or Ajr
SEM®32 may solve these issues.’3® Within these techniques the sample is exposed to weaker vacuum
or atmospheric pressure, so gels could remain hydrated during imaging. This would bridge the
disconnect that currently exists between imaging techniques available to characterise gel
microstructures. SEM provides significantly higher resolution but incurs drying effects, whilst confocal
microscopy can image gels in their native hydrated environment, but only at lower magnifications.

1.5.3 Confocal microscopy

More recently, confocal fluorescence microscopy has become increasingly popular in the visualisation
of microstructures within low molecular weight gels (Figure 1.14).11¢ 134137 Through the incorporation
of an appropriate fluorescent dye, this technique allows for the observation of underlying gel networks
in their native hydrated state providing a key advantage over the electron microscopies.’ This is
usually paired with a trade-off in resolution as standard confocal microscopy techniques are restricted
to much lower magnifications due to the diffraction limit.13® 13° More recently, this has been overcome
with greater widespread access to super resolution microscopy techniques.'® %! These systems do
carry their own drawbacks with respect to sample preparation and compatibility as well as acquisition
times being far longer.2*!
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Figure 1.14 Example confocal images of different gelator networks within solvent triggered FmoclLG
low molecular weight gels formed at a) 10 % and b) 30% DMSO in water. Scale bars = 10 um.
Reproduced with permission from ref.*! with permission from the Royal Society of Chemistry.

The choice of a suitable dye for the LMWG system being studied is crucial.?*?> The dye molecules need
to integrate well into the gelator network for adequate resolution and clear imaging. Too high an
affinity for water and the solvent component will be imaged instead, resulting in no detail on the
gelator network being achieved. As is a common theme in this field, suitable fluorescent dyes to study
low molecular weight gels by confocal microscopy are often discovered by chance, usually by initially
screening whichever dyes are readily available or easily accessible. Once a dye is found to work well,
this tends to be adopted as the default, promoting consistency but potentially missing out on superior
alternatives. Continued screening of additional dyes is therefore beneficial, especially for new systems.
For gels of dipeptide LMWGs, this can be aided by taking inspiration from the imaging of protein
aggregates in biology,'** ** where confocal microscopy has long been a standard technique.'*> 146
Another approach also prevalent in biological fields would be the direct attachment of a fluorophore
onto the LMWG molecules.'®> 147148 This dismisses concerns as to how well external dyes integrate
with or disrupt the gelator network and thus how representative the imaging is of the true native
microstructure.® It also avoids any potential incompatibility issues or modifications to the dyes
fluorescence through interactions with LMWG molecules.’®® 1> However, this also raises the question
of whether these modified LMWGs, which are typically bigger and possess a different log P value, self-
assemble in the same, or at least similar, manner as their root LMWG molecules. It would therefore
be expected that these modifications will themselves influence the network observed. In an ideal
system, the native LMWG would inherently incorporate a fluorescent motif that would enable direct
imaging of the gelator network via confocal microscopy, without an external dye or chemical
modification. This would guarantee a truly accurate representation of the microstructures within.
Whilst the Fmoc and Nap capped dipeptide LMWGs described above do in theory possess this
capability, with both aromatic groups being natively fluorescent,® 57 152 in reality it is not so
straightforward. Gelation can modify the fluorescence profile,>” or quench emission entirely. There is
also a significant practical limitation here in that many commonly accessible confocal microscopes
lacking support for imaging in the UV region, largely due to cost.’>® This shortfall may result from
reduced compatibility with biological systems which, as the major field of application, limits
widespread adoption.

Confocal microscopy also allows for 3D visualisation of gelator fibre microstructure through Z-stacks.
Taking a Z-stack involves shifting the focal point into the sample, building up an overall 3D image from
sequential 2D slices iteratively penetrating into the sample.’> However, there are limitations to this if
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the sample is thick or opaque, as low molecular weight gels can often be.?>> Confocal microscopy has
even been shown to enable clear distinction between multiple components of different morphologies
within a single system.'®”" 18 Using the technique in this way could prove exceedingly useful for
applications requiring multi-component low molecular weight gels.

1.5.4 Small angle scattering

Small angle neutron (SANS) and x-ray (SAXS) scattering techniques have become significantly more
important in the characterisation of these materials in recent years. ! ¢ These allow the gelator fibre
morphology to be probed (Figure 1.15). Like confocal microscopy, these can be carried out on gels in-
situ, but necessitate samples be formed in very thin glass capillaries, which is expected to affect the
network present within some LMWG systems.'% 114 SANS additionally requires that samples be formed
with deuterated solvent, which has the potential to subtly alter materials.*’
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Figure 1.15 Typical scattering patterns of different types of 1D self-assembled structures. Reproduced
with permission from ref.>® with permission from the Royal Society of Chemistry.

1.5.5 Oscillatory rheology

One of the most common, and indeed relevant, methods of characterising the mechanical properties
of these classes of viscoelastic materials is through oscillatory rheology.? This technique applies
oscillatory shear to a material and quantifies its response to this shear stress over time.’*® To at least
some extent, many definitions of gels rely on these viscoelastic properties.’>>®1 Rheological
mechanical viscoelastic properties are broken down into the elastic component and the viscous
component.’®? The former relates to a materials resistance to an applied shear stress and is
represented by the storage modulus, G'. The latter corresponds to the viscous component, which is a
measure of how a material flows under an applied shear stress, represented by the loss modulus, G”.
These can be used to assess how a material will behave when subject to high shear-stress in differing
applications. Different types of sample can be characterised with the most appropriate of a wide range
of different measuring geometries.’®® Many N-protected dipeptide gels, and likely other similar
systems, are well suited to a cup and vane or suitably sized parallel plate geometry, depending on the
specific application they are being considered for (Figure 1.16a and 1.16b).164166
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Figure 1.16 Schematic diagram of a a) parallel plate and b) cup and vane rheometer geometry. Gel

samples are shown in blue. c) Diagram to illustrate definitions of LVER (purple) and y. (black) on an

exemplar rheological strain sweep typical of aromatic N-protected dipeptide low molecular weight gels.

From strain sweeps of these gels, we can compare their viscoelastic response through differences in
the linear viscoelastic region (LVER) and critical strain (yc) values (Figure 1.16c). The LVER corresponds
to the region within these plots at which G’ and G” remain constant under increasing strain up until
the gel starts to break and their values deviate significantly. yc is the point at which the gelator network
has been broken and is derived by the intersection between two tangents drawn from the LVER and
post-LVER (Figure 1.16c).

Recently, Fuentes-Caparrds et al. demonstrated the ability to distinguish between layers of gels formed
at different compositions and the corresponding slight differences in measured mechanical
properties.t®® This highlights the sensitivity of this technique and proves it useful for the successful
characterisation of heterogenous layered gel samples, a theme becoming increasing relevant for these
materials as they are considered for future biomedical applications. However, in some cases there are
concerns of this technique being an adequate representation of the shear-stresses experienced during
some of these applications, such as gel bioprinting and cell culture,®”-1%8 so other alternatives within
this field are also of note.

1.5.6 Cavitation rheology

Cavitation rheology, a less widely established micro-rheological technique, is an alternative to bulk
oscillatory rheology that utilises the cavitation effect to probe a materials viscoelastic response (Figure
1.17).1%° This is achieved by the formation of a cavitation bubble within a sample.?**1’! This can be
achieved via various methods, usually by pumping a pressurised fluid through a hollow needle
embedded in the sample, known as needle induced cavitation.'®® Other methods also exist, such as
laser or acoustic induced cavitation, but needle based systems are by far the most prevalent.'®® This
thesis will only focus on needle induced cavitation. The highest pressure achieved before cavitation
takes place and the pressure then starts to fall is deemed the critical pressure, P (Figure 1.17¢).Y° The
critical pressures measured for different materials can be converted into calculated shear moduli and
have been shown to correlate with rheological data.'’® 17!
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Figure 1.17 (a) Schematic diagram of cavitation rheology. (b) An image of a typical setup within our lab
performing cavitation rheology on a 3D printed low molecular weight gel. c) Gel cavitation rheology
plot, reproduced with permission from ref.2’! with permission from the Royal Society of Chemistry.

A key advantage of this technique is the sampling; it requires very small minimum sample volumes
compared to bulk rheology and does not require specific sample shapes or containers. Differing
mechanical properties across a non-uniform sample can be probed as opposed to bulk rheology where
only the overall sample response is measured. Currently, the technique suffers from decreased
reliability compared to bulk rheology, with the error attached to generated data sets usually being
significantly higher than the highly reproducible data possible with oscillatory rheometers.!® Partially,
this stems from a lack of standardised instruments.'®® Whilst procedures are usually well reported,
with experimental procedures and equipment extensively described,*”® 1! details are inevitably lost.
This is coupled with a lack of standardised procedures for this type of testing, making results generated
across research groups hard to compare effectively. The Crosby group continue to develop the
theoretical understanding within this field through computer simulated network modelling paired with
the diligent testing of well-established polymer systems.}’>17¢ They also have continued to apply
cavitation rheology in combination with other techniques to both diverse and novel chemical and
biological systems, 169 177-179

The ability to test localised mechanical properties through cavitation rheology may prove exceedingly
useful in the future when determining suitability of new low molecular weight gel systems for cell
culture, tissue engineering and bioprinting applications. Here, target sample volumes can often be sub-
millilitre, making oscillatory rheology challenging. The growth of a cavitation bubble would be
expected to be a more relevant rheological system than oscillatory shear when trying to model cell
growth in gels towards these biomedical applications (Figure 1.18).168 180
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a) b)

Figure 1.18 Schematic diagram to show how potential cell growth (green) within a gel (a) may be
suitably modelled by the growth of a cavitation bubble (red) within a gel during cavitation rheology (b).
In both cases, the idealised network is shown by the blue lines.

1.5.7 Nanoindentation

Nano-indentation also provides an alternative means to oscillatory rheology when probing small scale
mechanical properties.’®% 18 Here, a micrometre scale probe indents a material with low applied load
to generate the Young’s modulus.'®® Testing in this way can generate a profile of material strength
across a region of a sample or across different samples, allowing for the comparison of different
mechanical properties (Figure 1.19).
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Figure 1.19 Nanoindentation and microindentation derived elastic moduli of 1%, 3%, or 5% agarose
gels. Reproduced from ref.8! with permission from Springer Nature.

Nanoindentation also allows for the testing of smaller samples than possible with bulk rheology. It can
be used to some extent in the same capacity as an atomic force microscope (AFM), but with far simpler
and quicker sample preparation and data acquisition.’®® The instrument itself is significantly cheaper
than an AFM and can be adapted from a standard high power optical microscope. However, it does
have disadvantages.’® Whilst far more widely accessible than an equivalent AFM system, the
instrument and specifically the indentation probes themselves are still expensive and fragile. The
resolution and overall capability of a nano-indenter is far reduced from an AFM, but for many
applications, this is an acceptable trade-off.183
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1.6 Applications of Low Molecular Weight Gels - Bioprinting
1.6.1 3D printing

Additive manufacturing, more commonly known as 3D printing, is an incredibly diverse manufacturing
process, that has vast potential across many industries, such as aerospace and the biomedical field.®®
This technique involves the sequential deposition of layers of material in a well-defined and controlled
manner to fabricate pre-designed structures in 3D space.’® Printed material can range from more
traditional substrates, such as plastic, metal and ceramic, through to innovative and technically
advanced media, such as cell-laden hydrogels'®’. Advances in printing techniques, the materials used
and the printers themselves, as well as their greater availability in recent years has vastly broadened
the scope of this field. This has allowed incredibly innovative and intricate designs to be produced even
on the most basic of commonly available equipment. We are fast approaching the point that an end-
user’s imagination and commitment to a project will become a significant limiting factor (Figure 1.20).
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Figure 1.20 A simplified schematic for a typical fusion deposition modelling style 3D printer (a),%
alongside an example of an intricate ‘lattice style’ 3D printed model (b)*®° and an artificial ear printed
from a short sequence peptide hydrogel in a copolymer support (c),** at a clinical scale. Scale bar (red)
=40 mm. Part C is adapted from ref.1* by Chiesa et al.

1.6.2 Bioprinters

Extrusion based bioprinters are by far the most common example amongst researchers within the
biomedical fields today.’! They are low cost and widely accessible, with many groups retrofitting
standard extrusion-based printers with custom paste extruders 3D printed with the original printer
parts to replace the standard filament extrusion nozzles. Reid et al. effectively demonstrated this,
successfully converting a standard 3D printer into a bioprinter using in-house fabricated parts and
standard lab consumables, enabling the accurate placement of solutions containing cells.'®? In these
systems, repairs are cost effective and can be carried out in-house on the fly, as well as allowing for
rapid iteration of design to trial new systems or methods. Whilst extrusion based printers achieve
lower printing speeds and reduced cell viability, they maintain moderate resolutions and have the
advantage of being able to print higher viscosity materials than alternative options, giving them a
broader operational range.®3

These printers use pneumatic pressure,’® a screw,’® or a more traditional piston to drive the

biomaterial out of a paste extruder that can be programmed to move in the x, y & z planes.'®® Of these,
the piston driven systems are by far the most commonly used as they translate to a simple syringe and
plunger based set-up, fitted with an appropriate nozzle for extrusion. Biomaterial is then extruded
upon compression of the plunger either straight onto a glass plate, termed direct extrusion (Figure
1.21a)., orinto a support-bath (Figure 1.21b). The support bath can provide structural support through
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viscosity or aid post-printing processing.’®” From here on, extrusion-based bioprinting will be the
assumed technique, unless otherwise stated.

a) < b)

|
. @TA

Figure 1.21 Schematic diagrams of extrusion-based 3D bioprinting, with (a) direct extrusion and (b)
bath-supported methods shown.

1.6.3 Biomaterials as printing inks

Just as traditional printing technologies rely on ink as their printing media, bioprinters utilise bioinks.%

These are defined as the combination of biomaterials loaded with desired cell types for 3D printing.
Given their delicate biological payload and the intense process by which they are delivered, it follows
that there are criteria governing a biomaterials suitability as a bioink.**°

Key properties for successful bioink candidates suitable for bioprinting include: biocompatibility,
thixotropy and shear recovery.?”® Biocompatibility requires that materials and methods of
manufacture are non-toxic and promote cell viability. These qualities allow the bioink to effectively
host viable cells loaded within, with the possibility of sterile preparation methods highly desirable.
Thixotropy is a time-dependent shear thinning property; a typically viscous thixotropic material will
flow under shear stress and upon removal of this stress, the material will return to its viscous state
over time.?®! This behaviour stems from shear recovery, whereby a material is able to recover its
viscoelastic mechanical properties through facilitating mechanisms after being subject to high shear
stress. The former two features are vital for ensuring printability of a prospective bioink.'*®

1.6.4 Low molecular weight gels for 3D printing

In recent attempts to produce new bioinks, efforts have turned towards low molecular weight
hydrogels.’ Being responsive to external stimuli coupled with their typically modular tuneable nature
enables them to be directly tailored to purpose for 3D printing, with properties selected by choosing
appropriate molecular building blocks.'*® Chalard et al. have demonstrated the successful printing of
a small amphiphilic molecule, N-heptyl-p-galactonamide (GalC7).2%2 This LMWG amphiphile has been
previously demonstrated by this group to be formed via a straightforward one stage synthesis, whilst
also forming hydrogels via thermal cycling.®® These gels are biocompatible and shown to promote the
viability of stem cells.?® To print this LMWG, a gelator solution was extruded via syringe and needle
into a support bath of DMSO and water. This dual solvent system provides an appropriate solvent-
switch trigger to encourage rapid gelation of the extruded solution, depositing a gel filament (Figure
1.22).202
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Figure 1.22 (a) Overview schematic diagram of bath-facilitated extrusion 3D printing of solvent-switch
N-heptyl-p-galactonamide (GalC7) gel filaments, with GalC7 chemical structure shown (b).2%? Figure
reproduced from Additive Manufacturing, Volume 33, Chalard et al., “3D printing of a biocompatible
low molecular weight supramolecular hydrogel by dimethylsulfoxide water solvent exchange”,?*?
Article 101162, pages 1-7, Copyright (2020), with permission from Elsevier.

This solvent switch based extrusion method was refined to allow for good adhesion to a glass printing
stage by optimising the system to encourage gelation of the extruded material just as it was reaching
the printing bed, which enabled consistent and precise 3D printed structures. The system clearly
displays inherent tuneability within the printing process to reach desired bioink mechanical properties,
without the need for chemical modification. However, gels must be printed within a support bath.
Biocompatibility persists despite the introduction of DMSO, as this can be subsequently washed out.
This process may impact the overall effectiveness, with more direct printing being desirable.

Working towards this, Jian et al. successfully printed LMWG based bioinks that did not require a
support bath.2® Here the careful selection of two N-functionalised dipeptide LMWGs FmocYD and
FmocYK (Figure 1.23a & 1.23b) enabled the co-printing of these two gels to form self-supporting
structures. This relies upon the interactions between two oppositely charged functional groups within
the amino side chains of the different LMWGs. These two different gel layers are used to provide a
more robust overall sample that possesses higher mechanical properties (Figure 1.23c). These were
shown to promote cell viability, demonstrating good biocompatibility.

i

FmocYD . .

e

FmocYK
Figure 1.23 LMWGs (a) FmocYD & (b) FmocYK used to form alternating layers of printed gel (c).?®

Whilst this system does make a step towards direct 3D printing as a potential bioink, and clearly
demonstrates inherent tuneability, it does have its limits. It used inkjet bioprinting, a typically less
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favourable technique that can have limitations as to the complexity of structures that are printable
due to inks spreading out or migrating post-printing. The layers take time to gel, and it is unclear
whether cells could be loaded before printing and continue to remain viable after the process.

Finally, Nolan et al. have successfully demonstrated direct extrusion based bioprinting of dipeptide low
molecular weight gels.?* Their approach utilised the N-functionalised dipeptide, Fmoc-
diphenylalanine (FmocFF), but studied its direct extrusion as a single component bioink. This negates
the need for a support bath or other post-printing modification, in contrast to the above works.2% 203
FmocFF gels were shown to be consistently extrudable with good precision from pre-formed gels
within printing cartridges. Effective recovery of the gels mechanical properties was seen after the high
shear stress imparted throughout the printing process. Residual effects of the extrusion process on
both the mechanical properties of the gels as well as their underlying microstructure were investigated.
Multilayer gels containing different dyes were also produced. Their work explicitly details the
optimisation of the extrusion, and thus printing, process for this specific system, providing a
generalised set of guidelines for developing this class of LMWG based gel and a readily available printer
to do so. Subsequent work by Fuentes-Caparrés et al. was later shown to develop upon this initial
system, by expanding to multi-layered samples printed from gels of differing LMWG concentration.6®

Whilst this system is in good agreement with the necessary mechanical requirements of bioinks,
biocompatibility issues are of concern. The system would need to be subsequently assessed for cell
viability as whilst the gelator itself has been shown to be biocompatible,?® the relatively high DMSO
content is well above the commonly accepted cytotoxic level of >0.1 %. This may be removed by
subsequent washing as outlined previously by Chalard et al.?2

Nolan et al.’s work presents a key prevailing issue within gel 3D printing as a whole; the usually
serendipitous, trial and error driven discovery of effective examples of 3D printable low molecular
weight gels.?%* It is clear that further work needs to be carried out into examining why certain gels are
suitable for 3D printing whilst others are not. This would enable the creation of a set of guidelines that
promote the informed and rationalised prediction of effectively printable candidate gels.

1.7 Aim of the present study

As highlighted, low molecular weight gels produced from N-protected dipeptide LMWGs have great
potential for innovative applications across a wide range of fields. Yet many aspects of these materials
are still poorly understood and at times not even considered. This Thesis aims to further both the
understanding and application of these gels.

Chapter 2 shows how the gels of two different dipeptide LMWGs can be 3D printed in combination
with one another to produce multi-layered printed gel samples with heterogeneous mechanical
properties. These properties can be modified by utilising different combinations of printed gel layers.
The interface between printed gels was then explored. This builds towards applying these materials in
a biomedical setting.

Chapter 3 demonstrates the effect of imposing spatial constraints on dipeptide low molecular weight
gels formed by different gelation triggers and how the responses of these differ.

Finally, Chapter 4 explores potential network differences at the surface of these gels and shows no
correlation between observed network differences and measured mechanical properties.

Chapters 3 and 4 explore two aspects of this class of material that, to the best of our knowledge, have
not previously been considered and aim to further the existing understanding within this field.
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2.1 Introduction

3D printing is a fabrication technique that enables the sequential controlled deposition of layers of
material to produce a designed structure.! Whilst most 3D printers commonly achieve this through the
extrusion of heated plastic filament, other substrates can be used.? Through suitable modifications to
a printer, hydrogels can be extruded and effectively printed.>* This has been demonstrated for a range
of different gels, with well-defined patterns produced.® Controlled formation of hydrogels in this
manner has promising biomedical applications, particularly within tissue engineering and the delivery
of drugs.>° Many reported polymer and peptide based extruded hydrogel systems can be found in the
literature.!! Often these gels are used as ‘bioinks’ and are initially deposited as viscous gelator
solutions.'> 12 Gelation is then triggered by a range of stimuli, such as a change in temperature,* UV
photocuring,*>” addition of cross-linking agents,® printing into fixing solutions or pre-existing gels.'
20 Compared to this, significantly fewer examples of 3D printed low molecular weight gels have been
reported.? These physical gels contain underlying networks built from reversible non-covalent
interactions. These reversible links allow this underpinning network to be deformed, broken and
reform, enabling recovery of strain from applied shear stress.?? The gels are therefore thixotropic,
giving them potential as a substrate for 3D bioprinting. Like their chemical counterparts, low molecular
weight gels can also be deposited as a gelator solution that is subsequently gelled through the above-
mentioned means.* 1> 13 However, unlike chemical gels, some low molecular weight gels can be pre-
formed and subsequently extruded.?*2?*> As gelation precedes extrusion rather than occurring post-
printing, this should conceptually enable predefined properties within the final printed material by
choosing appropriate gels to print.2® This relies upon the formed gels being extrudable and will also be
determined by how the materials properties are affected by the extrusion process.? 2

The majority of existing 3D printed gels systems comprise printed gel layers formed from a single
gelator.t> 13 21 23, 26 These rudimentary systems ease setup, initial testing and optimisation of the
printing process,?® but have limited overall functionality. 3D printing enables gels to be produced in a
range of shapes rather than simply adopting that of the vessel or mould they are more traditionally
‘cast’ in.2 Through varying the gelator, or subsequent concentrations, it also enables the layering of
different printed gels to give a heterogenous construct.?® This mirrors biological tissue better than
traditional gels that are typically of a more homogenous composition,?” allowing for multi-layered
systems that are a significant step towards this key goal within the field of bioprinting.?® 2° Different
component materials enables the mechanical properties of the sample to be varied throughout, either
as subtle variations or more significant differences in strength or stiffness.? 30

Multi-layered gel systems lead to questions about what occurs when separate independent gels are
extruded in close proximity, producing a boundary. Systems that rely on gelation occurring post
extrusion could lead to integration of initially separate materials if gelator solutions were to
amalgamate after extrusion, but before gelation.?! If this were to occur, a difference in mechanical
properties would not be expected to be seen across these border regions. Where differing mechanical
properties are induced with different gelator concentrations, layers may not remain independent if
diffusion occurs, homogenising these dynamic systems. Extruded pre-formed gel would be expected
to be more likely to remain distinct, due to preservation of the pre-existing gelator network during
extrusion.?* 26 Here, separately printed materials would remain as such, despite being printed in close
proximity to one another.

We have previously demonstrated a 3D printed low molecular weight gel system where gel layers with
different gelator concentration, and thus differing mechanical properties, were used to produce a
multi-layered sample with heterogenous mechanical properties throughout.?® This system used
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arguably the most prominent example from the well-established Fmoc protected dipeptide family of
low molecular weight gelators, FmocFF (Fig 2.1).3% 33

Figure 2.1 Chemical structure of FmocFF.

FmocFF can form hydrogels at physiological pH through a range of gelation triggers, most commonly
solvent-switching and pH.?”-343¢ This gives promise as a soft material with applications in cell culture
or tissue engineering within the biomedical field.3* 3% 37 Solvent triggered FmocFF gels have been
successfully 3D printed previously, wherein a modified 3D printer was used to extrude the pre-formed
gels from syringes.? These extruded gels were shown to possess similar mechanical properties post-
printing to their unprinted equivalents (Figure 2.2). Slight differences within the absolute magnitudes
of G' and G" and breakdown profile were observed.
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Figure 2.2 Rheological strain sweeps comparing samples of single layers of unprinted (dark blue circles)
and printed (light blue triangles) of FmocFF gel (5 mg mL™%, DMSO : H,0 20%, printed at 4 uL mm™). G’
is represented by filled shapes and G” hollow shapes.?

In this chapter, the potential for multiple layers of gels printed atop one another was also
demonstrated.?® This was then developed beyond multiple layers of identical gel, to produce gel layers
of different stiffness.?® Using these to construct a sample possessing heterogenous mechanical
properties moved a step closer to the ultimate goal of mimicking natural tissue, which is itself
inherently non-homogenous.?-3° Within this study, the gelator concentration was varied to achieve
differences in stiffness within the subsequent gel layers.? A stiffer gel is produced from increased
gelator concentration, leading to a more densely populated underlying fibrous gelator network. The
relative position of these stiffer layers within the sample, as well as their ratio to less stiff gel layers
was shown to impact the samples overall mechanical properties.?®

This chapter will demonstrate successful 3D printing of multi-layered constructs that comprise layers
of gel stemming from two different LMWGs, each with their unique composition and microstructure.
These gel components each have unique mechanical properties, resulting in overall mechanical
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properties dictated by the specific combination of gel layers. Oscillatory rheology will be used to clearly
show these differences. We will also explore the interfacing of printed solvent switch triggered low
molecular weight gels coming together at gel: gel boundaries when printed in close proximity to one
another. This is shown via confocal microscopy and enabled through the incorporation of multiple
different fluorescent dyes. These further develop the already established 3D printing of pre-formed
low molecular weight gels, whilst allowing for a better understanding of how these materials behave
post printing.

2.2 Results and Discussion
2.2.1 3D printing FmocFF and 2NapFV gels

The effective extrusion and subsequent 3D printing of dipeptide based low molecular weight gels has
been previously demonstrated.? 2% 3! Through trialling a few different low molecular weight gels
thought to be suitable, a system was devised allowing for the extrusion of pre-formed low molecular
weight gels from syringes.?> 26 As part of this, optimisations to the extrusion and overall printing
process, including parameters such as printing speed, height and shear rate (y), were made to ensure
reproducible printed material.?® It also involved exploring gels formed via different gelation triggers,
such as pH or solvent-switching. The latter proved to be most suitable for printing within the system
used. To form solvent triggered gels, gelator is dissolved into an organic solvent, in this case DMSO.
Water is subsequently added, driving the self-assembly of the now insoluble gelator molecules. Strips
of printed gel could then be used to build up more complex shapes and designs (Figure 2.3).

Figure 2.3 Image of a 50 mm strip of FmocFF solvent-switch (5 mg mL DMSO0:H,0, 20:80) gel printed
onto a glass microscope slide. Scale bar (white) = 10 mm.

FmocFF was used as the initial gelator from which to make low molecular weight gels for printing
(Figure 2.1).2® The mechanical properties of the printed gels were compared to their unprinted
equivalents, via oscillatory rheology (Figure 2.2). Layers of FmocFF gel could be formed by printing in
a serpentine pattern within a square mould (Figure 2.4a). Additional layers could then be sequentially
printed on top of one another to form a multi-layered sample (Figure 2.4b), with the overall stiffness

increasing with additional printed layers (Figure 2.4c).?®
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Figure 2.4 a) Cartoon schematic of printing pattern used to form gel layers in a mould (purple). b)
Printed multi-layered FmocFF gels. c) Rheological strain sweeps (Strain: 0.01 — 1000%) of samples
comprising 1 (green), 2 (pink) and 3 (purple) layers of printed FmocFF gel (5 mg mL?, domso = 0.2,
printed at 4 uL mm). G’ is represented by filled shapes and G” hollow shapes. Scale bars (white) =
mm.

To produce heterogeneous mechanical properties within a sample, different gelators were used to
form gels layers, each of an inherently different stiffness. In the absence of a definitive list of printable
gelators or simply a guiding parameter set that would imply successful extrusion, we selected 2NapFV
(Figure 2.5a), a known gelator related to FmocFF, to make alternate gel layers from.** When formed
via a DMSO : H,0 solvent switch, 2NapFV gels were shown to be printable from a syringe in the same
way as FmocFF gels have been previously shown to be (Figure 2.5b).2* 26 These gels also displayed the
same trend in mechanical properties between printed and unprinted equivalents when compared via
rheology (Figure 2.5c). Both gels displayed good shear recovery of mechanical properties post-printing
(see Appendix A, Figures A.1 and A.2).
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Figure 2.5 a) Chemical structure of 2NapFV. b) Image of a 50 mm strip of 2NapFV gel printed onto a
glass microscope slide. ¢) Rheological strain sweeps comparing samples of single layers of unprinted
(circles) and printed (triangles) 2NapFV gel (5 mg mL™, ¢owmso = 0.2, printed at 4 uL mm™). G’ is
represented by filled shapes and G" hollow shapes. Scale bar (white) = 10 mm.

2.2.2 Different network microstructures of component gels

These choices were, in part, influenced by the distinct differences in microstructure observed in
2NapFV gels compared to those of FmocFF when visualised with confocal microscopy (Figure 2.6).
Coupled with the differences in opacity, where 2NapFV gels are turbid whilst FmocFF gels are
translucent, these characteristics enable confident identification of the two materials across difference
length scales, even when printed in close proximity (Figure 2.6).
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Figure 2.6 Confocal microscopy of (i) unprinted and (ii) printed (4 uL mm™) (a) 2NapFV & (b) FmocFF
gels (5 mg mL™, dowmso = 0.2, 400 pL, Nile blue 2 uL mL™ at 0.1 wt%), alongside (iii) exemplar images of
their differences in turbidity when formed as bulk gels. Scale bars (white) = 20 um. An example of a
spherulite-like domain is highlighted within image (bi).

Whilst both FmocFF and 2NapFV gels present distinct spherulite-like microstructures when formed via
a solvent-switch trigger, the fibre and spherulite size within these leads to clear differences under
sufficiently high magnification (Figure 2.6). Here, it can be seen that the 2NapFV gels show a seemingly
more uniform network with fibres, and thus spherulites, spanning a greater distance compared to
those within FmocFF gels. In extruded gels, these visual differences are accentuated, with distinct
fibres and clear spherulites no longer seen within the FmocFF gels (Figure 2.6b). This is not the case
for the 2NapFV gels, with clear fibres persisting within printed samples, albeit with obvious differences
to non-printed gels (Figure 2.6a).

2.2.3 Multi-layered 3D printed gel samples

2NapFV and FmocFF gels were used to produce three layered systems, with all possible combinations
being formed as separate samples. Two separate studies were carried out here, with one using layers
of non-printed gels and the other using extruded gel (Figure 2.7). The former were cast directly as
consecutive layers of solvent-switch triggered gel in full height moulds.?® The latter were printed in a
serpentine pattern within a mould to form the component gel layers. As the printed gels have been
pre-formed prior to printing and the cast gels are allowed to fully finish gelation before the addition of
a subsequent layer, each layer is formed from a single gelator (Figure 2.7). As demonstrated in Figure
2.4c, samples produced from multiple layers of gel show an increase in rheological moduli compared
to single layer equivalents.?® This is the same trend that would be seen moving from a thinner to a
thicker cast layer of gel, due to the increased amount of material within the sample.
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Figure 2.7 Simplified cartoon diagram showing how multi-layered gel samples were formed either
though 3D printed (top) or cast (bottom) gel layers. The example shown represents 2NapFV (red) and
FmocFF (blue) solvent switch gels (5 mg mL?, $DMSO = 0.2) used to form a multi-layered gel sample
with the overall layer order of 2NapFV: FmocFF: 2NapFV gels (top to bottom).

Rheology was carried out on both the printed and non-printed multi-layered samples (Figure 2.8). As
expected, the unprinted gel samples consistently displayed higher mechanical stiffness than their
printed equivalents (Figure 2.8c), with the results also being more reproducible. This reduction in
stiffness for the printed gels may stem from the extrusion process, where high stress is imparted on
the printed material.® For the set of unprinted samples, no clear trend in G’ values is observed. It is
noted that sample composition 4 is significantly stiffer than the rest of the unprinted sample set. Why
this occurs is unclear. Whilst it contains mostly the mechanically stiffer FmocFF gel layers, and these
are making up the majority of contact with the rheometer geometry, one would expect it to be less
stiff than sample composition 1, which only contains FmocFF gel layers. In the printed gel samples, an
overall reduction in G’ is seen upon moving from having a majority of FmocFF layers to a majority of
2NapFV layers (Figure 2.8c Sample 4 = 5). This printed set display a greater difference in stiffness
between samples formed solely of FmocFF (Figure 2.8c, Sample 1) and those of only 2NapFV (Figure
2.8c, Sample 8) than the unprinted set. This discrepancy may suggest 2NapFV gels to be less suitable
for extrusion and printing than FmocFF gels.
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Figure 2.8 Strain sweeps for (a) unprinted and (b) printed multi-layered gel samples (i) 1 (ii) 2 (iii) 3 (iv)
4 (v) 5 (vi) 6 (vii) 7 (viii) 8. G is represented by filled shapes and G"' hollow shapes. Printed gels were
printed at 4 pL/mm and a shear rate (y) of 1500 s. Measurements were carried out on samples
prepared in triplicate, with error bars representing the standard deviation derived from averaging the
three subsequent results. (c) Summary of averaged G’ values of multi-layered unprinted (purple
diamonds) and printed (green circles) gel samples formed from FmocFF (blue and 2NapFV gels (5 mg
mL™t, $DMSO = 0.2, printed at 4 uL mm™) with sample layer composition shown. FmocFF gel layers
are blue, whilst 2NapFV layers are red.
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2.2.4 Probing the borders of close printed gels

To better understand this system as a whole, the interface between printed materials was investigated.
The majority of previously demonstrated 3D printed low molecular weight gels extrude a viscous
gelator solution rather than the gel itself, with gelation occurring post-extrusion after exiting the
extrusion nozzle or shortly thereafter.'> 13 %0 Typically, extruded material is gelated through solvent
exchange in baths of organic solvent or within ‘“fixing’ ionic solutions.'? 13:31.4 This may lead to partially
formed gels deposited in close proximity to one another, allowing for amalgamation via the formation
of crosslinks between the initially separate materials during the ongoing gelation, not dissimilar to the
annealing process shown in some low molecular weight gels.***3 This integration could produce a final
material that is more homogenous and uniform, potentially improving mechanical properties over a
sample built up from separate strips of printed gel. Whilst this may allow for printed gels to ‘settle’ into
the vessel in which they are printed, it risks losing the spatial control and pre-programmed design that
are key advantages 3D printing of these materials would bring. 23

Given that our system uses the printing of pre-formed low molecular weight gels, in which gelation is
fully complete prior to extrusion, integration of separately printed material would be expected not to
occur.® Gels formed from 2NapFV, FmocFF and related gelators are often thixotropic materials that
demonstrate shear recovery.?® This is especially true of gels formed via a DMSO: H,0 solvent switch
trigger. It is thought that the gelator network present within these gels, composed of spherulite-like
domains, helps facilitate the partial recovery of a pre-stressed deformed structure once applied shear
is removed.* % The underlying gelator network formed during gelation prior to extrusion persists
throughout the printing process. Thus, gel strips printed in close proximity to one another via this
process would be expected to remain independent. Examining these borders for potential integration
of printed gels is important to fully understanding these systems. If distinct borders are maintained,
that clearly show a non-interfacing gel-gel boundary between printed strips of gel, then an applied
stress would cause a response in which layers within a sample would act independently (Figure 2.9ai).
But, if separately extruded layers did integrate with one another, then the overall mechanical
properties of the sample may not equate to the sum of contributions of the individual component
layers (Figure 2.9aii).
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Figure 2.9 (a) Cartoon diagram of multi component 3D printed multi-layered samples in which layers
have (i) distinct gel-gel boundaries and (ii) integrated with cross links. (b) Multi-dyed confocal
microscopy images of a boundary formed by printing 2NapFV (Nile blue A, 2 uL mL™* at 0.1 wt%, top)
and FmocFF (Nile blue A (i), fluorescein (ii), Nile red (iii), thioflavin T (iv), 2 uL mL™* at 0.1 wt%, bottom)
gels (5 mg mL™, ¢ DMSO 0.2, 4 uL mm™) alongside each other. Scale bars (white) represent 100 pum.

Probing these boundaries was carried out with confocal microscopy to determine the degree of
integration between layers printed in close proximity. This was enabled by the incorporation of
fluorescent dyes during gelation to allow for effective imaging of the networks present within printed
gels. These are typically hydrophobic or lyophilic molecules that are assimilated into the hydrophobic
gelator fibres during self-assembly. Initially, strips of the same gel printed alongside one another were
examined but making any confident observations and assigned proved difficult.

To remedy this, strips of 2NapFV gel and FmocFF gel were printed alongside one another and imaged.
These two different gels are readily distinguishable by their different microstructures via confocal
microscopy, even after printing (Figure 2.6). This distinction enables the boundaries between these
printed gels to be examined (Figure 2.9b). Even using the same fluorescent dye within both gels (Nile
blue A, Figure 2.9bi), two distinct networks are clearly visible. The network of 2NapFV retains its fibrous
structure after extrusion, whereas FmocFF appears more amorphous, with not many distinct fibres
observed post extrusion (Figure 2.9bi, top and bottom respectively). Most importantly, the two gels
remain clearly separate by a solvent filled gap. This gap between gels was checked across different
depths of field to ensure confidence in this defined gel-gel border. No integration of gels was shown
and the void persists the whole length of printed gel strips. This indicates that the strips of gel do stay
separate and maintain a boundary.

To better highlight this, a two-dye setup was adopted (Figure 2.9b). This system gives better contrast
and increases confidence in observations when probing the boundaries. 2NapFV gels remained
labelled with Nile blue A, whilst FmocFF gels were dyed with Fluorescein (Figure 2.9bii). This imaging
highlighted the relative positions of the two gels, allowing easy distinction. Whilst helping confirm the
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lack of integration of the gels, fine details within the FmocFF gels were no longer seen, likely due to
the hydrophilicity of the fluorescein dye. Instead of associating with the gelator fibres within the
FmocFF gels, the immobilised water is instead shown. This behaviour led to concerns over the potential
diffusion of the dye between the two separate gels, potentially leading to non-representative imaging.
To avoid this, two lipophilic dyes, Nile red and thioflavin T, were used to stain FmocFF gels instead of
fluorescein (Figure 2.9biii and 2.9biv respectively). These retained the fine detail on the FmocFF gel
microstructure whilst supporting the lack of integration between the two separately extruded 2NapFV
and FmocFF gels previously observed. Collectively, these observations demonstrate a lack of
integration between extruded gels due to a maintained boundary that means these gels layers remain
independent. Whilst there is expected to be solvent between layers of printed gel, no indications of
slipping are seen within their rheology.

2.3 Conclusion

We have demonstrated the ability to 3D print multi-layered constructs in which the individual gel layers
are formed from different gelators. This was achieved through the extrusion of preformed solvent-
switch triggered gels rather than post-printing gelation. We have previously shown DMSO : H,O
triggered low molecular weight gels to be more suitable to 3D printing applications than pH triggered
gels, owing to the different microstructure produced.?® Both the overall composition and relative
ordering of the different gel layers were shown to be significant in determining the overall mechanical
properties of multi-layered systems. The degree of interaction between printed gels was
explored via confocal microscopy, with different underlying microstructures highlighted with different
fluorescent dyes. Initial indications suggest that a distinct boundary between separately extruded
material is maintained. This is expected to impact the overall mechanical properties of multi-layered
printed gel systems. We hope this system shows the potential for further examples of multi-layered
printed gels and provides insight towards future applications of these systems.
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2.4 Experimental
Materials:

LMWGs FmocFF (F = phenylalanine) and 2NapFV (V = valine) were synthesized as described previously
by Bart Dietrich and Dave Adams (University of Glasgow).?” De-ionised water was used throughout.
DMSO and 3 mL polypropylene syringes were purchased from Fisher Scientific and used as received.
Nile blue A, Nile red, fluorescein and thioflavin T fluorescents dyes were purchased from Sigma Aldrich
(Merck) and used as received.

Preparation of LMWG solutions and gels:

LMWGs FmocFF (F = phenylalanine) and 2NapFV (V = valine) were used to form solvent-switch
triggered hydrogels as previously outlined.?”3> A known amount of gelator was dissolved in DMSO (at
a concentration of 25 mg mL™), sonicated for 2 minutes, and diluted with water in one aliquot to give
gels at a final gelator concentration of 5 mg mL™, and a volume fraction (¢) of DMSO of 0.2. For
printable gels, the gelator DMSO solution was transferred to a 3 mL PP syringe by needle and syringe.
The water aliquot was then added after, in the same manner.

Gels were either formed within, or extruded into, 3D printed plastic square shaped moulds (19.5 x
19.5 x 5 mm, Figure 2.10b) adhered to a borosilicate glass microscope slide with Araldite®.? Gels were
left overnight within a sealed hydrated environment before being printed or characterized. For printed
gels, they were sealed within the syringe they were formed in. For non-printed gels, the sample, mould
and slide it was mounted on were placed in a large petri dish with wet blue roll and closed with parafilm.

W =50mm mm

(a) (b)
—_— L=17 I

Figure 2.10 Cartoon diagrams for printed (a) confocal and (b) rheological samples. (c) Example of gel
3D printed in a custom 3D printed square shaped holder. Scale bar (white) = 10 mm.

Preparing unprinted multi-layered gels:

For unprinted samples, layers of gel (1.065 mL) were formed directly within the mould. The gelator
solution was pipetted in and spread, where necessary, to give even coverage, with an aliquot of water
gently pipetted in immediately after to trigger gelation. Each layer was left in a sealed vessel for 30
minutes before the addition of the next layer.?®

3D printed gels:

A modified RepRap Ormerod 2 (version 528.4) 3D printer was used to extrude 3D printed hydrogels.®
Printed samples were formed by first making gels (2 mL) within 3 mL polypropylene syringes. The
syringes were then loaded into a custom gel 3D printer and used to print layers of pre-formed gel in a
serpentine pattern at an extrusion rate of 4 uL mm™ and a shear rate (y) of 1500 s™* (Figure 2.10b and
c), as previously described.” Consecutive printed layers were added immediately after one another.
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Rheological measurements:

Samples for rheology were created by the sequential formation of either printed or non-printed layers
of FmocFF and 2NapFV gels in different combinations.?> 2 Rheological measurements were carried out
using a MCR 301 rheometer (Anton Paar), fitted with a cup and four-bladed vane geometry (ST10-4V-
8.8/97.5-SN1910), and Rheoplus/32 v3.40 software. All measurements were carried out in triplicate,
at 25 °C, with a measurement gap of 1.8 mm used.

G’ values shown in summary plot for comparison (Figure 2.8c) were taken as an average of those in
the linear viscoelastic region from individual strain sweeps (strain = 0.01% to 1000%, frequency = 10
rad s}, T = 25 °C) of non-printed (Figure 2.8a) and printed (Figure 2.8b) multi-layer samples.

Confocal microscopy:

For imaging, Nile blue A, fluorescein, Nile red and thioflavin T dyes (0.1 wt% aqueous solution, 2 pL
per mL of gel) were incorporated into gels to allow for observation by confocal fluorescence
microscopy using a Zeiss LSM 710 confocal microscope fitted with Zeiss N-Achroplan 10x and LD EC
Epiplan NEUFLUAR 50x (0.55 DIC) objectives. Unprinted gels (5 mg mL™, 2 mL, ¢ DMSO 0.2) were
formed directly within the central well of Greiner Bio-one CELLview dishes.

To study the microstructure of individual printed gels, single lines of either FmocFF or 2NapFV gel were
printed directly onto standard microscope slides (Figure 2.10a) To probe the boundary between
printed lines of gel, strips of FmocFF and 2NapFV gel were printed on top of one another and then
rotated 90°. For multi-dye imaging, 2NapFV gels were formed with Nile blue A dye incorporated and
FmocFF gels with Fluorescein, Nile red or thioflavin T.
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Chapter 3 - Spatially Constrained Low Molecular Weight Gels

This Chapter is adapted in part from the following publication:

‘Effect of Imposing Spatial Constraints on Low Molecular Weight Gels’
Biomacromolecules, 2023, 24, 9, 4253-4262.

M. J. S. Hill, A. M. Fuentes-Caparrds and D. J. Adams

Open Access: Published under CC-BY

The gelator molecules used in this chapter were synthesised by B. Dietrich, D. J. Adams, and M. J. S.
Hill.

Initial experiments and work on 2NapFF solvent-triggered gels (including confocal microscopy imaging
and cavitation rheology and processing this data) were carried out by Ana Maria Fuentes-Caparros.
Interpretation of data within this portion was carried out by M. J. S. Hill.

All other experiments within this chapter were carried out by M. J. S. Hill.
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3.1 Introduction

Supramolecular gels are inherently dynamic materials due to their non-covalent and reversible
underpinnings.! This is especially true for gels formed from low molecular weight gelators (LMWGs).?
Within these materials, the gelation process drives the hierarchical self-assembly of these small
organic molecules, leading to a dynamic molecular architecture.? This leads to a class of material that
is responsive to external stimuli and highly sensitive to the conditions under which the self-assembly
is carried out.>®

Within these systems, different gelators form different gels, due to altering the molecular building
blocks from which the macroscale material is created. Different gels can also be formed from the same
gelator through changes in the preparation method or conditions of gelation, each with unique
mechanical, or other, properties. >%* Various groups have produced distinct materials starting from
the same gelators, by employing different gelation triggers or even subtle variations within the same
trigger.® 7. 10-12.16-19 ysyally this can be attributed to subtle differences in the underpinning solid-like
self-assembled gelator network and the microstructure of fibrous aggregates within this network.2%-23
Both Huang et al. and Almohammed et al. demonstrated different microstructures of differing
morphology, within gels formed from the same gelator within their respective systems, through
altering the temperature during the gelation process.!® 2* 2> Chen et al. and Dudukovic et al. both
produced microstructures of differing morphology within solvent-switch triggered gels, through the
use of different solvent ratios.® " These studies highlight how gelation within these gels is influenced
by many variables.

Figure 3.1 Confocal microscope images of gels formed at different volume fractions of DMSO in water
at a constant final FmocLG concentration of 5 mg mL™. (a) ®pmso 0.10; (b) 0.30. Scale bars represent
10 um.® Figure is reproduced from ref.6 with permission from the Royal Society of Chemistry.

The influence of varying vessel size has been studied in the context of protein aggregation and
subsequently amyloid fibril formation but, to the best of our knowledge, the effect on the gelation of
low molecular weight gels is largely unexplored.?® 2’ During gelation, gels usually take the shape of the
vessel in which they are formed. As each potential characterisation technique requires a specific
sample container, such as capillaries for scattering or NMR tubes,?®3° the same gel being studied is
made in various scales and shapes. For a uniform material, this would have no effect on the gels
produced, but within the above studies it has been demonstrated that for some low molecular weight
gels, this is not the case.® These gels possess a gelator network consisting of more compartmentalized
building blocks, with spanning fibres linking these together, giving rise to a morphology that is non-
uniform.® Changes in shape or scale would be expected to have an impact when forming these gels.
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The fundamental aggregate building blocks from which these networks are built, spherulite-like
domains, adopt a certain morphology and size when formed under specific gelation conditions.® '’

Generally, the microscale domains from which supramolecular gels are composed are of little
significance when testing bulk properties on macroscale samples. Gels samples are produced on scales
that are orders of magnitude larger than that of the constituent domains. But with these materials
being idealised for future applications within the biomedical field, e.g., as structural supports for tissue
engineering or cell culture, low molecular weight gels of a similar or even smaller scale than these
domains, may become necessary.3” 32 At these scales, the domain size and morphology become
significant. This leads to a need to better understand how these materials respond to imposed spatial
constraints. Smaller domains may be adopted, like a plant’s growth being limited by the size of the pot
it is grown in (Figure 3.2bii). Otherwise, incomplete, or partially formed spherulitic domains may be
observed instead, with the fibrous aggregates continuing to grow to the same scale.

A better understanding of the response of these gels and their underpinning networks to imposed
spatial constraints is crucial to guiding their use for the above biomedical applications or alternatively
as candidates for model protocells.3® 34 Here, these gels could be employed to mimic cellular
membranes or intracellular matrices. The design and inherent limitations within these would be largely
dictated by the gelator network and its subsequent morphology.

3.2 Results and Discussion

To explore the effect of imposed spatial constraints during formation of low molecular weight gels, two
known LMWGs of the same family, 2NapFF and 2NapFV (Figure 3.2a), were selected.3>%" Initially, these
LMWGs were used to form the same volume of gel within different diameter ring-shaped vessels,
giving separate gels of differing thickness. They were then used to form gels in dumbbell-shaped
vessels (Figure 3.14). 2NapFF and 2NapFV were selected as they present slightly different
microstructures, readily distinguished by confocal microscopy.3® Completely distinct microstructures
are presented by this class of low molecular weight gels when gelation is carried out via different
triggers, e.g. solvent switching or pH.® 12353940 The |atter yields a uniform fibrous network, whilst the
former gives a network consisting of spherulite-like domains, similar to those observed in organogels,
under certain solvent ratios (Figure 3.2bi).5 1®
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Figure 3.2 (a) Chemical structures of the dipeptide low molecular weight gelators (ai) 2NapFF and (aii)
2NapFV. (bi) Gelation pathways and resulting microstructures for 2NapFF gels formed via a solvent-
switch or pH-trigger. A DMSO:H,0 solvent switch (pomso < 0.3) can form a gel consisting of spherulitic
domains whilst slow acidification via GdL (pH) forms a gel with a uniform fibrous network. (bii) Cartoon
diagram demonstrating potential effect on spherulite growth by imposed spatial constraints during
gelation.

To better understand the behaviour of these gels for potential biomedical applications, 2NapFF and
2NapFV gels were formed at different thickness and diameter via either a DMSO:H,0 solvent-switch
or pH-trigger. These gels were characterised by confocal microscopy and cavitation rheology.3% 37 41-44
These two techniques allow for the observation of changes in microstructure and measurement of the
localised mechanical properties respectively.** To enable this, 3D printed plastic rings, ranging from 7
to 21 mm in diameter, were adhered to glass microscope slides (Figure 3.13). The same volume of gel
was used, creating gels of different diameter and thickness (Table 3.3). To ensure representative data,
multiple measurements and images were taken within each gel sample, at different positions.

To be confident that vessel and gel size were responsible for observed difference in microstructure or
mechanical properties, different 2NapFF gel volumes were made in the same diameter vessel (Figure
3.3). These produced gels of differing height that showed no significant differences in microstructure.
This also helps to rule out varied surface contact with surfaces of different hydrophilicity, such as plastic
and glass, as a significant contributing factor to observed differences in microstructure.*
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Figure 3.3 Confocal images of solvent-triggered 2NapFF gels prepared in 3D printed ring-shaped
vessels with 7 mm (top), 15 mm (middle) and 21 mm (bottom) diameters. All gels were prepared at 5
mg mL? using a domso = 0.2. Sample volume was varied between 200 pL (left), 400 pL (centre) and 800
uL (right) for gels formed in 15 mm diameter vessels to result in different height gels. Gels in 7 mm and
21 mm diameter vessels were formed at a volume of 400 pL. Nile Blue A dye was incorporated pre-
gelation (0.1 wt% aqueous solution at 2 uL per mL of gel). Scale bars (white) represent 50 um in all
cases. D = vessel diameter. Images taken at a depth of 25 um.

3.2.1 2NapFF

Confocal microscopy and cavitation rheology data of solvent-triggered 2NapFF gels were collected
and processed by Ana Maria Fuentes-Caparros (University of Glasgow). All other data collection and
processing were carried out by Max Hill.

Initially, 2NapFF solvent-switch gels were selected to study, being a well-known LMWG with prior
characterisation of its spherulite containing microstructure.®3” Forming thicker gels would be expected
to allow for further development of spherulite-like domains during the nucleation and growth phase
separation process by providing more available space for growth.® ® We used confocal microscopy to
observe and show the morphological changes of these domains when 2NapFF gels were formed in
different diameter vessels (Figure 3.4). Confocal microscopy was used preferentially to electron
microscopies such as TEM or SEM. These higher resolution techniques provide information on the self-
assembled structures instead of the overall microstructure. Also, SEM and TEM risk drying artefacts
being observed instead of the true native environment due to sample processing.*® Cryo-TEM, whilst
being a better option for minimising drying effects, requires the sample to be in the form of a thin film
(usually < 300 nm), making it unsuitable for this study.*’ Figure 3.4 shows the microstructure present
in different thickness 2NapFF gels, with differences in the spherulite size observed.
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Figure 3.4 Confocal images of solvent-triggered 2NapFF gels prepared in 3D-printed ring-shaped
vessels with different diameters. All gels were prepared at 5 mg mL? using a ¢pomso = 0.2 and a total gel
volume of 400 pL. Nile Blue A dye was incorporated pre-gelation (0.1 wt % aqueous solution at 2 uL
per mL of gel). Scale bars (white) represent 20 um in all cases. H = height and D = vessel diameter.

To quantify the observed spherulite sizes, Imagel) was used to measure observed perimeters of
different spherulites (Table 3.1). An example of this is shown in Figure 3.5. For all imaging, multiple
images were taken across each sample, in positions equidistant between the centre and edge of the
gel. This was hoped to minimise edge effects and any artefacts from pipetting during gelation. Multiple
repeated samples were imaged to verify observations (see Appendix B).
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Table 3.1 Perimeter of the spherulitic domains within solvent-triggered 2NapFF gels of different
thickness quantified using Imagel. The deviation was calculated as the standard deviation in measured
spherulite perimeters of five spherulites observed in at least two separate samples.

D(mm) H(mm) Perimeter (um) Deviation

7 10.39 173 13
8 7.96 129 19
9 6.29 284 133
10 5.09 799 167
11 4.21 1167 9

12 3.54 1045 158
13 3.01 828 107
14 2.60 780 148
15 2.26 610 47
16 1.99 766 63
17 1.76 493 36
18 1.57 354 48
19 1.41 604 74
20 1.27 815 137
21 1.15 598 149

Figure 3.5 Exemplar marked up confocal microscopy images of solvent-triggered 2NapFV gels with
examples of individual spherulites as used for quantifying perimeters highlighted (red). Scale bars
(white) = 50 um.

It can clearly be seen from Figures 3.3 and 3.4 that there are significant differences within the
microstructure of 2NapFF gels upon changing the thickness. Across the vessel sizes studied, the size of
the spherulites increases initially as the gels become thicker. This continues up until 5 mm, where the
spherulite size starts to decrease. The size appears to plateau at a perimeter of around 200 um (Figure
3.4).

The localised mechanical properties of the 2NapFF solvent-triggered gels were then probed via needle-
induced cavitation rheology (Figure 3.6).%® This microrheological technique characterises the localised
mechanical properties of a material via the cavitation effect.** %+ %8 |n short, a needle is inserted into a
sample, connected to a system loaded with a fluid that is then pressurised and pumped through. This
applies stress to the punctured material, eventually leading to the sudden growth of a cavitation
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bubble at the tip of the needle. The point at which the bubble cavitates and bursts is deemed the
critical pressure (P.). P. values can be compared between materials when tested using a common
method and even correlated to viscoelastic moduli determined through bulk oscillatory rheology.** %4
Bulk oscillatory rheology is typically the gold standard for characterising the viscoelastic properties of
this class of material but has its limitations. It was unsuitable for this study due to the samples tested
being inherently different preventing a standard testing protocol from being established and thus no
effective comparisons could be made.

1.2x10% - 2.0x10°
9.0x10°%1 r1.5x10° _
¢ 7 E
g ° . 5
= 6.0x10° % F1.0x10° 2
Y o £
3 £
5 o

3.0x10°- 80 - 5.0x10?

i i
o [«]
0.0 . . . . . 0.0
0 2 4 6 8 10 12

Gel thickness (mm)

Figure 3.6 Correlation between the critical pressure (Pc) and spherulite perimeters within solvent-
triggered 2NapFF gels of different thickness. The perimeter is represented with black hollow circles,
and the critical pressure is represented with red circles. The error bars represent the standard
deviations of three repeated measurements.

Figure 3.6 displays the correlation between spherulite perimeters and measured critical pressure
values of solvent-triggered 2NapFF gels of differing thickness. Moving from thinner to thicker gels, P,
and spherulite perimeter generally increase up to gels around 4 mm thick. Here, both parameters drop
upon moving to thicker gels, before appearing to eventually plateau as P.and perimeter stay at similar
values for the thickest gels measured. Within the thinnest gels, the lowest critical pressures may be
due to an edge effect stemming from less gel being present to resist the growth of the cavitation
bubble. The non-elastic glass bottom of the vessel impedes the growth of a cavitation bubble.

3.2.2 2NapFV

The above experiments were repeated using 2NapFV gels to see whether solvent-triggered gels of a
similar but different gelator would show similar trends in microstructure and mechanical properties.
When formed with a DMSO: H,0 solvent switch trigger, 2NapFV gels also present a spherulite-like
microstructure at certain solvent ratios. As for 2NapFF, gels of varying thickness were formed in
different diameter ring-shaped vessels and imaged via confocal microscopy (Figure 3.7). The average
spherulite perimeter was measured and quantified with Imagel (Table 3.2).
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Figure 3.7 Confocal images of the solvent-triggered 2NapFV gels prepared in 3D-printed ring-shaped
vessels with different diameters. All gels were prepared at 5 mg mL™? using a $omso = 0.2 and a total gel
volume of 400 uL. Nile blue A dye was incorporated pre-gelation (0.1 wt% aqueous solution at 2 uL
per mL of gel). Scale bars (white) represent 50 um. H = height and D = vessel diameter.

Table 3.2 Perimeter of the spherulitic domains within solvent-triggered 2NapFV gels of different
thickness quantified using Imagel. The deviation was calculated as the standard deviation in measured
spherulite perimeters of five spherulites observed in at least two separate samples.

D(mm) H(mm) Perimeter (um) Deviation

7 10.39 1153 114
8 7.96 713 79
9 6.29 465 19
10 5.09 466 53
11 4.21 707 37
12 3.54 482 39
13 3.01 860 77
14 2.60 739 53
15 2.26 666 54
16 1.99 1301 126
17 1.76 1207 157
18 1.57 1469 55
19 1.41 1243 139
20 1.27 1103 165
21 1.15 1263 123
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From Figure 3.7 the changes in morphology of the spherulite-like microstructure present within
solvent-triggered 2NapFV gels can be seen. As gel thickness increases, spherulite size decreases, up
until the 6 mm thick gels where it starts to increase again. This differs from the trend seen within the
2NapFF gels previously.

Figure 3.8 compares the measured critical pressures with the spherulite perimeters observed for
DMSO:H,0 2NapFV gels. Here, it appears there is an inverse relationship between the spherulite size
and P. values as the smallest spherulites correlate with the highest P. and the largest spherulites are
associated with the lowest P.. Within the thinnest gels, the lowest critical pressures measured may
stem from edge effects from proximity to the vessel bottom, as outlined earlier for 2NapFF. The thickest
2NapFV gels presented significantly larger spherulites than the same size 2NapFF gels.
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Figure 3.8 Correlation between the critical pressure (P.) and spherulite perimeters measured within
solvent-triggered 2NapFV gels of different thickness. The perimeter is represented with black hollow
circles and the critical pressure with red circles. The error bars represent the standard deviation of
three repeated measurements.

The spherulite-like domains constituting the microstructure of the 2NapFF and 2NapFV gels shown
here are the product of a nucleation and growth phase separation process. Here, this network of
aggregated fibres grow radially from dispersed droplets of aggregated LMWG solvated in the DMSO.*
616, 4951 A few of these nucleation centres continue to develop radially, consuming others through
Ostwald ripening.* This process causes a microstructure that differs from the uniform fibrous network
that is typical for low molecular weight, and other, gels.> % >° This non-uniform network consists of
densely populated radial aggregates of fibres, interconnected with adjacent clusters through fibres
spanning the more sparsely populated space. Due to the nucleation and growth process and the
subsequent radial propagation during gelation and the heterogenous network composition that this
leads to, it is unsurprising that formation within a different environment leads to changes in the
microstructure, just like a change within the gelation does.>® 1% 1!
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3.2.3 pH triggered gels

2NapFF and 2NapFV, as well as many other gelators within this family of LMWGs, can undergo gelation
via a pH trigger.?2 Whilst this is possible with mineral acid, the current preferred method by many is
through the slow acidification of the high pH LMWG solution by the hydrolysis of glucono-6-lactone
(GdL).*> 52 This leads to more reproducible and homogenous gels, that contain a near uniform fibrous
microstructure, due to gelation occurring over a significantly longer period of time than equivalent
solvent-triggered systems.!? pH-triggered 2NapFF and 2NapFV gels were formed in various diameter
ring shaped vessels as above to see whether their response to imposed spatial constraints differs from
that of their solvent-triggered counterparts.

Figure 3.9 presents the microstructure observed within GdL-triggered 2NapFF and 2NapFV gels in
different diameter vessels. There are expected differences between the gelator networks within these
two different gels with respect to fibre size and density, resulting from the respective self-assemblies
of the two LMWGs. This is clearly seen, with 2NapFV fibres being thicker and less densely packed than
those within the 2NapFF network (Figure 3.9b and a, respectively). However, there is little variation
within each gel set, with fibre size and density remain largely consistent within each material,
regardless of the size of the vessel in which they are formed.

The underlying networks of fibres become more populated, and thus progressively denser, over time
once the sample pH has dropped below the gelators pK..>® This process continues until gelation is
complete. These fibres are produced through shape changes of micellar aggregates that become
insoluble as pH drops below the pKa. In contrast to the solvent-triggered gels nucleation and growth
mechanism, this process is not diffusion limited due to the rate of pH decrease being slower than the
diffusion rate of GdL. Therefore, the pH-triggered gels form consistently regardless of the space
available during gelation, unlike their solvent based equivalents.

67



Chapter 3

a)

b)

Figure 3.9 Confocal microscopy images of GdL-triggered (a) 2NapFF and (b) 2NapFV gels prepared in
3D printed ring-shaped vessels with different diameters. All gels were prepared at 5 mg mL?! using 8
mg mL? GdL and a total gel volume of 400 pL. Nile blue A dye was incorporated pre-gelation (0.1 wt %
aqueous solution at 2 pL per mL of gel). Scale bars (white) represent 50 um. H = gel height and D =
vessel diameter.
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Cavitation rheology was used to determine critical pressures with different thickness 2NapFF and
2NapFV GdL-triggered gels (Figure 3.10). Due to the consistent observed microstructure present within
each set of gels (Figure 3.9), similar P. values were measured, with no significant variations in
magnitude seen across either set of pH-triggered gels. P. values for 2NapFF pH-triggered gels were
consistently higher than those seen for 2NapFV. This may be due to the more densely packed networks
seen within enabling them to further resist cavitation bubble growth, necessitating a higher pressure
within the system. These observed pressure values support an independence of localised mechanical
properties to scale of formation with these pH-triggered low molecular weight gels systems.
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Figure 3.10 Measured critical pressures (P.) of GdL-triggered (a) 2NapFF and (b) 2NapFV gels of
differing thickness.

3.2.4 Multi-size vessels

To clearly highlight the effect of imposing spatial constraints on solvent-triggered gels, and their
spherulite-like microstructure, vessels with regions of different width were used to form gels (Figure
3.11a). These were realised through a dumbbell or H shaped mould (Figure 3.14). Gels formed within
these moulds would encounter different spatial constraints throughout the vessels. Confocal images
of a 2NapFV gel within such a mould were collected (Figure 3.11). The gels within the wider ends of
the mould displayed significantly larger, presumably more developed spherulite-like domains than that
within the thinner connecting section. The spherulite-like domains found within the gel in the central
section were smaller and more distinct, with less interconnecting links observed. These were
reminiscent of the more distinct domains often seen within solvent-triggered 2NapFF gels (Figure 3.4).
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Figure 3.11 Confocal images of (a) solvent and (b) pH-triggered 2NapFV gels prepared in 3D printed
dumbbell shape moulds (Figure 3.4.2). All solvent-triggered gels were prepared at 5 mg mL™ using
dowmso = 0.2. All pH-triggered gels were prepared at 5 mg mL? using a GdL concentration of 8 mg mL™.
Gel volumes were chosen to produce 2 mm tall gels. Nile blue A dye was incorporated pre-gelation
(0.1 wt % aqueous solution at 2 uL per mL of gel). Scale bars (white) represent 50 um. The direction of
imaging is indicated with red arrows.

This experiment was then repeated with GdL-triggered 2NapFV gels, formed in the same vessels and
imaged via confocal microscopy (Figure 3.11b). As expected from the previous observation within
separate gels, the pH-triggered gel presented a consistent microstructure across the entire gel. Within
both the wider end and thinner central portions of the gel, a uniform fibrous gelator network was
present that displayed no clear differences in morphology across regions (Figure 3.11b). The
microstructure seen here was also consistent with that seen in previous separately sized 2NapFV GdL
gels (Figure 3.9b), reinforcing a lack of sensitivity to spatial constraints within these pH-triggered
LMWG systems.

From the above and earlier results, we see a sensitivity to imposed spatial constraints in 2NapFF and
2NapFV gels when formed via a solvent-switch trigger, but not when formed via a pH trigger (Figure
3.12).
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Spherulitic Domains

Solvent switch

0 ¥ 0 o] ¥ 0
e e i
o = o A
PN
2NapFV \@ 2NapFF

s O U wi, jweeesssses > Z:{

Uniform Fibrous Network

Figure 3.12 The response of 2NapFF and 2NapFV solvent and pH-triggered gels to imposed spatial
constraints. The more compartmentalised network of the solvent-triggered gels shows differences in
the size of its component spherulite-like domains (top), whilst the pH-triggered gel network remains
consistent, regardless of the vessel (bottom).

3.3 Conclusion

The differences in morphological and mechanical properties observed within individual different scale
solvent-triggered low molecular weight 2NapFF and 2NapFV gels indicates a sensitivity to spatial
constraints within these specific materials. The size and morphology of individual domains that
comprise the overall microstructure are influenced through simply altering the vessel size in which
these gels are formed, as observed through confocal microscopy. These changes in spherulite size
correlate with changes in localised mechanical properties measured by cavitation rheology.

The morphological and mechanical properties of pH-triggered equivalents of these low molecular
weight gels were seen to be independent of spatial constraints. A consistent uniform fibrous
microstructure is produced, regardless of the scale or shape of the vessel in which these pH-triggered
gels are formed. This results in consistent localised mechanical properties measured across these
samples.

The results above highlight yet another parameter which must carefully be controlled, or at least
evaluated, when producing low molecular weight gels. It is evident that when working with solvent-
triggered low molecular weight gels it is crucial to maintain consistency with respect to sample size
and shape or, if unavoidable, acknowledge any potential influence differences in these may have for
these materials. Clear observable differences in microstructure are shown and differences within the
localised mechanical properties may be induced simply by formation of gels within different vessels.
This data also gives confidence that for some systems, such as pH-triggered low molecular weight gels,
these considerations are moot but preliminary evaluations to be certain of this are crucial. These
observed sensitivities, or lack thereof, should help better inform the future characterisation and
applications of these gels.

We hope that this study provides initial insight into a previously unexplored aspect of working with
these materials, whilst also encouraging the further refinement of the considerations and
methodologies used in their production. It is evident that the overarching statement of “everything
matters”, unless explicitly proven otherwise, continues to be relevant to these materials.?°

71



Chapter 3

3.4 Experimental
Materials:

2NapFF (F = phenylalanine) and 2NapFV (V = valine) were synthesized as described previously by Bart
Dietrich, Dave Adams (University of Glasgow) and myself.22 DMSO was purchased from Fisher Scientific
and Nile Blue A was purchased from Sigma-Aldrich (Merck), with all used as received. Deionized water
was used throughout.

Different sized vessels:

The same volume of gel (400 uL) was formed within ring-shaped vessels of different diameters,
resulting in gels of different thickness. These vessels were created by 3D printing plastic rings of
different diameters (from 7 to 21 mm) and adhering these to standard borosilicate glass microscope
slides with Araldite two-part glue (Figure 3.13). This allowed for gels of varying thickness to be formed
(ranging from 1 to 10 mm), as shown in Table 3.3. Gel thickness was calculated using the formula for
the volume of a cylinder (Equation 3.1), where V =400 pL, r = vessel radius and h = gel thickness.

) (@ .- " K

Figure 3.13 Photograph of the 3D printed ring-shaped vessels used to prepare gels of differing
thickness. Ring diameter (mm) is labelled on each ring/slide and increases in 1 mm increments from 7
to 21 mm. Clear plastic lids from Greiner CellStar cell culture dishes were used as shown to reduce
potential evaporation during gelation.

Table 3.3 Vessel Diameters and Corresponding Calculated Gel Thickness

Cavity diameter (mm) Calculated gel thickness (mm) Gel volume (pL)

7 10.39 400
8 7.96 400
9 6.29 400
10 5.09 400
11 4.21 400
12 3.54 400
13 3.01 400
14 2.60 400
15 2.26 400
16 1.99 400
17 1.76 400
18 1.57 400
19 141 400
20 1.27 400
21 1.15 400
Equation 3.1 V =nr’h
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Non-uniform vessels:

To subject portions of a single gel to different spatial constraints, 3D printed dumbbell-shaped vessels
were produced (Figure 3.14), with the shape below printed to form the walls of the vessel and then
stuck to a glass microscope slide as for the rings (Figure 3.13).

10 mm 10 mm
«—PC—————————— p4—P
20 mm

20 mm ¢5mm

Total f
otal area o 500 mm?

internal cavity:

Figure 3.14 Schematic diagram of custom 3D printed gel moulds in a dumbbell shape. Dimensions are
given in millimetres and represent those of the internal cavity in which gel was formed, not to scale.
The positions from which water aliquots were pipetted in are highlighted with red crosses.

Forming gels of different thickness in ring-shaped vessels:

For the solvent-triggered gels, a gelator was dissolved in DMSO (25 mg mL™). 80 uL of this stock
solution was pipetted into the desired ring-shaped vessel, with care taken to evenly cover the bottom
of the vessel. 320 uL of water was then added via a 1 mL automatic pipet as a single aliquot to the
centre of the vessel, forming a homogeneous low molecular weight gel (400 pL, 5 mg mL™) with dpwmso
= 0.2 (Figure 3.15).

For the pH-triggered gels, a basic aqueous gelator solution was formed by the addition of gelator to
water (5 mg mL?) and 1 molar equivalent of 0.1 M NaOH, before being left to stir overnight. This
aqueous stock solution was then adjusted to pH 10.5 using aliquots of 0.1 M NaOH. A 400 pL portion
of this aqueous stock solution was pipetted into a vial containing GdL (8 mg mL?), mixed thoroughly
with a spatula for 5 s, and quickly transferred to the centre of the desired ring-shaped vessel to form
a homogeneous gel (400 pL, 5 mg mL?). Samples were left to gel overnight within sealed Petri dishes
containing wet tissue to prevent samples drying.

. Total Gel Volume = 400 pL

Increasing Height

Increasing Diameter

Figure 3.15 Cartoon of different thickness gels being formed within different diameter ring-shaped
vessels.
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Forming gels in non-uniform vessels:

As for the ring-shaped vessels, an aliquot of gelator stock solution in DMSO (25 mg mL™) was pipetted
into the mould and spread evenly to give uniform coverage. This was then followed by an aliquot of
water administered as two equal portions at different positions within the mould (Figure 3.14). This
gave gels with a final gelator concentration of 5 mg mL*and ¢omso of 0.2. Gels were formed at volumes
resulting in a final gel height of 2 mm in each mould.

For the pH-triggered gels, a basic aqueous gelator solution was formed by the addition of gelator to
water (5 mg mL?) and 1 molar equivalent of 0.1 M NaOH, before being left to stir overnight. This stock
solution was then adjusted to pH 10.5 using 0.1 M NaOH. An aliquot of this stock solution was
transferred to a vial containing GdL (8 mg mL™?), mixed thoroughly with a spatula for 5 seconds, and
pipetted into the dumbbell-shaped mould. Samples were then left to gel overnight within sealed Petri
dishes containing wet tissue to prevent samples drying. Gels were formed at volumes resulting in a
final gel height of 2 mm in each mould.

Confocal microscopy

A Zeiss LSM 710 confocal microscope fitted with Zeiss N-Achroplan 10x and LD EC Epiplan NEUFLUAR
50x (0.55 DIC) objectives was used for confocal fluorescence microscopy imaging. Nile Blue A dye (0.1
wt % aqueous solution, 2 pL per mL of gel) was incorporated into gels to allow for imaging. The dye
was added either dissolved within the water aliquot for the solvent-triggered gels or directly into the
aqueous stock solution before GdL addition for the pH-triggered gels. Gels were prepared in custom
ring-shaped vessels with glass microscope slide bottoms. Nile Blue fluorescence was achieved by
excitation with a 634 nm He—Ne laser and emission detected between 650 and 710 nm. Multiple
images were captured for each sample to ensure reproducibility. Images were taken at different points
around the sample, equidistant from the centre and edge to minimise edge and pipetting effects. All
images taken at a depth of 25 um.

ImageJ analysis

Imagel image processing software was used to quantify the perimeters of assigned spherulitic domains
within gels. Generally, 5 different spherulites were chosen and measured across at least 2 images of
each sample, with the perimeters analysed with Imagel. Exemplified perimeter assignments for
solvent-triggered 2NapFV are shown below. For microstructures presenting less distinct spherulites,
domain boundaries were determined by eye as the point away from the densely populated centres
where fibre density noticeably decreased to sparser spanning fibres, typically equidistant from the
respective centres of the neighbouring domains (Figure 3.16).
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Figure 3.16 Exemplar marked up confocal microscopy images of solvent-triggered (a) 2NapFF and (b)
2NapFV gels with examples of individual spherulites highlighted (red). Scale bars (white) = 50 um.

Cavitation rheology

A bespoke instrument produced in-house was used for cavitation rheology measurements as described
previously (Figure 3.17).* % Air was pumped at a rate of 0.5 mL min from a 10 mL Hamilton 1000
gastight syringe. For measurements, the tip of the needle (22 gauge) was set to a depth of 1 mm below
the detected surface of the sample. The tip of the needle was positioned centrally in the sample. The
critical pressure (Pc) was defined as the maximum pressure achieved within the system before the
cavitation bubble formed with the sample burst, and the pressure subsequently fell. Measurements
were performed on three separate samples prepared in triplicate.

Use of this technique is limited by a minimum gel thickness, at which reliable measurements can be
achieved. A 1 mm working depth was used during the experiment, so very thin gels approaching this
depth would not provide reproducible data due to edge effects. Here, growth of the cavitation bubble
is disturbed or impeded by the proximity to the bottom of the container, making the observed Pc
values unreliable. We found that the minimum gel thickness at which cavitation rheology could be
reliably performed was 2.5 mm (corresponding to a 14 mm diameter vessel). Therefore, only gels
thicker than 2.5 mm (vessel diameter <14 mm) could be analysed via cavitation rheology using our
existing setup.** Edge effects were also expected to affect measurements taken close to the edge of
the sample. Here, the solid walls of the vessel could interfere with or impede the growth of the
cavitation bubble.
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Figure 3.17 (a) Cartoon diagram of a cavitation bubble being formed within a gel via cavitation rheology.
(b) Image of a 3D printed gel (see Chapter 2) being analysed by our cavitation rheology setup.3® 4+ >*
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Chapter 4 — Probing the Gel-Air Interface in Low Molecular Weight Gels

Puncture tests water controls were carried out by Jennifer Quigley (University of Massachusetts,
Amherst (UMass)). Nanoindentation data was collected by Dr Dipankar Ghosh. Interpretation of these
data sets was carried out by M. J. S. Hill.

All other experiments were carried out by M. J. S. Hill.

Gel puncture experiments were carried out at the University of Massachusetts, Amherst on a research
visit to, or subsequent collaboration with, the group of Professor Al Crosbhy.

Dr Ben Russel & Dr Chris Syme (University of Glasgow) provided technical support with the
departmental confocal microscope during this time.

80



Chapter 4

4.1 Introduction

Due to their reversible non-covalent underpinnings, supramolecular hydrogels can be influenced by a
wide range of factors during their formation.® Many different properties can be produced from the
same or different gels stemming from the same gelator, for example by using a solvent-switch or pH
trigger.® %1> Typically these bulk properties can be linked to directly observable differences within the
underlying gelator network and its adopted microstructure.® % 16 17 One feature that has been
relatively unexplored is the network morphology at the surface of a gel. Here, the phase interface with
air might be expected to have a different influence on the network assembly than would be incurred
at the other boundaries with the container walls. Similar effects have been studied in gels formed as
thin-films, where the significantly greater surface area and interface would be expected to play a much
larger role towards influencing the properties of these materials.’®?° Whilst expecting a lower
contribution of this surface to occur within bulk gels upon moving away from thin-film applications as
this area becomes a much smaller fraction of the bulk material, the surface’s influence may still hold
relevant for certain applications.

For biomedical applications that use these supramolecular hydrogels as suitable models for cells and
tissue,?¥ 22 understanding the puncture of these gel surfaces is highly relevant.?® 2 These materials are
also hoped to become advanced 3D cell culture supports.®>?’ In this role, cells would grow into the gel
support. For systems in which the cells are introduced on the top surface of the gel this would require
the gel surface to be well understood to be better able to predict and enable cell growth that can
penetrate the supporting material effectively.

Some 3D printed gel systems print into a pre-existing gel support matrix, similar to some of the gelation
inducing support baths described earlier.?3° Here, effective printing may be enabled by a well
understood soft surface that must be punctured to deliver printed substrate.

Finally, needle-induced cavitation rheology, a technique with wide-ranging scope within the soft
materials field, necessitates the successful puncture of the tested material with a needle for
measurements. %3132 A current lack of standardised testing protocols within the field typically results
in measurements taken using a methodology developed in-house.3'33 For the successful development
and iteration of these procedures, or pioneering of new protocols, an appreciation of gel surface
properties is crucial.?% 32
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4.2 Results and Discussion

The previous chapter demonstrated how gels of 2NapFF and related LMWGs can be sensitive to
changes in the vessel in which they are formed depending on the gelation trigger used.?* The
importance of cavitation rheology as a means to probe this system was highlighted. This analytical
technique holds great promise within the characterisation of low molecular weight gels, but to date
its use in the field is still rarely reported.3> Whether this is a result of typically less reproducible data
compared to oscillatory rheology or a lack of rugged supporting theoretical models specifically relevant
to this class of materials is unclear.3! Most studies into the underlying mechanics and attempts to link
this to appropriate theoretical and subsequent computational models of this technique have largely
been limited to covalent polymer gels.3" 363 This is perhaps unsurprising due to their typically more
reproducible mechanical properties,® higher strength and easier to model underlying networks as
compared to many low molecular weight gels.**** Indeed even the definitions of cavitation and
fracture, the two main failure mechanisms observed within soft materials during cavitation rheology,
are tied to the manner in which a model end-linked network is affected.?® *>* It is therefore clear that
further efforts are needed towards better understanding of the application of cavitation rheology
within different low molecular weight gel systems.

To this end, a logical initial step was to explore the different behaviours of 2NapFF solvent and pH
triggered gels when subject to cavitation rheology. The starkly different microstructures present would
be expected to favour different failure mechanisms due to the more compartmentalised gelator
network of the solvent triggered gels and largely uniform network of the pH triggered gels. 2NapFF
was initially chosen as a well-reported LMWG that multiple gelation triggers can be applied to produce
different gels.® A sensible starting point to better understand cavitation rheology and thus applying
needle-induced cavitation within these gels was to explore the puncture behaviour during needle
penetration of the gel.?*

4.2.1 Gel puncture

Initial puncture data of 2NapFF solvent and pH triggered gels (Figure 4.1) were collected, collated,
processed, and interpreted by Max Hill personally on a research visit to the University of
Massachusetts (UMass). Processing and interpretation of this data was carried out by Max Hill.

2NapFF gels were formed via a DMSO:H,0 solvent-switch or GdL pH trigger as 6 mL samples within
vials for puncture studies using a range of different diameter flat-tipped hollow-bore needles (2 = 0.7,
0.5, 0.4, 0.3, 0.2 mm). Gels were produced at these volumes to facilitate adequate depth of travel to
allow for a 20 mm puncture test to be conducted. Puncture tests with a 20 mm puncture and retraction
protocol were carried out (Figure 4.1).
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Figure 4.1 Force distance profiles from the puncture of 2NapFF (a) solvent and (b) pH triggered gels by
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From Figure 4.1 we see that there is a general similar trend seen in the 2NapFF DMSO:H,0 solvent and
GdL pH triggered gels. As needle diameter increases, so too does the force generated during puncture
(0 to -20 mm). This would be expected due to the larger needle creating a larger hole within the gel as
it passes through, shifting more material out of its path, thus resulting in a greater measured force.
Within the pH triggered gels, the forces observed increase consistently with increasing needle
diameter (Figure 4.1b). For the solvent triggered gels, the force generated with the 0.2 and 0.3 mm
needles are very similar, with equal increases in force then seen between 0.3, 0.4 and 0.5 mm needles
(Figure 4.1a). Then, upon moving up to the largest diameter needle, there is a larger increase in force
observed, matching more closely with the bigger difference in diameter between the largest two
needles. For the lower two needle sizes, the internal bore diameter may be of a similar size to or even
slightly smaller than some of the larger spherulitic domains observed with solvent triggered 2NapFF
gels. This could mean that spherulites within the network are shifted aside rather than destroyed or
plugging the needle, leading to lower resistance than for larger needles. The more uniform fibrous pH
triggered network is unable to rearrange in this manner, instead having to break fibres to
accommodate the needles travel for all needle diameters.

From the initial data, something interesting appears to arise. A sharp non-insignificant peak in
measured force was consistently seen at an indentation distance of around 0.15 mm. Within both
datasets the peak was seen for every run with each of the different diameter needles, falling at the
same needle depth. The consistent identical nature of the peak seen throughout both experimental
data sets caused suspicion of a systematic experimental error, likely manifesting as an instrument
operational artefact. However, due to time constraints, control experiments had to be carried out a
later point.

Whilst waiting for control experiments to be carried out to verify the validity of these initial peaks,
attempts to rationalise them were explored. Despite not being a perfectly representative system,
similar peaks are seen within the indentation/puncture profile of a model polymer gel (Figure 4.2).2*

Force (mN)
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0 2 46 810121416
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Figure 4.2 Force displacement profile of a model acrylic triblock copolymer gels (PMMA, PnBA,
A;sB116Az5). Figure is reproduced from ref.?? with permission from the Royal Society of Chemistry.

Here, the initial peak is defined as the critical depth, dc, which is the puncture force and depth
associated with the indenter breaking through the top surface of the tested material. Whilst not a
perfect model for our system due to the significantly increased elasticity of the polymer gels used, the
results may give some insight as to the nature of the unexpected peak for the 2NapFF gels. This peak
may have represented puncture of the surface of these low molecular weight gels and would be in line
with the relatively brittle nature that is seen in some examples of these gels.

84



Chapter 4

The different gels show different force responses after these initial events. The solvent triggered gels
almost immediately start to increase in force again, whilst there is a delay seen within the pH triggered
gels. This could be explained by the different microstructure observed between the two. The more
uniform network within the pH triggered gels may facilitate a crack propagating from the initial fracture
event, meaning the needle is encountering minimal resistance for the first few millimetres. Then once
the needle tip eventually reaches the end of this initial crack, the force begins to increase once more
as gel is broken again. The more compartmentalised microstructure of the solvent triggered gels may
prevent the initial fault propagating much beyond the surface of the gel as the domains can more easily
rearrange and accommodate the network failure. New spanning links within the network must
therefore be broken much closer to the original surface puncture than in the pH triggered gels, so
forces generated start to increase again almost immediately.

Upon retraction, both systems show an instantaneous shift to negative force values, indicating the gels
pulling on the needles as they are removed. Again, differences in behaviour are seen between the two
systems. Within the pH triggered gels, an almost immediate sudden release of tension is observed,
falling to a near zero reading in most cases. On the other hand, the solvent triggered gels show more
gradual decay in the tension, more closely resembling the retraction profile seen above for the model
polymer gels (Figure 4.2). The more uniform network of the pH triggered gels would be expected to
show reduced self-healing of the network from fracture than the more compartmentalised solvent
triggered gel network, due to fewer interconnecting links needing to reform in the latter for the
network to effectively recover. For the pH triggered gels the needle retracts largely unhindered through
the channel created during puncture but has to further disrupt the network that has started to recover
around it within the solvent triggered gels.

As a result of these data, efforts were turned towards further exploring the unexpected initial peaks
within the force-distance profiles of both types of 2NapFF gel by confocal microscopy, rheology and
nanoindentation.

Subsequent puncture data for water control tests shown in Figure 4.3 were collected and collated
by Jennifer Quigley, UMass. Processing and interpretation of this data was carried out by Max Hill.
Puncture speed tests shown in Figure 4.4 were carried out by Max Hill personally on the research
visit to UMass. Control tests were only able to be carried out a few months after collection of initial
data due to time constraints. Confocal microscopy, rheology and nanoindentation tests were carried
out during this delay.

Water needle puncture tests were later run as control experiments to attempt to verify the unexpected
potential surface puncture peaks seen earlier within the 2NapFF gels (Figure 4.1). The same puncture
protocol of 20 mm indentation and retraction was repeated (Figure 4.3), with the same volume of
water as gel used previously.
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Figure 4.3 Force displacement profiles from the puncture of water by hollow-bore flat-tipped needles
with @ = 0.7 (purple diamonds), 0.5 (green triangles), 0.2 mm (grey squares). Tests were started with
the needle positioned just above the gel surface, with a puncture of 20 mm at a speed of 5 mm s,

When water is tested, Figure 4.3 clearly also shows an initial force peak at a depth of around 0.15mm
after which the force falls back to near 0 mN, as was seen earlier for 2NapFF gels. This discredits the
initial force peaks observed in part 4.2.1 and shows that they are not indicative of puncture of the gel
surface, instead a systematic error from the experimental procedure. Given the very similar nature of
the peaks seen, it was suspected to be an instrument artefact, likely caused by an excessively high
indentation and retraction rate. This was confirmed from data collected earlier as part of an initial test
into the effect of different puncture speeds on 2NapFF solvent and pH-triggered gels (Figure 4.4)
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Figure 4.4 Initial force-time profiles from the puncture of 2NapFF (a) solvent and (b) pH triggered gels
by hollow-bore flat-tipped needles with @ = 0.7 and 0.4 at indentation rates of either 1 or 10 mm s™.
Tests were started with the needle positioned just above the gel surface.

The initial force peak within both gel systems is smaller for the lower indentation and retraction rate
of 1 mm s compared to a rate of 10 mm s, strongly indicating an instrument operational artefact.
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This outcome was only confirmed at the end of the experimental time and whilst waiting for the data
from our collaborators, we had carried out a number of key follow up experiments in an effort to
understand whether the observed peak was due to differences in the gel at the surface. Since these
led to interesting observations despite the observed peak turning out to be artefactual, the data from
these experiments are discussed below.

4.2.2 Confocal microscopy

If a crust were formed at the air-gel interface, differences in the microstructure of the gelator, such as
fibre density or pore size, might be observable through a suitable network scale imaging technique like
confocal microscopy. Initial experiments involved collecting Z-stacks of 2NapFF solvent triggered gels
(Figure 4.5). The microstructure of the gelator network within these gels was predicted to allow for
easier visualisation of changes in morphology at the gel surface. It was hoped that images could be
captured deep enough into the gel to effectively probe any network differences at the surface.

The images within Figure 4.5a indicate that there may be some morphological difference at the gel
surface but is hard to be certain that it is not simply artefacts arising from an out of focus sample. After
the initial focussed frame (Figure 4.5av), there appears to be little observable difference. The image
set within Figure 4.5b was then collected spanning a smaller distance, with reduced intervals between
images. This provided stronger evidence for a difference within the network at the surface, with
seemingly more densely packed individual domains seen in Figures 4.5bii and 4.5biii than the rest of
the image set.
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Figure 4.5 Confocal microscope Z-stacks of 2NapFF solvent triggered gels (5 mg mL™, DMSO: H,0, 20%)
formed and imaged within cut down Sterilin 7 mL vials. Nile blue A dye (2 pl of a 0.1 wt% aqueous
solution per mL of gel) was incorporated into sample to be imaged. (a) is from a 3 mm stack taken at
50 um intervals, cut down to the first 12 relevant images. Scale bar (white) = 100 um. (b) is from a 0.7
mm stack taken at 10 um intervals, cut down to the first 10 relevant images. Scale bar (white) = 50 um.
Imaging was started above the surface of the gel, with the focus being shifted down through the
sample (i=>ii-=2>iii).

To improve upon this, an alternate imaging method was adopted (Figure 4.6). Gels were formed within
syringes to produce hockey puck shaped samples. These were cut to produce a cross section of the gel
and manipulated to lay flat. In this manner, sequential confocal images could then be taken across this
cross section in the microscopes standard imaging plane that would translate to the original samples
vertical (Z) axis. In this way, sets of images could be collected akin to collecting a Z-stack of images, but
with a much greater sample depth.
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Figure 4.6 Schematic diagram of a) gel pucks formed in syringes, b) cutting a cross section for imaging
and c) rotating this to enable confocal microscope imaging along what was originally the gels Z plane.
Images where typically taken from the original air-gel interface into the bulk gel and towards/ through
to the original gel-plastic interface (violet dashed arrow). Processing samples in this way allows a
manual set of sequential images to be taken from the air-gel interface into the bulk of the gel, akin to
a Z-stack.

Through this method, it was possible to reliably image the microstructure of the gelator network right
at the air-gel interface (Figure 4.6c¢). This was first trialled with 2NapFF solvent triggered gels (Figure
4.7).
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Figure 4.7 Confocal microscope images of 2NapFF solvent triggered gel cross sections (5 mg mL?,
DMSO: H,0, 20%). Nile blue A dye (2 pl of a 0.1 wt% aqueous solution per mL of gel) was incorporated
into imaged gels. Scale bars (white) = 100 um. (a) The gelator network present at the air-gel interface
within separate 2NapFF gel samples (aii — av) along with cartoon schematic to show area imaged (ai).
Red dashed arrows that correspond to 150 um in length have been added. (b) A combined set of
images of the gelator network within a single gel from the air-gel interface (left) through to the bulk
gel (right). Individual images are highlighted with white dashed lines. c) A cartoon schematic showing
how sequential confocal images were taken across a sliced and rotated gel sample. The pink dashed
arrow represents the direction of imaging.

Network microstructure observed at the gel-air interface differs from that within the bulk gel (Figure
4.7a). In Figure 4.7aii, there seems to be greater alignment of the constituent domain fibres right at
the edge of the gel. In figures 4.5aiii to 4.5av, a region of tighter packed spherulite-like domains is seen
at this edge, with smaller, or in some cases no, gaps seen between the spherulites. Overall, this layer
of differing domain morphology aligns with the 150 um suspected critical depth seen earlier within
the puncture data. The contrast in morphology here to the bulk gel is even more apparent when
compared to a set of images taken sequentially from the air-gel interface across the bulk gel (Figure
4.7b). Here, the network further into the bulk of the gel displays more frequent and larger pores in the
network alongside less densely packed spherulitic domains than is present at the gels surface. Next pH
triggered 2NapFF gels were imaged in the same way to see if similar behaviour was present within the
more uniform networks these gels have been shown to present (Figure 4.8).%°
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Figure 4.8 Confocal microscope images of 2NapFF pH triggered gel cross sections (5 mg mL?, GAL 8 mg
mL?). Nile blue A dye (2 pl of a 0.1 wt% aqueous solution per mL of gel) was incorporated into imaged
gels. Scale bars (white) = 100 um. Red dashed arrows that correspond to 100 um in length have been
added. Cartoon schematic shows position of imaging with respect to sliced gel sample. Different
orientations are a result of imaging at different positions along the curved air-gel interface.

Whilst it does seem that there are slight morphological differences present within the network at the
surface of these gels, it is difficult to be certain of this. The underlying gelator fibres within these
networks are thinner and much more densely packed as shown in Chapter 3, making clear imaging
hard to achieve. For this reason, 2NapFV solvent and pH triggered gels were also imaged in the same
manner (Figure 4.9). In Chapter 3 this was shown to allow for better network visualization via confocal
microscopy due to increased fibre diameter.
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Figure 4.9 Confocal microscope images of 2NapFV pH triggered gel cross sections (5 mg mL?, GdL 8
mg mL?). Nile blue A dye (2 ul of a 0.1 wt% aqueous solution per mL of gel) was incorporated into
imaged gels. Scale bars (white) = 100 um. Red dashed arrows that correspond to 200 um in length have
been added. (a) The gelator networks present at the (i & ii) air-gel and (iii) gel-plastic interfaces within
separate gel samples. (b) Two compiled sets of images of the gelator network within a gel from the air-
gel interface (left) through to the bulk gel/ gel-plastic interface (right). Individual images are highlighted
with white dashed lines. Imaging was carried out in the same way as highlighted in Figures 4.7ai & 4.7c.

Within Figure 4.93a, clear fibre alighment within a more densely packed region of the gelator network
can be observed at the air-gel interfaces (4.9ai & 4.9aii). The length of this area closely matches that
of the 150 um critical depth observed in similar gels during puncture testing. Figure 4.9aiii shows the
opposite gel-plastic border with a 2NapFV pH triggered gel. Here slight differences of the network
within the gel at the border appear to be seen but are less obvious and appear to be localised to a
smaller area (around 50 um in length). These morphological network differences are highlighted when
compared to additional images from within the bulk gel (Figure 4.9b). Solvent triggered 2NapFV gels
were also examined via confocal microscopy (Figure 4.10). The more readily visualised fibres were
hoped to provide further support of gel surface network differences.
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Figure 4.10 Confocal microscope images of 2NapFV solvent triggered gel cross sections (5 mg mL?,
DMSO: H,0, 20%). Nile blue A dye (2 pl of a 0.1 wt% aqueous solution per mL of gel) was incorporated
into imaged gels. Scale bars (white) = 100 um. Red dashed arrows that correspond to 200 um in length
have been added. (a) The gelator network present at the air-gel interface within a gel. (b) A combined
set of images of the gelator network within a single gel from the air-gel interface (left) through to the
bulk gel (right). Individual images are highlighted with white dashed lines. Imaging was carried out in
the same way as highlighted in Figures 4.7ai & 4.7c, with the air-gel interface aligned with the bottom
of the image (a) or the left hand side (b).

From Figure 4.10a, a layer within the gelator network consisting of more densely packed domains is
again seen, corresponding to a depth of around 100 um into the gel. Compared to the bulk gel, a more
closely packed layer is maintained at the gel surface (Figure 4.10b). To explore this phenomenon, the
study was expanded to include heat-cool triggered gels. As neither 2NapFF nor 2NapFV readily form
gels via this method, owing to their inherent low solubility in water, other systems were explored.
Initially agarose gels were proposed as good candidates as agarose is commonly available and produces
very reproducible and well-reported gels under relatively mild conditions.**° This was used for the
rheological portion of this study however despite trialling multiple dyes systems available, no clear
confocal microscopy images could be achieved on the instrument available. As such, a different known
LMWG, DBS-hydrazide (Figure 4.11a), was used as an example of a heat-cool low molecular weight gel
instead (Figure 4.11).%°

93



Chapter 4

Figure 4.11 a) Chemical structure of the LMWG DBS-hydrazide. (b & c) Confocal microscope images of
DBS-hydrazide heat-cool triggered gel cross sections (4 mg mL™). Nile blue A dye (2 ul of a 0.1 wt%
aqueous solution per mL of gel) was incorporated into imaged gels. Scale bars (white) = 100 um. Red
dashed arrows that correspond to 200 um in length have been added. (b) The gelator network present
at the air-gel interface within a gel. (c) A combined set of images of the gelator network within a single
gel from the air-gel interface (left) through to the bulk gel (right). Individual images are highlighted
with white dashed lines. Imaging was carried out in the same way as highlighted in Figures 4.7ai & 4.7c.

From Figure 4.11a, it can be seen that the DBS-hydrazide gels are in good agreement with earlier
findings for the pH and solvent triggered dipeptide gels, again presenting a gel layer differing from the
bulk network microstructure. Individual gelator fibres are less readily distinguished within these gels,
preventing evaluations as to fibre packing and density at this border. However, a clear boundary layer
of the expected length scale is still observed, with differences to the overall microstructure present in
the rest of the gel.

4.2.3 Rheology

With a gel surface layer of differing network morphology clearly observed from confocal microscopy
studies, it was hoped that this could be correlated with a measurable difference in mechanical
properties via oscillatory rheology. 2NapFF solvent and pH triggered gels as well as agarose and DBS-
hydrazide heat-cool gels were selected as rheological samples for testing. The first experiment involved
probing any potential differences in mechanical properties between the top and bottom surfaces of
the gel, i.e. the gel in contact with the atmosphere (air) or the vessel (plastic) during gelation (Figure
4.12). This was achieved through the formation of disc shaped gels, reminiscent of hockey pucks. These
gel pucks were then tested using a parallel plate geometry with the gel upright, upside down (inverted)
or upright with the top layer removed (Figure 4.12e). In this way the top plate that oscillates and
imparts the rotational shear stress would be acting on different surfaces or the bulk of the gel.

94



Chapter 4

a) 100000 b) 100000 4

10000 ~
10000 5 fddtdtaddnnay,

SEANENSANNNIEs,

. 1000+ i E 1000 | 5
e pstcts 5 e
o 52803c880
oo JEERERERERERCEuchs, e 0
" = -3 s0a00
u g 22 &
105 10 4 m! R
i
1 T T r ’ 1 : | ; )
B Upright gels 041 1 10 100 1000 0.1 1 10 100 1000
Strain (%) Strain (%)

A Inverted gels

10000 4 .
@ Cut down gels <) d) 10000

1000 1000

JAAALAAAAAAAAAAAL,L

AhAhy
HRARGGAGGNGGERAGS 4z

L]

100

G',G" (Pa)

o
10 j»ﬁﬁiﬂségsﬂm el

Z¥T I %
I 1L

T T 1 T T T T 1
0.1 1 10 100 1000 0.01 01 1 10 100 1000
Strain (%) Strain (%)

A

ii@ﬁ

(1]

‘Upright”  ‘Inverted’ ‘Cut down’
=) .« 4 %
' ., = .’ .
[-m —
O

Figure 4.12 Rheological strain sweeps (Strain = 0.1 — 1000 %, Frequency = 10 rad s™) of (a) 2NapFF
solvent (5 mg mL?, 2 mL, 20% DMSO), (b) 2NapFF pH (5 mg mL?, 2 mL, GdL (8 mg mL?)), (c) agarose
(5 mg mL?, 2 mL,), (d) DBS-hydrazide (4 mg mL?, 2 mL,) gels. For each experiment: upright gels are
shown with grey squares, inverted gels with blue triangles and cut down gels with purple diamonds.
G’ and G" are represented by solid and hollow shapes respectively. (e) Cartoon schematic of how gel
‘puck’ samples were formed and modified for rheology. For corresponding frequency data, see
Appendix, Figure C.1.

However, it is evident from Figure 4.12 that very little difference in viscoelastic response is seen
between any of the three differently processed samples within each of the gel systems. This indicates
that, at least on this scale and with respect to oscillatory shear, any existing surface layers are having
no effect on the overall gel mechanical properties. The next experiment tested different volumes of
each gel to produce shorter and taller samples (Figure 4.13). Any changes in mechanical properties
caused as a result of the surface layers would be expected to have a greater effect within smaller
samples, owing to a higher ratio of gel within the surface layers compared to the bulk of the sample.

Here differences are seen in viscoelastic response between the smaller and larger samples of each gel,
with the shorter gels in most cases possessing lower G’ and G” values except for the 2NapFF pH
triggered gels where the shorter gel instead shows an increase in G’ and G"”. Whilst it is likely that a
factor contributing to this difference in mechanical properties is simply the reduction in sample volume;
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a smaller gel means less material to resist any applied shear stress, the differing gelator network within
the surface layer may play a part here too. As the same geometry is utilised to test the same sized top
surface of gels in the same vessels, it is expected that some sensitivity to network differences with the
surface layer of gel would be seen. A reduction in sample volume would be expected to have a
significantly higher effect if testing with a cup and vane geometry, due to less material being in direct
contact with the vane.
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Figure 4.13 Rheological strain sweeps (Strain = 0.01 — 100 %, Frequency = 10 rad s) of (a) 2NapFF
solvent (5 mg mL?, 20% DMSO), (b) 2NapFF pH (5 mg mL?, GdL (8 mg mL?)), (c) agarose (5 mg mL?),
(d) DBS-hydrazide (4 mg mL?) gels. For each experiment: 2 mL gels are represented by black squares
and 0.5 mL gels with blue triangles. G' and G" are represented by solid and hollow shapes respectively.
For corresponding frequency data, see Appendix, Figure C.2.

A final set of rheological experiments were carried out to directly see the impact of a gel layer
possessing a higher gelator concentration (Figure 4.14). To achieve this, a 1.8 mL 2NapFF (solvent or
pH) or agarose gel was formed at the standard 5 mg mL™ gelator concentration used in earlier
experiments. These were allowed to set and left long enough to ensure gelation was complete. Next a
0.2 mL gel of the same gelator, but at a higher concentration of 15 mg mL* was formed on top. Once
complete, multi-layered gels containing a higher gelator concentration (and thus possessing more
densely packed gelator networks) were produced and tested via both parallel plate 12.5 (PP) and cup
and vane geometries. These were tested alongside equivalent gels at either 5 or 15 mg mL™. Attempts
were made to implement the DBS-hydrazide system in the same way, but gels could not be produced
at higher gelator loadings. This is owing to poor solubility of the LMWG in water. During gelation at
lower LMWG concentration (4 mg mL?), complete dissolution is only achieved very close to the
solvents boiling point. Therefore, increasing the gelator concentration prevents complete dissolution,
meaning no gels can be produced.
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Figure 4.14 Rheological strain sweeps (Strain = 0.01 — 1000 %, Frequency = 10 rad s!) of (a & d) 2NapFF
solvent (2 mL, 20% DMSO), (b & e) 2NapFF pH (2 mL, GdL (8 or 24 mg mL?)), (c & f) agarose (2 mL)
gels. Gels with a LMWG concentration of 5 mg mL™ are represented by black squares, 15 mg mL? blue
triangles and those with a 9:1 volume composition of 5 mg mL™ to 15 mg mL? by purple diamonds. G’
and G” are represented by solid and hollow shapes respectively. Both parallel plate (12.5 mm, a — c)
and cup and vane (d-f) geometries were used. For corresponding frequency data, see Appendix, Figure
C.3.

From Figure 4.14, a clear difference in rheological profiles for the same material is seen between
geometries. This is unsurprising as the vane will always have significantly more intimate contact with
the sample than the parallel plate, which is only imparting rotational shear on the samples top
surface.”™ > Lower G’ and G"” values as well as a more detailed deviation of these from the linear
viscoelastic region (LVER) as gel network breakdown occurs show this. Overall, the higher gelator
concentration gels were stiffer than their lower concentration equivalents, possessing higher G’ and
G" values.

For the 2NapFF solvent triggered gels (Figures 4.14a & 4.14d) and agarose gels (Figures 4.14c & 4.14f),
it can be seen that the mechanical properties of the multi-layered gels samples of differing
concentrations are more aligned with either the higher or lower single concentration gels, depending
on the geometry used. When tested with the PP, G’ and G" values of the multi-layered gels for both
2NapFF and agarose gels were close to those of the solely higher concentration equivalent gels (Figure
4.14a & 4.14c). But when using the cup and vane, G’ and G” values for the same multi-layered gels
were far closer to those of the lower concentration equivalent gels (Figure 4.14d & 4.14f). For the
2NapFF pH triggered gels when tested via cup and vane, there is a closer alighment of G’ and G"” of the
multi-layered gels to those of the lower gelator concentration equivalent gels (Figure 4.14e). But the
difference in stiffness between the 5 and 15 mg mL™ of the pH triggered 2NapFF gels is minimal. This
is likely due to the already relatively uniform gelator network, that will just become more densely
populated with fibres, whereas the non-uniform network of the solvent triggered gels will become
more populated, either causing extended domain growth or potentially transitioning closer to a
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uniform network through additional domain formation. Surprisingly, the multi-layered 2NapFF pH
triggered gel displayed higher G’ and G” values than the solely 15 mg mL™? gel when tested via PP. The
cause behind this is unclear.

4.2.4 Nanoindentation
Nanoindentation data were collected and processed by Dipankar Ghosh (University of Glasgow).

After no clear trend of bulk mechanical properties influenced by differing microstructure from rheology,
focus was turned to nanoindentation.>® It was hoped this would provide an alternate means of probing
any potentially affected mechanical properties at the gels surface on a smaller operational length scale
than oscillatory rheology.>* 2NapFF gels were formed as 2 mL gel pucks and sliced into cross sections
as per earlier confocal microscopy studies. The bulk gel at the centre of the sample and the gel as close
as possible to the air-gel interface face were both probed (Figure 4.15).

No significant differences between the Young’s moduli at the surface or within the bulk gel were
measured in either 2NapFF solvent or pH triggered gels (Figure 4.15). Nanoindentation generated data
does typically show a larger spread, as clearly demonstrated by the significant errors reported here.>*
Whilst these may improve through further testing of additional samples, a larger flaw here may be
accurate positioning of the probe during measurements. It was difficult to reliably set up surface tests
with the probe positioned at a suitable depth within the gel to effectively probe the region containing
observed network differences.
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Figure 4.15 Plots of Young’s moduli (E) measured via nanoindentation of 2NapFF (5 mg mL?) (blue)
solvent and (red) pH triggered gel at the surface (light blue and pink) or within the bulk gel (dark blue
and red). Gels were probed with a 3 um spherical tip indenter.

4.3 Conclusion

As a first step towards furthering the understanding of cavitation rheology for application to our
dipeptide based low molecular weight gels, puncture of exemplar gels by needle was undertaken.
Within these tests, unexpected results arose that may have indicated a tougher surface layer formed
at the air-gel interface. From confocal microscopy, observed microstructure of the gelator network
present at the gels surface showed morphological changes within solvent and pH triggered dipeptide
low molecular weight gels, as well as thermally triggered low molecular weight gels. Differences in
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microstructure domain packing, corresponding network pore size as well as fibre alignment and
density were observed across different gel systems. The size of this region corresponds to the
suspected critical depth values from the unexpected peaks initially observed within the puncture study.

A correlation of these gel surface layer to differences in mechanical properties was explored through
oscillatory rheological and nanoindentation studies. But, whilst some of the studies may suggest this
to be the case, no definitive evidence confirming this was found using these techniques. Subsequent
control tests for the gel puncture study confirmed the unexpected peaks to be an instrument artefact,
in agreement with the rheological and nanoindentation data.

From these results, yet another facet of these materials that has long been largely overlooked and
ignored has been explored. Whilst there is some evidence of differences present within the gelator
network microstructure at the air-gel interface, these were not seen to have a significant measurable
impact on the bulk properties of the gels tested here.

4.4 Experimental
Materials:

LMWGs 2NapFF (F = phenylalanine), 2NapFV (V = valine) and DBS-Hydrazide were synthesized using
methods previously described in the literature.>> ¢ Agarose (Type 1, low EEO) and Nile Blue A dye were
both purchased from Sigma Aldrich (Merck). DMSO was purchased from Fisher Scientific. All purchased
chemicals were used as received. Deionized water was used throughout.

Preparation of LMWG solutions and gels:

LMWGs NapFF (F = phenylalanine) and 2NapFV (V = valine) were used to form solvent-switch triggered
hydrogels as previously outlined.® A known amount of gelator was dissolved in DMSO (at a
concentration of 25 or 75 mg mL1), sonicated for 2 minutes, and diluted with water in one aliquot to
produce gels at a final gelator concentration of 5 or 15 mg mL™, and a volume fraction (¢) of DMSO of
0.2.

LMWGs NapFF (F = phenylalanine) and 2NapFV (V = valine) were used to form pH triggered hydrogels
as previously outlined.>” Gelator was added to water and NaOH (0.1 M, 1 molar equivalent) to produce
a high pH aqueous LMWG solution at 5 or 15 mg mL2. Aliquots of NaOH (1 M) were used to pH adjust
the gelator solution to pH 10.5. Desired volumes of gelator solution were decanted into appropriate
vessels and triggered with the addition of GdL (8 or 24 mg mL! depending on gelator concentration).
After trigger addition, solutions were briefly stirred manually before being left to gel overnight.

Agarose gels were prepared via a heat-cool method.>° Agarose was added to water at 5 or 15 mg mL?
in a conical flask fitted with reflux condenser. This was heated and stirred until complete dissolution
and then for a further ten minutes. Hot gelator solutions were allowed to cool for 3 minutes before
transfer of a desired amount into an appropriate vessel by automatic pipette. Solutions were allowed
to cool overnight forming gels.

DBS-hydrazide gels were also prepared via a heat-cool method, as previously outlined.>® Gelator was
added to water in a screw top glass vial at 4 mg mL™. The vial was closed tightly and sonicated for 10
minutes to produce a cloudy white suspension. The suspension was heated with a heat-gun until
subsequent gelator dissolution (around 90 °C) , yielding a transparent solution (typically just before
the water started to boil). These gelator solutions were then poured into an appropriate pre-heated
vessel. Solutions were allowed to cool overnight, forming gels.

For rheology gels were either made in Sterilin vials or in 12 mL plastic syringes with the end removed.
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Within the Sterilin vials, gels were made as either 2 mL (5 or 15 mg mL™) gelator concentration samples,
2 or 0.5 mL (5 mg mL?) samples or gels with a high gelator concentration top layer. The latter were
made by first making a 1.8 mL 5 mg mL™? gel and making a 0.2 mL 15 mg mL™ gel of the same gelator
on top of this (Figure 4.16). The lower layer gels were left overnight to ensure full gelation before
casting the second layer on top. Solutions were briefly rolled around the vial during gelation to ensure
even coverage by this thinner layer. Reliably creating consistent higher concentration gel layers at
volumes smaller than 0.2 mL was not possible.

. -—

Figure 4.16 Images of exemplar gels samples with a thin second higher gelator concentration layer
created on top of a bigger lower gelator concentration.

To make disc shaped gel ‘pucks’, gels were made as 2 mL gels with a gelator concentration of 5 mg mL
1, except for the DBS-hydrazide gels which were formed at 4 mg mL™. These were made within 12 mL
plastic syringes with the end sliced off, so as to be able to eject the gel from the syringe as a hockey
puck shaped disc.

For gel puncture studies, gels were formed at 5 mg mL™ for 2NapFF and 2NapFV and 4 mg mL™ for
DBS-hydrazide. These were produced using the above solvent and pH triggered methods for 2NapFF
and 2NapFV and heat-cool method for DBS-hydrazide. Gels were produced as scaled up 6 mL samples
within 7 mL Sterilin vials to allow for adequate testing depth.

Gel puncture measurements:

Gel puncture studies were carried out using hollow bore flat tipped stainless steel needles (Hamilton
Company), with outer diameter (@) = 0.7, 0.5, 0.4, 0.3 and 0.2 mm. These were fixed and used in
conjunction with a TA.XT Plus Texture Analyzer (Textile Technologies), fitted with a 50 N load cell to
measure generated force and displacement.

Gels (6 mL in Sterilin vials) were raised onto the needle at a displacement rate of 5 mm s. Force
generated was measured through the base of the sample mounted in an appropriate holder affixed to
the Texture Analyzer.3®

Confocal microscopy:

For imaging, Nile blue A dye (0.1 wt% aqueous solution, 2 uL per mL of gel) was incorporated into gels
to allow for observation by confocal fluorescence microscopy using a Zeiss LSM 710 confocal
microscope fitted with Zeiss N-Achroplan 10x and LD EC Epiplan NEUFLUAR 50x (0.55 DIC) objectives.®
Nile Blue fluorescence was achieved by excitation with a 634 nm He—Ne laser and emission detected
between 650 and 710 nm.
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Initial Z-stack imaging trials were attempted on 2 mL gels formed in cut down 7 mL Sterilin vials to
enable an appropriate working distance to be reached. Slice interval and specific distance spanned per
stack is reported alongside data.

For ‘manual Z-stack’ imaging gels were prepared as puck shaped samples as described above for
rheology. These gels pucks were then ejected from the syringes and moved onto a clean microscope
slide. Gels were then sliced with a fresh razor blade to form a gel cross section (Figure 4.6). This was
manipulated to lay flat, allowing the microstructure of the gel to be imaged to a greater depth than a
standard Z stack by imaging whilst moving horizontally along what was the original Z axis of the formed
gel (Figure 4.6). These sets of images were taken from the air-gel interface moving towards the bulk of
the gel, in some cases continuing to the gel-plastic interface (Figure 4.6).

Rheological measurements:

Samples for rheology were created as above. Rheological measurements were carried out using both
MCR 301 and 101 rheometers (Anton Paar), fitted with either a cup and four-bladed vane geometry
(ST10-4Vv-8.8/97.5-SN1910), 12.5 mm smooth (PP12.5-SN50710) or 25 mm (PP25/S-SN3135)
sandblasted parallel plate geometries. The sandblasted parallel plate was used in conjunction with a
sandpaper covered plate to reduce sample slippage during measurements.>® The 12.5 mm parallel
plate was used with a custom 3D printed vial holder mounted on the original stationary plate (Figure
4.17). Rheoplus/32 v3.40 software was used. All measurements were carried out in triplicate, at 25 °C.
Cup and vane measurements were ran at a measuring gap of 1.8 mm. Parallel plate measurements
were ran at measuring gaps resulting in a normal force of 0.1 N when initial geometry contact was
made with the surface of the gel sample.

Figure 4.17 Image of a custom 3D printed Sterilin vial holder, mountable onto a standard Anton Paar
MCR rheometer parallel plate.

Strain sweeps were run with strain = 0.01 to 1000 % at a frequency of 10 rad s, unless sample slippage
occurred in which case the run was terminated earlier at a strain value < 1000%. Frequency sweeps
were run with frequency = 1 to 100 rad s at a strain value located comfortably within the LVER of the
material, derived from the corresponding strain sweep. Gels of differing height and concentrations
(included those topped with a higher concentration gelator layer) within Sterilin vials were run on the
MCR 301 instrument and the gel pucks were run on the MCR 101 101 instrument. Frequency data is
included in the Appendix.

For the gel pucks, measurements were run on the MCR 101 instrument. Gels were ejected from
syringes and slid onto glass microscope slides. These samples were then run as they were (“upright”),
flipped upside down (“inverted”), or upright with a thin (~ 1-2 mm) layer of the top surface (the gel-
air interface during gelation) sliced off with a fresh razor blade (“cutdown”). For the latter set, the top
layer was removed before ejection from syringe (Figure 4.18).
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Figure 4.18 Picture of a freshly prepared cut-down gel as a rheology sample. The gel would be ejected
from the syringe and loaded onto rheometer after trimming down.

Nanoindentation:

Nanoindentation tests were carried out with a Chiaro instrument (Optics11, The Netherlands),
following an established protocol.>* The device contains a cantilever equipped with a 3 um radius (R)
spherical tip and a stiffness of 0.52 N m™. This nanoindenter was fitted on the top of an inverted Zeiss
Axiovert 200M microscope.

Gels were sliced with a razor blade for nanoindentation measurements via the same method outlined
above for confocal microscopy (Figure 4.6). The cut cross section of gel produced was positioned in a
glass petri dish using a scalpel and glass microscope slide. To stop the gel from moving, a metal washer
was used to weight it down. Deionised water was then added to cover the gel to keep it hydrated. The
petri dish was then placed on the microscope's stage, aligning the surface of the gel in the Y-axis
direction of the instrument. First, the indenter was positioned as close to the edge of the gel
corresponding to the original air-gel interface and a matrix scan was performed along Y-axis, following
this edge. Each sample underwent at least two matrix scans, with each scan comprising 25 indentations
spaced 6 um apart. Then to collect the measurements on the central bulk portion of gel, the cantilever
was placed on the middle of the gel slice, and a matrix scan was performed along both X- and Y-
directions to collect data from all regions.

For the data analysis, the forward segment of the force-displacement (F-z) curves was examined with
a specialised open-source software.>* A goodness of fit (GoF) algorithm was employed to transition
from F-z to force-indentation (F-8) curves. These F-6 curves were then fitted to the Hertz model for
indentations up to 6 = 0.1R to determine the gels' elastic characteristics.
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5. Conclusions

Low molecular weight hydrogels of N-protected dipeptide LMWGs are a class of material with
significant potential for a wide range of applications, from stimuli-responsive smart materials to the
biomedical field. Their versatility stems from the inherent modular nature of these LMWGs, thus
allowing for tuneable material properties in the resulting gels. This is bolstered by the different gelation
triggers available, wherein distinct gels possessing unique properties can be produced from the same
starting LMWG. Procedures within gelation protocols must be consistent, with variables carefully
controlled to accurately reproduce gels. Whilst many aspects of these methods have been explored,
many are still overlooked, some of which may significantly impact the final gel properties. To further
develop our grasp of these materials that are still at times poorly understood, it is vital to continue to
explore factors that may affect their formation. A deeper understanding of these factors would help
guide and drive future innovation within the applications of low molecular weight gels.

Effective 3D printing of solvent-triggered dipeptide, and other, LMWG based gels has previously been
shown. These have largely been based off a single printed gel component, with different layers
produced by varying concentration of the same LMWG. We have demonstrated the successful
construction of 3D printed multi-layered gel samples, through the combination of printed layers of the
gels of two different dipeptide LMWGs. Each of these inherently has different mechanical properties
and thus the specific combinations and ordering of these different gel layers influences the overall
sample mechanical properties. To the best of our knowledge, this is the first time 3D printed multi-
layer gel constructs have been printed from two different gels that are pre-formed prior to extrusion,
with most examples typically printing gelator solutions, with gelation subsequently taking place during
or post extrusion. The interaction of separately printed gels extruded in very close proximity to one
another was probed to assess the extent to which they integrate, if at all. Two LMWGs that produce
networks that are easily distinguishable when observed via confocal microscopy were chosen to
facilitate this. This was then accentuated through the incorporation of a different fluorescent dye in
each resulting gel, clearly showing conserved borders between separately printed gels. The different
gels remained discrete, with no amalgamation of the two. It is hoped that these findings will help guide
the further development of 3D printed low molecular weight gel samples with heterogenous
mechanical properties, improving their suitability for biomedical applications.

The use of different gelation triggers and even subtle variations within these, such as solvent type or
relative solvent ratios, has been previously shown to produce different gels, even when using the same
initial LMWG. One factor that, to the best of our knowledge, has largely been previously ignored is the
vessel size in which these low molecular weight gels are formed, with gels formed on varying scales
and in different vessels assumed to be identical. We have clearly demonstrated that this is not always
the case, with different responses to imposed spatial constraints seen between solvent and pH-
triggered gels of two different dipeptide LMWGs. Through confocal microscopy the solvent-triggered
gels display clear differences in network morphology within different sized vessels, whereas pH-
triggered equivalents do not. This is a result of the nucleation and growth process that generates the
gelator network within solvent-triggered gels, producing more compartmentalised spherulite-like
domains and the formation of a uniform fibrous network with the pH-triggered gels. During the former,
the domain growth is affected by available space, whereas for the latter a uniform network is produced
regardless. This correlates with the localised mechanical properties measured via cavitation rheology,
with critical pressures varying with vessel size in solvent-triggered gels and remaining consistent for
pH-triggered equivalents. Experiments were carried out to demonstrate multiple domain sizes formed
within a single solvent-triggered gel using a vessel consisting of compartments of differing size. These
findings highlight the importance of vessel size as a consideration when producing some low molecular
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weight gels. With the wide plethora of characterisation techniques available within the soft materials
field which typically mandate different sample volumes and shapes, this is of wide relevance.

Finally, we investigated potential network differences at the surface of some supramolecular gels.
Preliminary results from an investigation into the puncture of different low molecular weight gels by
needle as an initial step to better understanding needle-induced cavitation rheology when applied to
these materials indicated a difference in properties at the surface of these gels. Variations in the
network microstructure were observed via confocal microscopy at the gel-air surface interface within
the gels of multiple LMWGs, produced through solvent-switch, pH and heat-cool gelation triggers.
Changes to fibre morphology and alignment were seen within this region. However, subsequent
rheological and nanoindentation experiments showed no changes to mechanical properties measured
at the gel surface by comparing the bulk and surface within samples of the aforementioned gels. These
findings align with further needle puncture experiments that confirmed surface related data as
instrument artefacts. Future testing with a modified protocol and a more sensitive detector may allow
for accurate investigations into puncture of the surface of these gels. A better understanding of this
would help secure a foundation to a more in-depth investigation into the use of cavitation rheology
within the low molecular weight gel field, with the aim of augmenting its current capabilities.

In conclusion, we have investigated vessel spatial constraints during gelation and surface network
differences, two largely unexplored novel aspects for consideration when producing low molecular
weight gels. We have shown the former to be an important factor for consideration for some low
molecular weight gels and for others, a variable to at least rule out. Towards the useful application of
these materials, we have further developed on our initial 3D printed low molecular weight gel system.
Whilst currently still a very long way away from viability for real world biomedical applications, the
expansion of this systems capabilities as demonstrated here moves it a step closer. Through this Thesis
we hope to have contributed to a deeper understanding of hydrogels formed from N-protected
dipeptide LMWGs and their applications.

107



Appendix

6. Appendix: A
10000
—
ﬂan a
o -
: 100 4 ; .
o & oy
Fﬁ H\,
10 4
- FFG
o FFG"
1 T T T T T T T T T T T 1
0 200 400 600 800 1000 1200
Time (s)

Figure A.1 Oscillatory shear recovery of G’ (filled shapes) and G” (hollow shapes) for solvent-triggered
FmocFF (2 mL, 5 mg ml™%, ¢omso 0.2) gels. Gels were subject to a constant frequency of 10 rad s and
an alternating strain of 0.5 % (200 s) and 300% (60 s). Destruction of underlying gelator network is
seen in periods of high strain, evidenced by G” > G’, with recovery of mechanical properties seen upon

returning to low strain (G' < G”).
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Figure A.2 Oscillatory shear recovery of G’ (filled shapes) and G” (hollow shapes) for solvent-triggered
NapFV (2 mL, 5 mg mlI™%, domso 0.2) gels. Gels were subject to a constant frequency of 10 rad s and an
alternating strain of 0.5 % (200 s) and 300% (60 s). Destruction of underlying gelator network is seen
in periods of high strain, evidenced by G"” > G’, with recovery of mechanical properties seen upon

returning to low strain (G’ < G").
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a)

Figure B.1 Supplementary confocal microscopy images of solvent-triggered 2NapFV gels from 3
separate samples in a) 7 mm and b) 15 mm diameter vessels. Scale bars (white) = 50 pum.

Figure B.2 Supplementary confocal microscopy images of pH-triggered 2NapFV gels from 3 separate
samples in a) 7 mm and b) 15 mm diameter vessels. Scale bars (white) = 50 um.

a). -
b). -

Figure B.3 Supplementary confocal microscopy images of pH-triggered 2NapFF gels from 3 separate
samples in a) 7 mm and b) 15 mm diameter vessels. Scale bars (white) = 50 um.
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Figure C.1 Rheological frequency sweeps (Strain = 0.25 %, Frequency = 1 — 100 rad s*) of (a) 2NapFF
solvent (5 mg mL?, 2 mL, 20% DMSO), (b) 2NapFF pH (5 mg mL?, 2 mL, GdL (8 mg mL?)), (c) agarose
(5 mg mL?, 2 mL,), (d) DBS-hydrazide (4 mg mL?, 2 mL,) gels. For each experiment: upright gels are
shown with grey squares, inverted gels with blue triangles and cut down gels with purple diamonds.
G’ and G” are represented by solid and hollow shapes respectively.
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a)

c)
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Figure C.2 Rheological frequency sweeps (Strain = 0.025 %, Frequency = 1 — 100 rad s) of (a) 2NapFF
solvent (5 mg mL?, 20% DMSO), (b) 2NapFF pH (5 mg mL?, GdL (8 mg mL?)), (c) agarose (5 mg mL?),
(d) DBS-hydrazide (4 mg mL™) gels. For each experiment: 2 mL gels are represented by black squares
and 0.5 mL gels with blue triangles. G' and G" are represented by solid and hollow shapes respectively.
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Figure C.3 Rheological frequency sweeps (Strain = 0.025 % (PP12.5) or 0.25 % (C+V), Frequency =1 —
100 rad s?) of (a & d) 2NapFF solvent (2 mL, 20% DMSO), (b & e) 2NapFF pH (2 mL, GdL (8 or 24 mg
mL1)), (c & f) agarose (2 mL) gels. Gels with a LMWG concentration of 5 mg mL™ are represented by
black squares, 15 mg mL? blue triangles and those with a 9:1 volume composition of 5 mg mL™ to 15
mg mL™ by purple diamonds. G’ and G” are represented by solid and hollow shapes respectively.
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